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%A Relative abundance (%)
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Amino acids (aa . . Code Code
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Leucine Leu L
Lysine Lys K
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Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp W
Tyrosine Tyr Y
Valine Val Vv

Asorm Normalized electrophoretic/chromatographic peak area

A, Electrophoretic/chromatographic peak area

B

BGE Background electrolyte

BPE Base peak electropherogram

BSA Bovine serum albumin

C

C Constant region

Cqg Octylsilane-bonded silica

Cis Octadecylsilane-bonded silica

C13-SPE-CE-MS On-line C3 solid-phase capillary electrophoresis mass spectrometry
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CA Cellulose acetate

CAG Cytosine-adenine-guanine
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CapLC-MS Capillary liquid chromatography mass spectrometry
CDI Carbonyldiimidazole

CE Capillary electrophoresis

CEA Carcinoembryonic antigen

CEC Capillary electrochromatography
CE-ESI-MS Capillary electrophoresis electrospray ionization mass spectrometry
CE-MS Capillary electrophoresis mass spectrometry
CE-MS/MS Capillary electrophoresis tandem mass spectrometry
CFG Consortium for Functional Glycomics

CGE Capillary gel electrophoresis

CID Collision induced dissociation

CIEF Capillary isoelectric focusing

CNSA Central nervous system selective amyloidosis
CRC Colorectal cancer

CSF Cerebrospinal fluid

CZE Capillary zone electrophoresis

D

DI Dimer

DMS Differential-mobility spectrometry

DNA Deoxyribonucleic acid

DTIMS Drift time ion mobility spectrometry

DTT Dithiothreitol

Dyn A Dynorphin A (1-7)

E

EIC Extracted ion chromatogram

EIE Extracted ion electropherogram

EIM Extracted ion mobility profile

ELISA Enzyme linked immunosorbent assay

End 1 Endomorphin 1

EOF Electroosmotic flow

E, Mass error

ESI Electrospray ionization

ESI-MS Electrospray ionization mass spectrometry

F

Fab’ Antigen binding fragment
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Fab’-IA-SPE-CE-MS

On-line immunoaffinity solid-phase

extraction

capillary

electrophoresis mass spectrometry with Fab’ antibody fragments

FAC Familial amyloidotic cardiomyopathy

FAIMS Field asymmetric waveform ion mobility spectrometry

FAP Familial amyloidotic polyneuropathy

FAP-I Familial amyloidotic polyneuropathy type |

Fc Fragment crystallizable region

FTICR Fourier transform ion cyclotron resonance mass analyzer

G

GC Gas chromatography

GC-MS Gas chromatography mass spectrometry

H

H Heavy chain

HAc Acetic acid

HD Huntington’s disease

HFor Formic acid

HMDB Human Metabolome Database

HSPS High sensitivity porous sprayer

HTT Huntingtin gene

I

1A Immunoaffinity

IAA lodoacetamide

IACE Immunoaffinity capillary electrophoresis

IA-SPE Immunoaffinity solid-phase extraction

IA-SPE-CE On-line immunoaffinity solid-phase extraction capillary
electrophoresis

IA-SPE-CE-MS On-line immunoaffinity solid-phase extraction capillary
electrophoresis mass spectrometry

id Inner diameter

IEF Isoelectric focusing

Ig Immunoglobulin

IgG Immunoglobulin G

M Ion mobility

IMAC Immobilized metal ion affinity chromatography

IM-MS Ion mobility mass spectrometry

IMS Ion mobility spectrometry

P Immunoprecipitation
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iPrOH Propan-2-ol
IT Ion trap mass analyzer
IT-MS Ion trap mass spectrometry
ITP Isotachophoresis
K
KEGG Kyoto Encyclopedia of Genes and Genomes
L
L Light chain
LC Liquid chromatography
LC-ESI-MS Liquid chromatography electrospray ionization mass spectrometry
LC-MS Liquid chromatography mass spectrometry
LC-MS/MS Liquid chromatography tandem mass spectrometry
LE Leading electrolyte
LIF Laser induced fluorescence
LOD Limit of detection
Lr Total length
LV Latent variable
M
MALDI Matrix assisted laser desorption ionization
MALDI-TOF-MS Matrix assisted laser desorption ionization time-of-flight mass
spectrometry
MBs Magnetic beads
MCR-ALS Multivariate curve resolution alternating least squares
2-MEA 2-mercaptoethylamine
MEKC Micellar electrokinetic chromatography
MeOH Methanol
Met Met-enkephalin
Meyp Experimental molecular mass
MO Monomer
Monosaccharides Monosaccharide Code
(1 letter)
Galactose H
Mannose H
N-acetylgalactosamine N
N-acetylglucosamine N
Fucose F
Sialic acid S
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M, Relative molecular mass

AM, Relative molecular mass variation
MRI Magnetic resonance imaging

MS Mass spectrometry

MS/MS Tandem mass spectrometry

Mineo Theoretical molecular mass

m/z Mass-to-charge ratio

N

n Number of replicates

nanoESI Nano electrospray ionization
nanoESI-IM-MS Nano electrospray ionization ion mobility mass spectrometry
nanoLC Nano liquid chromatography
NH.Ac Ammonium acetate

NHS N-Hydroxysuccinimide

(0]

oa Orthogonal acceleration

0a-TOF Orthogonal acceleration time-of-flight mass analyzer
OCT Octamer

od Outer diameter

|

PBS Phosphate buffered saline

PC Principal component

PCA Principal component analysis

PD Parkinson’s disease

PEG Polyethylene glycol

PES Polyethersulfone

pl Isoelectric point

PLS Partial least squares

PLS-DA Partial least squares discriminant analysis
PolyQ Polyglutamine

ppm Part-per-million

PTM Post-translational modification

Electric charge

a]

Q Quadrupole mass analyzer

QqQ Triple quadrupole mass analyzer
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r Ion radius

RNA Ribonucleic acid

RP-LC Reversed phase liquid chromatography

%RSD Relative standard deviation (%)

S

SIMPLISMA Interactive self modeling mixture analysis

SiOH Silanol groups

S/N Signal-to-noise ratio

SOD-I Superoxide dismutase |

SPE Solid-phase extraction

SPE-CE On-line solid-phase extraction capillary electrophoresis

SPE-CE-MS On-line solid-phase extraction capillary electrophoresis
spectrometry

SSA Senile systemic amyloidosis

SSMCC Sulfosuccinimidyl-4-(N-maleimidomethyl)-cyclohexane-1carboxylate

SVD Singular value decomposition

T

TE Tetramer/Terminating electrolyte

Tf Transferrin

TIC Total ion chromatogram

TIE Total ion electropherogram

tITP Transient isotachophoresis

tm Migration time

TOF Time-of-flight mass analyzer

TOF-MS Time-of-flight mass spectrometry

t, Retention time

TRI Trimer

TTR Transthyretin

TTR(Met30) Transthyretin with the mutation Met30

TWIMS Traveling-wave ion mobility spectrometry

U

UHPLC Ultra-high pressure liquid chromatography

uv Ultraviolet spectrophotometry

UV-Vis

Ultraviolet-visible
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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 [P 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. Cs, C;s, 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 pg/mL (50-fold lower than by CE-MS, ~25 ng/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 C;g 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 C;s-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 Ci3-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:

e 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.

e 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 Cg sorbent (C,3-SPE-CE-MS).

Development of an untargeted metabolomics strategy based on C3-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 C;3-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].
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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].

Isoform Post-translational Multiproteoform complex
modification (PTM) P P

Specific molecular form

c Specific base primary )

2 of a protein produced A protein complex
2 amino acid sequence »

5 from a specific gene comprising

& (includes genetic variations ) .

Q (includes phosphorylation, specific proteoforms

and point mutations) )
glycosylation, etc.)

Figure 1.2. Nomenclature accepted in proteomics: proteoform, isoform, post-translational modification
(PTM) and multiproteoform complex. Abbreviations: Phes, 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-MYS)) 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.

TOP-DOWN
1) MS/MS fragmentation Proteoform 1

Proteoform 2

Electrospray

ionizatic‘“(yv

2) Data analysis Proteoform 3

Intact protein ions

Protein mix \ Electrospray ®p \®\<‘D
Enzymatic e Ir ionization (ESI) s % \’;‘:1@3 1) MS/MS fragmentation  Proteoform 1

digestion

» Proteoform 2

,f‘: O e
% [ - \v<> ) Ea‘- \VO 2) Data analysis Proteoform 3

Peptides Peptide ions

BOTTOM-UP

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

glycosylation; Phes, 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 (M,)<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 M, 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].

22-



Chapter 1 | Introduction

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
) ) Localized Acquired Sporadic Alzheimer’s disease
AB Amyloid B-protein
precursor . .
Localized Hereditary Hereditary gerebral amyloid
angiopathy
Localized Acquired Sporadic (iatrogenic) CJD
PrP Prion protein
Localized Hereditary Familial CJD, GSSD, FFI
ABri Amyloid Bri protein Locallzeq or Hereditary Familial dementia
precursor systemic
Cys Cystatin C Systemic Hereditary Hereditary ce rebral amyloid
angiopathy
Systemic Hereditary Hereditary TTR amyloidosis. Familial
) amyloidotic polyneuropathy
TTR Transthyretin
Systemic Acquired Senile systemic amyloidosis
Gel Gelsolin Systemic Hereditary Hereditary amyloidosis
HTT Huntingtin Localized Hereditary Huntington’s disease
SNCA a-Synuclein Localized Acquired Parkinson’s disease
SOD-I Sgperomde Localized Acquired Amyotrophic lateral sclerosis
dismutase I
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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 (M,~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 pg TTR/mL) and cerebrospinal fluid (CSF) (10-40
pg 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 Cysl10 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 M, and theoretical calculated M,

variation (AM,) taking as reference Free-TTR.

M odification Chemical structure Theoretical | Theoretical
M, AM,
FreeTTR TTR SH
(hone) ~_— 13,761.2640 0
TTRvS\S COOH
TTR-Cys 13,880.4022 | +119.1382
NH,
I
TTR S
TTR- S~ N on 13,841.3283 | +80.0643
Sulfonated |
O
(0]
TTR-Sulfinic o ﬂ 13,793.2628 | +31.9988
ST ok
(@]
TTR-CysGly NG W Ncoon | 13.937.4590 | +176.1950
H
NH,
(o] COOH
TTR-CysGlu | T > \ coon | 140005218 | +248.2578
H
NH,
O
TTR S
SN
NH
TTR- o
Glutathione 14,066.5732 | +305.3092
NH,
HOOC
(10) C-G TTR—H 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.

Native TTR Unfolded TTR Non-fibrillar TTR TTR protofibrils TTR fibrils
tetramer monomer aggregates

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].

Monosaccharide units

Name Structure Nomenclature Symbol
OH
Mannose p i H ‘
HO OH
H H

Galactose

; O

N-Acetylglucosamine

H  NHCOCHj3

OH
HO
N-Acetylgalactosamine oy N
H OH
H

NHCOCH,

H
N-Acetylneuraminic acid ACNH o O §o0H S
'SR T] . H “OH
(sialic acid) N on
h

OH

H OH
Fucose H By F
HO OH

4
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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]).

}-.—. Core structure
&“ b“ High mannose

:2:}-.—. é}—l‘ Complex

Biantennary Triantennary Tetraantennary

N .

.Mannose OGaIactose .N-acetylglucosamine <Fucose ’Sialic acid

Figure 1.5. Types of N-glycans following the symbols nomenclature recommended by the Consortium
for Functional Glycomics (CFG) [102].
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e High mannose glycans: only mannose residues are attached to the core structure of the
glycan.

e 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.

e 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 (M,~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).

Human carcinoembryonic antigen (CEA) | ",

; :
: 1 MESPSAPPHR WCIPWQRLLL TASLLTFWNP PTTAKLTIES TPEFNVAEGKE VLLLVHNLPQ :
: 61 HLFGYSWYKG ERVDGNRQII GYVIGTQQAT PGPAYSGREI IYPNASLLIQ NIIQNDTGFEY i
1
: 121 TLHVIKSDLV NEEATGQFRV YPELPKPSIS SNNSKPVEDK DAVAFTCEPE TQDATYLWWV i
1
: 181 NNQSLPVSPR LOLSNGNRTL TLENVTRNDT ASYKCETQONP VSARRSDSVI LNVLYGPDAP i
1
: 241 TISPLNTSYR SGENLNLSCH AASNPPAQYS WEVNGTFQQS TQELFIPNIT VNNSGSYTCQ i
1
: 301 AHNSDTGLNR TTVTTITVYA EPPKPFITSN NSNPVEDEDA VALTCEPEIQ NTTYLWWVNN i
1
: 361 OQOSLPVSPRLQ LSNDNRTLTL LSVTRNDVGP YECGIQNKLS VDHSDPVILN VLYGPDDPTI i
1
: 421 SPSYTYYRPG VNLSLSCHAA SNPPAQYSWL IDGNIQQHTQ ELFISNITEK NSGLYTCQAN i
1
i 481 NSASGHSRTT VKTITVSAEL PKPSISSNNS KPVEDKDAVA FTCEPEAQNT TYLWWVNGQS i
: 541 LPVSPRLQLS NGNRTLTLEN VTRNDARAYV CGIQNSVSAN RSDPVTLDVL YGPDTPIISP i
1
: 601 PDSSYLSGAN LNLSCHSASN PSPQYSWRIN GIPQQHTQVL FIAKITPNNN GTYACFVSNL i
1
: 661 ATGRNNSIVK SITVSASGTS PGLSAGATVG IMIGVLVGVA i
: :

N N-glycosylation site

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
(M~50,000) and two identical light (L) chains (M;~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.

Heavy chain (H)

Antigen-antibody K

binding region

HOOC COOH

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

. Fab’ domain

L Fc domain

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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A) Conventional IP in solution

Immune complex
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B) Pre-immobilized antibody approach
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Immune complex

Immune complex \&\,///
N2 N [ —
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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 um), 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 (pe) of a target solute ion is largely

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

He = q/61n]r Eq.1

where q is the total ion charge, 1 is the viscosity of the medium (BGE) and r 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].

Flat profile

== Cathode

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. C,, Cg and C;s). In particular, the

-45-



Introduction | Chapter 1

most common columns for proteomics and metabolomics studies are C;3 and Cg, 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 pL/min) and the use of minute sample volumes (0.5 pL), 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 pL/min<flow rate<0.5 pL/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 MS") [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 N, the most commonly used.

B) The solvent is evaporated, usually using an inert gas that flows in the opposite direction,
being N, 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.
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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 pL/min), such as nanoL.C 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

-49-



Introduction | Chapter 1

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].

A) Sheath flow CE-MS interface B) Sheathless CE-MS interface (HSPS)
Nebulizer gas . HSPS (3-4 cm
Separation Separation approximately)
capillary MS inlet capillary MS inlet
\ ) EE— L )
e Lo
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Electrode T

Electrode

<

Sheath liquid

C) Liquid-junction CE-MS interface
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Electrode
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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 (N,) assistance

was developed in 1995 by Agilent Technologies, Inc. (Waldbronn, Germany). Since then,

-50-



Chapter 1 | Introduction

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).

A) Jet Stream ESI interface (Agilent Technologies, Inc.) B) EMASS-II ESI interface (CMP Scientific, Corp.)

Nebulizer gas
Enhanced efficiency

nebulizer **" EOF-driven sheath

liquid flow

Super-heated
sheath gas

Nozzle voltage \
/ capillary
Heated drying gas _[[isll

Resistive sampling

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 (N)
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 (N,) 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 pum id x 150 pm 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-
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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.

Liguid-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 pm 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 (t) taken for an ion to traverse this tube is dependent on its m/z

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

m/z = kt? Eq.2

where K 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 (0a-TOF) in the late eighties, which considerably further improved
mass accuracy and resolving power [173—175]. In brief, the main difference introduced with the
0a-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 0a-TOF, several
commercial instruments are now available for a range of ionization methods amongst which ESI

0a-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 g2) 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 N, or He) at a controlled pressure under the

influence of a weak electric field (see Figure 1.13).
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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-

neutral collision cross-section (), which is related to the overall shape and topology of the ion
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[186]. Therefore, small ions cross first as a result of their smaller 2. 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 (€2/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 Q. 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).
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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 pL). 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].

Separation capillary

Outlet
» MS

Target analyte

Inlet H
Ago +
O/ o]

Target analyte Sample

Sorbent particles

SPE microcartridge or

preconcentrator

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).

Valve

Non-retained molecules
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A
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Target analyte

Sorbent particles

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. Cg and C;g) are widely recognized for their high efficiency and good
extraction capacities, being C;3 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.

Type of
Analyte Sample SPE configuration IA sorbent X YI? L. Mass analyzer LOD [Ref.]
immobilization
. Microcartridge with Polyclonal Fab’ antibody
. Covalent
GnRH Serum and urine frits fragments coupled to glass beads ovalen Quadrupole (Q) 1 ng/mL [212]
. . . Polyclonal intact antibody
hEPO an.d NESP Standar@s and Mlcrocartrlfige without coupled to a CNBr-Sepharose Covalent Ton trap (IT) 25 mg/L [213]
peptides tryptic digests frits .
solid support
.. . idized i Standards: 1 ng/mL
Opioid peptides: End 1 Standards and Microcartridge with Pplyclonal oxidized 1ntac.t Time-of-flight andares: 1 ngim
. antibody coupled to hydrazide Covalent [208]
and End 2 human plasma frits . . (TOF)
silica particles Plasma: 100 ng/mL
.. . Polyclonal Fab’ antibod Standards: 0.5-5 ng/mL
Opioid peptides: End 1 Standards and Microcartridge with Y Y Time-of-flight g ¢/
. fragments coupled to Covalent [209]
and End 2 human plasma frits oL . . (TOF)
succinimidyl silica particles Plasma: 1-50 ng/mL
. . . Polyclonal oxidized intact . .
Standards and Y of-
Tf Mlcrocarq1dge with antibody coupled to hydrazide Covalent Time-of-flight - [210]
human serum frits . . (TOF)
silica particles
Polyclonal intact antibody
Standards and Microcartridge without coupled to magnetic beads Time-of-flight
TTR functionalized with amino Covalent (TOF) I ng/mL (211]

human serum

frits

reactive groups
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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,
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which is always immobilized onto the activated silica support (with hydrazide groups) via its Fc

region.
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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].
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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:

D=CST+E 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 S", 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 S* 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 S" 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 S'. Initial
estimates of C or S 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 S' 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 P" factor matrices, as deduced by the

following equation:

X=TPT+E Eq. 4

The aim of PCA is to maximize the explained variance in the data with a minimum number of
components. T and P" 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 P 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.

A) Two-class model B) Three-class model

X Y X
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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
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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.

-78-



Chapter 2 | Targeted analysis of protein biomarkers. Top-down proteomics

Electrophoresis 2015, 36, 1265-1273 1265

Laura Pont
Fernando Benavente

José Barbosa
Victoria Sanz-Nebot

Research Article

Analysis of transthyretin in human serum
by capillary zone electrophoresis
electrospray ionization time-of-flight mass
spectrometry. Application to familial
amyloidotic polyneuropathy type |

Department of Analytical
Chemistry, University of
Barcelona, Barcelona, Spain

Received December 11, 2014
Revised March 3, 2015

Accepted March 3, 2015
Transthyretin (TTR) is known to misfold and aggregate, causing different types of amy-

loidosis. Familial amyloidotic polyneuropathy type I (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 (Met 30). To screen for TTR-
related amyloidosis rapidly and reliably, we have developed a novel procedure based on the
analysis of monomers from the homotetrameric protein (~56 kDa). First, we established a
CZE-ESI-TOF-MS method to detect wild-type (normal) TTR with or without several PTMs,
as well as an extra minor isoform in TTR standard solutions. Later, a sample pretreatment
based on immunoprecipitation (IP) and centrifugal filtration was optimized to analyze
serum samples from healthy controls and FAP-I patients (including an asymptomatic pa-
tient, a symptomatic patient, a liver-transplanted patient with the specific mutation, and a
patient originally without the mutation who received a liver transplant from an FAP-I pa-
tient (iatrogenic FAP-I)). The mutant TTR (Met 30) variant with a relative molecular mass
32.07 higher than the wild-type TTR was found in the asymptomatic, the symptomatic and
the iatrogenic FAP-I patients, who interestingly also presented the same concentration
ratio between both variants of TTR (abnormal and normal). In contrast, as in the healthy
controls, the abnormal TTR variant was not detected in the liver-transplanted patient with
the specific mutation, which confirms the effectiveness of the treatment. The proposed
procedure could be regarded as a suitable screening system for individuals with suspected
TTR amyloidosis, and to gain insight into TTR structure, to understand the mechanism
underlying the disease.
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1

The detection, characterization, and quantification of protein
variants and abnormally modified proteins are important for

Introduction clinical diagnosis and for elucidation of the pathogenesis of
various diseases [1,2]. This is particularly the case for a group
of diseases named amyloidosis, in which some organ func-
tions are destroyed as a result of deposits of normally soluble

proteins as stable insoluble fibrils [3-5]. Transthyretin (TTR)
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(formerly known as prealbumin because it migrates before
albumin in typical electrophoresis separations) is one of at
least 16 human proteins known to precipitate as amyloid fib-
rils [6-8]. Other examples are amyloid B-protein (AB) and
prion protein (PrP), which cause Alzheimer and Creutzfeldt-
Jakob disease, respectively [7, 8]. TTR is predominantly ex-
pressed in the liver and in the choroid plexus of the brain,

Colour Online: See the article online to view Figs. 1 and 2 in colour.
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and it binds to thyroid hormones and transports thyroxine
and retinol associated with retinol-binding protein. This pro-
tein is highly abundant in serum (200400 g TTR-mL™!)
and cerebrospinal fluid (CSF) (1040 pg TTR-mL™"). It is
a homotetramer composed of four identical, noncovalently
associated subunits. Each monomer consists of 127 amino
acid residues (approximately 14 kDa) [9-11]. Today, about
100 point mutations are known in the TTR-gene. Several of
the resulting genetic TTR variants are harmless, but many
play crucial roles in different types of hereditary TTR amyloi-
dosis [12]. In addition to mutations at protein sequence level
(isoforms), this protein exists in several forms with different
PTMs. The most abundant is the mixed disulfide with the
amino acid cysteine at position 10 (TTR-Cys) [11,13-15].

Amyloid fibrils of TTR cause two different pathogenic
conditions: familial amyloidotic polyneuropathy (FAP) and
senile systemic amyloidosis (SSA). FAP is a genetically in-
herited neurodegenerative disease associated with around
73 point mutations. It is hypothesized that amino acid substi-
tutions alter the stability of the tetramer, presumably lead-
ing to misfolding, aggregation, or polymerization of TTR
monomers to form amyloid fibrils. SSA is a sporadic car-
diomyopathy disease that affects about 25% of the male pop-
ulation over the age of 80. In this case, fibrils are formed from
wild-type TTR [16,17].

Among familial amyloidotic polyneuropathy, FAP type I
Met 30 (single amino acid substitution of valine for methio-
nine at position 30 of the TTR monomer sequence) is the
most common [18,19]. The disease is characterized by a pro-
gressive painful peripheral neuropathy, although symptoms
involving the gastrointestinal tract, heart, kidney, ocular tis-
sues, and autonomic nervous system are also present [18].
FAP is a fatal disease and liver transplantation is the most
promising therapy for patients today [20, 21].

Nowadays, the analysis of normal and variant forms of
TTR in serum samples is based on immunoprecipitation (IP)
methods, followed by MALDI-TOF-MS or ESI-MS, coupled
on-line, or not, with HPLC [22-24]. For the first time to our
knowledge, we propose CZE-ESI-TOF-MS as an alternative
method. In general, such hyphenated separation techniques
allow enhanced ionization efficiencies and LODs than
MALDI-TOF-MS or direct infusion ESI-MS. The separation
of target compounds as narrow peaks from the sample matrix
avoids ion suppression and improves S/N. CZE-ESI-MS is
widely used for the highly efficient separation and charac-
terization of a number of biomolecules, including protein
isoforms, glycoforms, oligomers, or drug-protein com-
plexes [25-30]. In addition to high resolution capabilities, CZE
has many other desirable characteristics, including a separa-
tion mechanism based on electrophoretic mobility (which is
related to molecule charge and size ratio), low consumption
of sample and reagents, reduced analysis times, instrumental
simplicity, and full automation. Furthermore, experimental
conditions can be adapted to run separations under non-
denaturing conditions, in order to separate native protein
oligomers. Nowadays, orthogonal acceleration-TOF mass
spectrometers provide high mass accuracy and resolving

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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power, as well as the wide scanning ranges necessary for
reliable characterization of large proteins and oligomers by
CZE-ESI-TOF-MS [31-33].

In this paper, we describe a novel CZE-ESI-TOF-MS
method for the detection and characterization of normal and
variant forms of TTR in serum samples after IP from healthy
controls and FAP-I patients. The results permit us to propose
a simple, rapid, and reliable method to screen, diagnose, and
follow-up patients with suspected TTR amyloidosis and to
gain insight into TTR structure, to understand the mecha-
nism underlying the disease.

2 Materials and methods
2.1 Chemicals and reagents

All the chemicals used in the preparation of buffers and solu-
tions were of analytical reagent grade. Propan-2-ol (=99.9%),
formic acid (HFor) (99.0%), acetic acid (HAc) (glacial),
ammonia (25%), sodium hydrogenphosphate (=99.0%),
sodium chloride (=99.5%), potassium dihydrogenphosphate
(=99.0%), potassium chloride (99.0%), sodium hydroxide
(=99.0%, pellets), and TTR (=95.0%) were purchased from
Merck (Darmstadt, Germany). Rabbit antthuman TTR poly-
clonal antibody was supplied by Dako (Glostrup, Denmark).
BSA (=99.0%) and ammonium acetate (NH,Ac) (=99.9%)
were provided by Sigma (St. Louis, MO, USA). PEG 8000
relative molecular mass (M,) (~50% in water) was pur-
chased from Fluka (Buchs, Switzerland). Water with a con-
ductivity value lower than 0.05 pS/cm was obtained using
a Milli-Q water purification system (Millipore, Molsheim,
France).

2.2 Electrolyte and sheath liquid solutions

The BGEs contained 1.0 M HAc (the measured pH was 2.30)
or 10 mM NH,Ac, adjusted to pH 7.00 with ammonia. Both
BGEs were passed through a 0.45 wm nylon filter (MSI,
Westboro, MA, USA) before analysis. The sheath liquid so-
lution consisted of a mixture of 60:40 v/v propan-2-ol/water
with a 0.05% v/v or 0.25% v/v of HFor, for the acidic and
the neutral BGEs, respectively. The sheath liquid was de-
gassed for 10 min by sonication before use. Solutions of 1.0%
w/v of BSA in PBS (0.011 M sodium hydrogenphosphate,
0.0015 M potassium dihydrogenphospate, 0.14 M sodium
chloride, 0.0027 M potassium chloride, pH 7.20) and 5.0%
v/v of PEG in water were used to evaluate passivation of the
centrifugal filters [34].

2.3 Apparatus
pH measurements were made with a Crison 2002 poten-

tiometer and a Crison electrode 52-03 (Crison Instruments,
Barcelona, Spain). Centrifugal filtration was carried out
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in a cooled Rotanta 460 centrifuge (Hettich Zentrifugen,
Tuttlingen, Germany) for centrifugation at controlled tem-
perature (4 or 25°C). Agitation during sample incubation
overnight was performed with a Vortex Genius 3 (Ika”,
Staufen, Germany).

2.4 Procedures
2.4.1 Standard TTR solutions

An aqueous standard solution (1000 pg/mL) of TTR was
prepared and stored in a freezer at —20°C when not in use.
Excipients of low M, were removed from the TTR standard so-
lution by passage through 10000 M, cut-off cellulose acetate
filters (Amicon Ultra-0.5, Millipore). The standard solution
was centrifuged at 25°C for 10 min at 11000 x g, and the
residue was washed three times for 10 min in the same way,
with an appropriate volume of acidic or neutral BGE. The
final residue was recovered by inverting the upper reservoir
in a vial and spinning once more at a reduced centrifugal
force (2 min at 300 x g). Sufficient BGE (acidic or neutral)
was added to adjust the TTR concentration to 1000 pwg/mL.
The 10000 M, filters were passivated before filtration with
PEG solution to ensure optimum protein recoveries [34]. In
order to passivate the filters, 500 pL of the passivation solu-
tion were pipetted into the reservoir of the centrifugal device,
capped, and allowed to stand 24 h at room temperature. The
reservoirs were then uncapped and rinsed thoroughly with
tap water. A volume of 500 wL of purified water was added
to remove any residue and the centrifuge was then spun to
dead stop (30 min at 11000 x g). The remaining water was
eliminated by inverting the reservoir in a vial and spinning
once more at a reduced centrifugal force (2 min at 300 x g).

2.4.2 Immunoprecipitation of serum samples

Human blood samples from two healthy controls and four
FAP-I patients (one asymptomatic, one symptomatic (symp-
tom onset was 4 years before blood collection), a liver-
transplanted patient with the specific mutation (Met 30)
(transplanted in 2013), and a iatrogenic patient originally
without the mutation who was transplanted a liver from an
FAP-I patient (transplanted 14 years before blood collection
and symptom onset was 6 years before collection)) were kindly
supplied by the Hospital Universitari de Bellvitge (HUB,
Hospitalet de Llobregat, Spain). The assay was approved by
the Ethics Committee of the HUB and written informed con-
sent was obtained from all participants in the study. Venous
blood was collected in 9 mL Vacuette tubes (Greiner Bio-One,
Frickenhausen, Germany) with Z serum separation clot acti-
vator, and then allowed to coagulate by leaving it undisturbed
at room temperature for 9 h. After that, the blood was kept at
4°C for 12-16 h to improve the clot retraction. Then, the su-
pernatant serum was separated from the clot with a Pasteur
pipette and centrifuged at 1200 x g for 20 min at 4°C. Clear
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serum was separated and aliquoted to store in a freezer at
-20°C when not in use [35].

Fifty microliters of serum were incubated with the same
volume of rabbit anti-TTR antibody overnight at 4°C in a
shaker. After centrifugation of the sample at 9000 x g for
S min at 4°C, the precipitate was washed twice with 100 pL
of solution of 0.9% m/v sodium chloride in water (saline),
and twice with 100 L of purified water (by centrifugation as
before). After the last centrifugation step, the supernatant was
removed and the precipitate was dissolved by the addition of
50 nL of HAc 1.0 M. This sample was analyzed by CZE-ESI-
TOF-MS with or without desalting by centrifugal filtration
through 10000 M, cut-off cellulose acetate filters passivated
with PEG (see the procedure for filtration of TTR standard
solutions in Section 2.4.1). Alternatively, in order to separate
the TTR from the antibody, the undesalted sample was passed
through 100 000 M, cut-off cellulose acetate filters passivated
with PEG [34]. The sample was centrifuged at 11 000 x g for
10 min and washed with 20 pL of HAc 1.0 M for 8 min at
the same centrifugal force. Sufficient HAc 1.0 M was added
to the filtrate until the final volume was adjusted to 50 pL.
TTR recovery by centrifugal filtration was evaluated before the
experiments with serum samples. A standard TTR solution
of 250 pg/mL was passed through 50000 and 100000 M,
cut-off cellulose acetate filters nonpassivated and passivated
with BSA or PEG solution [34]. The filters were passivated as
explained before in Section 2.4.1.

2.4.3 CZE-ESI-TOF-MS

All CZE-ESI-TOF-MS experiments were performed in an
HP?P CE system coupled with an orthogonal G1603A sheath-
flow interface to a 6220 0aTOF LC/MS spectrometer (Agilent
Technologies, Waldbronn, Germany). The sheath liquid was
delivered at a flow rate of 3.3 pL/min by a KD Scientific
100 series infusion pump (Holliston, MA, USA). ChemSta-
tion C.01.06 software (Agilent Technologies) was used for
CE control and separation data acquisition (e.g. voltage, tem-
perature, and current), and was run in combination with
MassHunter B.04.00 workstation software (Agilent Technolo-
gies) for control, data acquisition, and analysis of the 0aTOF
mass spectrometer. m/z mass spectra were deconvoluted to
obtain the M, values and peak areas of the TTR forms. The
deconvolution algorithm of maximum entropy computed the
simplest zero charge mass spectra that could account for the
observed m/z.

A 72 cm long (Lr) x 75 pm id x 360 wm od bare fused-
silica capillary supplied by Polymicro Technologies (Phoenix,
AZ, USA) was used for the separations. All capillary rinses
were performed at high pressure (930 mbar). A new capillary
was set every time the BGE pH was changed. New capillaries
were flushed with 1.0 M NaOH (20 min), water (15 min), and
BGE (30 min, acidic or neutral). The system was finally equili-
brated by applying the separation voltage (25 kV) for 15 min.
Between workdays, the capillary was conditioned by rising
successively with 0.1 M NaOH (5 min), water (10 min), and
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BGE (15 min). Both activation and conditioning procedures
were performed off-line to avoid the unnecessary entrance of
NaOH into the MS system. Between runs, the capillary was
rinsed for 2 min with HAc 1.0 M, 1 min with water and 1 min
with BGE (acidic or neutral). The working BGE was refreshed
after every analysis to ensure optimum separation repeatabil-
ity. Samples were hydrodynamically injected at 50 mbar for
10 s. A separation voltage of 25 kV (normal polarity, anode
at the injection capillary end) was applied for electrophoretic
separations at 25°C.

The 0aTOF mass spectrometer was operated under op-
timum conditions in positive mode using the following pa-
rameters: capillary voltage 4000 V, drying gas temperature
300°C, drying gas flow rate 4 L/min, nebulizer gas 7 psig,
fragmentor voltage 325 V, skimmer voltage 80 V, OCT 1 RF
Vpp voltage 300 V. Data were collected in profile at 1 spec-
trum/s between 100 and 3200 m/z, with the mass range set
to high resolution mode (4 GHz). The reference mass correc-
tion for internal mass recalibration was disabled for all the
experiments for optimum sensitivity [33]. A standard tune
and an external mass calibration were performed daily at
the beginning of the day following the manufacturer instruc-
tions using the typical LC-MS sprayer and ESI-L tuning mix
(Agilent Technologies).

2.4.4. Quality parameters in CZE-ESI-TOF-MS

All quality parameters in CZE-ESI-TOF-MS were calculated
from data obtained by measuring the peak area and migra-
tion time from the extracted ion electropherogram (EIE) of
wild-type (normal) TTR with the different modifications (con-
sidering the m/z of the most abundant molecular ions, i.e.
ions with charges 416, +15, +14, +13). The deconvoluted
average M, and abundance of the detected forms for the
normal TTR variant are shown in Table 1 (TTR standard
1000 pg/mL). Repeatability studies were performed by
analysing ten times in one day a standard solution of TTR at
a concentration of 250 pg/mL (n = 10/1 day). This parameter
was calculated as %RSD of peak areas and migration times
(tm). An estimation of the LODs was obtained by analysing
low-concentration solutions of a standard of TTR until no
peaks were detected (10 pg/mL). The S/N values were calcu-
lated referred to peak areas using the software provided by
the manufacturer of the mass spectrometer. The calibration
range was established by injecting standard solutions of TTR
at concentrations between 50 and 1000 pg/mL.

3 Results and discussion

3.1 Development of a method for the analysis of
TTR by CZE-ESI-TOF-MS

CZE-ESI-TOF-MS was evaluated by analysing standard solu-

tions of a commercially available normal TTR, after removal
of excipients by centrifugal filtration, in positive ESI mode
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with HAc 1.0 M (pH 2.30) and 10 mM NH,Ac (pH 7.00)
BGEs. Based on our previous studies with the homodimeric
enzyme superoxide dismutase I, the acidic BGE was sup-
posed to disrupt the native tetrameric structure generating
the monomer (MO) while providing enhanced sensitivity, be-
cause it was more volatile and allowed maximum protonation
of the amino acid ionizable groups [33]. In contrast, a neu-
tral BGE was supposed to be more suitable for detecting the
TTR native tetrameric structure, but with lower S/Ns. Fig-
ure 1A and B shows the total ion electropherograms (TIEs)
(i), the mass spectra (ii) and the deconvoluted mass spec-
tra (iii, iv) of a 1000 pg/mL standard solution of normal
TTR using acidic and neutral BGEs, respectively. The elec-
tropherogram shows a broad single peak for the neutral BGE
(Fig. 1B), while the single peak was sharper for the acidic
BGE (Fig. 1A). As expected, the sensitivity was better with
the acidic than with the neutral BGE (compare the y-axis of
both TIEs and mass spectra). Even with the neutral BGE,
the percentage of HFor in the sheath liquid needed to be in-
creased up to 0.25% v/v to detect the protein. At acidic pH,
the analysis time was slightly shorter because, although the
EOF was lower, the effective electrophoretic mobility of TTR
was high and directed toward the cathode (pI = 5.4). A care-
ful analysis of the cluster of multiply charged ions obtained
in the m/z spectra of both electrophoretic peaks indicated
the presence of protein MO with the acidic BGE (with m/z
of the most abundant molecular ion corresponding to the
MO with charge +15), and the presence of protein MO and
dimer (DI) with the neutral BGE (this is probably the reason
for the wider electrophoretic peak). As can be observed in
the different ion labels of the mass spectrum of Fig. 1B (see
the zoomed area), the ions with nominal m/z values of 2314
and 2777 were the summed contribution of the TTR MO and
DI, while the ion of 2524 was exclusively detected for the
TTR DI (+11 DI). Unfortunately, the DI ions were detected
with very low abundance and the presence of the tetramer
could not be demonstrated by scanning until 3200 m/z. This
was probably due to tetramer disruption during detection,
because of the acidic sheath liquid or the vacuum-pressure
inside the mass spectrometer. However, as indicated before,
a sheath liquid with 0.25% v/v of HFor was the minimum
amount of acid necessary to achieve appropriate sensitivity in
positive ion mode with the neutral BGE, while the vacuum
pressure in the first stages of our mass spectrometer could
not be tuned by the operator. Figure 1A and B (iii) shows
the deconvoluted mass spectra for the MO using acidic and
neutral BGEs, respectively. As can be observed, the TTR iso-
forms and PTMs for the MO were the same in both cases.
Table 1 shows the M, .., the M; e, and the mass error (E;)
for the detected monomeric TTR forms. The main PTM de-
tected corresponded to TTR showing a mixed disulfide with
the amino acid cysteine at position 10 of the sequence (TTR-
Cys, M; theo = 13 880.4022, Table 1). The rest of the PTMs and
isoforms corresponded to the free TTR (Free-TTR, M, 0 =
13761.2640), the phosphorylated or sulfonated TTR (TTR-
Phosphorylated, M, e, = 13 841.2439 and TTR-Sulfonated,
M; theo = 13 841.3283, respectively), the dehydroxylated or the
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Table 1. Theoretical and deconvoluted average M,, abundance, repeatability, calibration range, and LOD for the detected isoform and
PTMs of a TTR standard solution by CZE-ESI-TOF-MS using HAc 1.0 M as BGE

N Monomer % Deconvoluted average M, Peak area Migration times (,) Calibration range: Lop®
transthyretin forms Abundance @ Repeatability 50-1000 pg/mL', (pg/mL)
Theoretical Experimental E 750 wg/mL Average Repeatability — 2_ 0991
(ppm)  (n=10), %RSD (n=10) 250 p.g/mL
(n=10), %RSD

1 TTR-Cys 100 13880.4022 13880.8583 33 9 10.5 1.2 A=9x10°C+1x10° <50(S/N=471)

2 Free-TTR 92 13761.2640 13761.8138 40 6 10.8 17 A=9x10°C+2x10° <50(S/N=407)

3 TTR-Phosphorylated 49 13841.2439 138415633 23 9 10.8 1.1 A=4x10°C+1x10° <50(S/N=117)
TTR-Sulfonated 49 13841.3283 138415633 17 9 10.8 1.1 A=4x10°C+1x10° <50(S/N=115)

4 TTR-Dehydroxylated 37 13793.2628 137935782 23 12 108 12 A=3x10°C+1x 105 <50(S/N=100)
or TTR-Sulfinic

5 (10)C-G 37 137151713 13715.7959 46 7 104 1.1 A=4x10°C+4x10* <50(S/N=97)

a) The % abundance was calculated normalizing to the area value of the most abundant form.

b) Relative error (E) was calculated in ppm as: (M; exp — M theo)/Mrtheo x 108 (exp = experimental and theo = theoretical).

c) Concentration was referred to the total amount of protein in the standard solution. The S/N for a certain form at this concentration
was calculated from the EIE using the software provided by the manufacturer of the mass spectrometer.

A) HAc 1.0 M pH=2.30 B) NH,Ac 10 mM pH=7.00
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conjugated cysteine sulfinic acid TTR (TTR-Dehydroxylated
or TTR-Sulfinic, M, e, = 13793.2628) and the isoform
caused by the single amino acid substitution of a cysteine
for glycine at position 10 ((10) C-G, M, s, = 13715.1713 Da).
As can be observed, the accuracy of the M, determination did
not allow differentiation between the TTR-Phosphorylated
and TTR-Sulfonated forms (peak 3, Fig. 1A and B (iii)) and
Table 1) (E, were 23 and 17 ppm, respectively, Table 1). Simi-
larly, we could not differentiate between TTR-Dehydroxylated
or TTR-Sulfinic that were isobars and were not separated by
electrophoresis. Especially in these last two cases, reliability
of the identification would improve running CZE-MS/MS
experiments with an appropriate mass spectrometer. The re-
sults for the commercial TTR standard solution agree with
those reported by other authors [11,13-15]. TTR has been
proven to be predominantly the cysteine-conjugated and free
forms by ESI-MS, although other isoforms and PTMs have
also been described (TTR-Phosphorylated, TTR-Sulfonated,
TTR-Dehydroxylated, TTR-Sulfinic, (10) C-G, and other PTMs
observed when the cysteine residue on position 10 makes a
mixed disulfide with the peptide cysteinyl-glycine or the pep-
tide glutathione) [11,13-15]. With regard to the neutral BGE
and the DI (Fig. 1B (iv)), the detected forms were the same
as for the MO considering a homodimer. No information has
been previously reported about the main isoforms and PTMs
observed in the TTR DI or tetramer.

The use of a neutral BGE is generally advantageous when
itis necessary to work under nondenaturing conditions. How-
ever, this was not the case with TTR because, as explained
before, the tetrameric native structure was not detected. Fur-
thermore, the concentration of TTR in serum samples is
low enough to require the acidic BGE that produces the best
sensitivity. In addition, the immunoprecipitate from serum
samples is in general dissolved by the addition of an acidic
solution (HAc 1.0 M), which could also disrupt the tetramer.
Therefore, the acidic BGE was selected for subsequent ex-
periments. Table 1 summarizes the %RSD obtained for the
repeatability of the peak areas and migration times (n =
10/1 day), LODs, and calibration ranges for the normal
TTR using acidic BGE. As mentioned in Section 2.4.4, the
differentiation between forms was achieved measuring the
peak areas and migration times from the EIEs. The %RSD
values for the repeatability of the different TTR forms ranged
between 6 and 12% for peak areas, and 1.1 and 1.7% for mi-
gration times (t,). The repeatability for the peak areas was
good, because protein adsorption was reduced by the appro-
priate balance between silanol ionization and protein charge
at this pH value. The average values of t,, show that there was
only a slight separation between the TTR forms (e.g. 0.3 min
between TTR-Cys and Free-TTR, Table 1). Area versus con-
centration regression lines were established in all cases over
the calibration range between 50 and 1000 pg/mL (¥ > 0.99)
and the LODs for all the identified forms were lower than
50 pg/mL. At 50 pg/mL the S/N ratios were higher than
10 in all cases, and the highest values were obtained for the
TTR-Cys and the Free-TTR, Table 1. The LODs obtained using
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the neutral BGE were as indicated before higher, at around
250 pg/mL.

3.2 Analysis of TTR in serum by CZE-ESI-TOF-MS

A sample pretreatment based on IP of TTR with a polyclonal
anti-TTR rabbit antibody was applied to isolate the protein
from serum samples. Various serum/antibody volume ratios
were tested, from 50:20 to 50:100 L, and it was observed that
precipitation of the TTR-antibody complex was quantitative
from a volume ratio higher than 50:20. First, we directly an-
alyzed the TTR-antibody mixture obtained after dissociating
the antigen-antibody complex with HAc 1.0 M. However, the
presence of different components from the solutions required
for the IP had a negative influence on the current stability of
the electrophoretic separation, and breakdown occurred at the
beginning of the runs, probably due to precipitation of pro-
teins with partial capillary clogging. To solve this problem,
the TTR-antibody mixture was passed through 10 000 M, cut-
off cellulose acetate filters passivated with PEG to remove
salts and other low M, compounds [34]. Figure 2A shows the
TIE obtained for a serum sample from a healthy control after
IP and centrifugal filtration with 10 000 M, cut-off filters. The
three separated peaks corresponded to the polymeric gel used
in the blood collection tubes as a clot activator for the serum
separation, the anti-TTR antibody and the TTR (see the mass
spectra and the deconvoluted mass spectra in the Supporting
Information Fig. 1). The deconvoluted mass spectrum for the
TTR (Fig. 2A) shows that now only the most abundant TTR
forms were detected (TTR-Cys and Free-TTR). This was prob-
ably because the TTR concentration in serum-treated samples
after the IP method and centrifugal filtration was low, rang-
ing between 50 and 150 pg/mL, depending on the individual
(see explanation below).

3.2.1 Optimization of centrifugal filtration of
immunoprecipitated samples

When we applied this filtration procedure, the presence of
the antibody and the polymeric gel activator continued to
have negative effects on the CZE current and stability, so
that the method was not reproducible. For this reason, we
used 100000 M, cut-off centrifugal filters to separate TTR
from the antibody prior to CZE-ESI-TOF-MS. Filtration with
100 000 M, cut-off centrifugal filters has been applied for this
purpose in TTR immunoprecipitation procedures with dif-
ferent degrees of success. While some authors were not able
to separate TTR from the antibody with filters from a certain
manufacturer [18, 19, 24], others demonstrated that separa-
tion was possible with filters from a different manufacturer,
but no recoveries were reported [17]. In the present study, to
evaluate the TTR recovery in the filtration step with filters of
different M, cut-off, a standard TTR solution of 250 pg/mL
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was passed through 50 000 and 100 000 M, cut-off filters and
then analyzed by CZE-ESI-TOF-MS. The filters were used
without passivation and after passivation with BSA or PEG,
because some manufacturers recommend passivation when
handling highly diluted analyte solutions to prevent analyte
adsorption on the plastic walls [34]. When we used 50 000 M,
nonpassivated filters, and 50000 M, filters passivated with
PEG and BSA, TTR was detected in the filtrates with recovery
values of 43% (n = 3, %RSD = 5), 55% (n = 3, %RSD =
1), and 61% (n = 3, %RSD = 4), respectively. These recovery
values were lower in all cases than with 100000 M, filters
(55% (n = 3, %RSD = 2), 76% (n = 3, %RSD = 3), and
62% (n=3, %RSD = 5), respectively), probably because TTR
was retained to a larger extent in the membrane of smaller
pore size. In all cases, recoveries were improved with passi-
vation. The 100 000 M, filters passivated with PEG were used
in the rest of the study, because the recovery values were the
best (76%), hence ensuring enough TTR concentration for
a reliable characterization. Figure 2B and C shows the TIE
and deconvoluted mass spectra obtained for a serum sample
from a healthy control and an FAP-I patient (asymptomatic)
after IP and centrifugal filtration with 100000 M, cut-off.
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As shown, the observed peak corresponded to monomeric
TTR, while the antibody and the clot activator gel for the
serum separation were removed from the sample using the
100000 M, filters. The deconvoluted mass spectrum for the
healthy control (Fig. 2B) shows that the main forms detected
were TTR-Cys and Free-TTR, as in the IP method followed
by centrifugal filtration with 10000 M, cut-off (Fig. 2A). In
the case of the FAP-I patient (asymptomatic) (Fig. 2C), the
main forms corresponded to the TTR-Cys and the Free-TTR
for the normal TTR, and the TTR(Met30)-Cys and the Free-
TTR(Met30) for the abnormal (or mutant) TTR, with a M,
32.07 higher than the normal forms of TTR (AM, = +32.07).
Repeatability in the TTR analysis after the serum sample pre-
treatment was similar to that obtained for the TTR standard
solution (Table 1) and, for example, values ranging between
1.0-1.4% and 7-11% were obtained for migration times and
peak areas of normal and mutant forms from the asymp-
tomatic FAP-I patient (n = 10). The reproducibility of the sam-
ple pretreatment method was also good, and for the asymp-
tomatic FAP-I patient values ranged between 3.6-3.7% and
3-11% (n = 3, three independent samples), for migration
times and peak areas, respectively.
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Figure 3. Bar graph with the average ratios between the areas
of the detected normal and FAP-| protein forms (n = 3). The area
was measured from the extracted ion electropherogram (EIE) ob-
tained from the most abundant molecular ions (+16, +15, +14,
+13). The total concentration of TTR appears as insets (it was
estimated by comparing the area of the TTR peak observed in
the total ion electropherograms (TIEs) from TTR standards and
serum samples).

3.2.2 Analysis of clinical samples

The serum samples from two healthy controls and four
patients suffering from FAP-I (one asymptomatic, one
symptomatic, a liver-transplanted patient with the specific
mutation, and an iatrogenic patient originally without the
mutation who had a liver transplanted from an FAP-I
patient) were analyzed in triplicate by CZE-ESI-TOF-MS.
It has been reported that the total concentration of TTR in
serum and cerebrospinal fluid is variable and depends on the
individual [19]. The total concentration of TTR in our samples
ranged between 50 and 130 pg/mL (see the insets on the
x-axis of Fig. 3). Figure 3 shows a bar graph with the average
ratios between the areas of FAP-I forms and normal forms of
TTR (TTR(Met30)-Cys/TTR-Cys and Free-TTR(Met30)/Free-
TTR), as well as the ratio between the areas of TTR-Cys and
Free-TTR (TTR-Cys/Free-TTR and TTR(Met30)-Cys/Free-
TTR(Met30)). As expected, mutant Free-TTR(Met30) and
TTR(Met30)-Cys were found in the asymptomatic, symp-
tomatic, and iatrogenic FAP-I patients, whereas only the
normal forms were detected in the liver-transplanted, which
indicates the effectiveness of the treatment. Further experi-
ments would be necessary to confirm if the optimized method
could be used to monitor the progression of transplanted pa-
tients and, eventually, to improve patient prognosis, because
this liver-transplanted patient with the specific mutation had
received the transplant only 10 months before the blood was
collected, while the iatrogenic FAP-I patient received the
transplant a long time earlier (14 years and the patient already
showed FAP-I symptoms after 8 years of transplantation).
There is some controversy about the importance of TTR
oxidized forms (e.g. TTR-Cys), as biomarkers of the oxidative
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stress involved in amyloid deposit formation in FAP-I and
other amyloid diseases [19, 36-39]. The level of TTR-Cys in
plasma samples of FAP-I symptomatic patients was found
elevated when compared to the Free-TTR [36, 37]. Similarly,
the concentration of these oxidized TTR forms in CSF were
recently found elevated in Alzheimer’s disease and mild cog-
nitive impairment patients [39], while a previous study found
less TTR oxidation in a similar study with different tech-
niques [38]. In this preliminary study, as can be observed in
Fig. 3, TTR-Cys/Free-TTR ratios for the normal (gray bars)
and mutant TTR (black bars) were higher in symptomatic
patients than in controls, especially for mutant TTR in the
iatrogenic patient (last black bar). Our results also indicate
that the TTR(Met30)-Cys/Free-TTR(Met30) ratio (black bars)
could be related to the time from symptom onset, because it
was lowest for the FAP-I asymptomatic patient, medium for
the symptomatic FAP-I patient (symptom onset was 4 years
before blood collection), and highest for the iatrogenic patient
(symptom onset was 6 years before blood collection). With re-
gard to the ratios between mutant and normal forms (slashed
bars) in the asymptomatic, symptomatic, and iatrogenic pa-
tients, they were in all cases around 0.7 and 1.1 for the free and
the cysteine-conjugated forms, respectively. As the values are
similar in the three cases, both ratios would be maintained
during FAP-I progression. Again, this is a preliminary study
and further analyses of a larger set of samples would be nec-
essary to determine whether the optimized method is useful
to reliably gain insight into FAP-I. The trigger for the TTR
misfolding and aggregation could be related to the TTR-Cys
oxidized form; but also to other TTR forms found at lower
concentrations that are not detected with this method; or an
external factor that would alter the stability of the tetramer.

4 Concluding remarks

We established a novel CZE-ESI-TOF-MS method to detect
wild-type TTR in standard solutions with several PTMs, and
an extra minor isoform ((10) C-G) using an acidic and a neu-
tral BGE. Although the neutral BGE was supposed to be more
suitable for detecting the TTR native structure, the tetramer
was disrupted because of the acidic sheath liquid or the high
vacuum inside the mass spectrometer. We also optimized a
simple and reliable sample treatment method based on IP
followed by centrifugal filtration to purify TTR from serum
before the CZE-ESI-TOF-MS analysis of samples from control
individuals and FAP-I patients. No mutant TTR forms were
detected in the liver-transplanted patient or in the control
samples. The main mutant TTR forms (TTR(Met30)-Cys and
Free-TTR-(Met30)) were only found in the asymptomatic, the
symptomatic, and the iatrogenic patient. The TTR(Met30)-
Cys/Free-TTR(Met30) ratio was higher than any other protein
ratio in all control and symptomatic patients, and it could be
related to the time from symptom onset. In contrast, the ra-
tios between mutant and normal forms of TTR were similar
in all the symptomatic patients, which shows that these ra-
tios would be maintained during FAP-I progression. Further
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analyses of a larger set of samples would be necessary to
determine whether the optimized method can help to gain
insight into FAP-I.
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Capillary electrophoresis and capillary liquid chromatography coupled to mass spectrometry (CE-MS and
CapLC-MS, respectively) are nowadays very suitable techniques for the separation and characterization
of intact proteins in biological fluids. In this paper, we compare the performance of both techniques for
the analysis of transthyretin (TTR), which is a homotetrameric protein (relative molecular mass (M;)
~56,000) involved in different types of amyloidosis. Furthermore, it is also presented a novel sample
pretreatment based on immunoprecipitation (IP) using Protein A Ultrarapid Agarose™ (UAPA) magnetic
beads (MBs) to purify TTR from serum samples. This novel IP based on MBs allowed the detection of TTR
monomeric proteoforms that were not possible to analyze by conventional IP in solution. In addition,
UAPA MBs provided many other desirable advantages including higher selectivity and minimal unspecific
binding of other proteins. CE-MS and CapLC-MS were applied to analyze serum samples from healthy
controls and familial amyloidotic polyneuropathy type I (FAP-I) patients, who suffered from the most
common hereditary systemic amyloidosis. Both techniques allowed detecting the same TTR proteoforms,
including the mutant TTR (Met 30) variant (variation in relative molecular mass (AM;) was +32.07, from
wild-type TTR). Migration/retention times and relative quantitation of the different proteoforms were
similar and reproducible in both cases, but the limits of detection (LODs) achieved by CE-MS were slightly
lower (2-2.5-fold). Some other differences were also found on separation selectivity (migration orders
and separation of antibody), peak efficiency, total analysis time, calibration ranges and experimental M;
accuracy.
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1. Introduction

Measurements of the content of normal and variant forms
(proteoforms) of serum proteins are important for clinical diag-
nosis and for elucidation of the pathogenesis of various diseases
[1-4]. Research progress on protein isolation and purification, as
well as the introduction of highly sensitive analytical methods, in
particular mass spectrometry, have been crucial for an increase
in the accuracy and reproducibility of protein profiling in total
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blood serum to identify post-translational modifications (PTMs)
and mutations at the protein sequence level (isoforms) [5-8].
Nowadays, capillary electrophoresis mass spectrometry (CE-
MS) and capillary liquid chromatography mass spectrometry
(CapLC-MS) are very suitable techniques for the separation and
characterization of intact proteins in biological fluids [9-12]. Both
of these miniaturized techniques provide many advantages, such
as low consumption of sample and reagents in contrast to con-
ventional LC or electrophoresis methods, reduced ion suppression
and better sensitivity than direct MS analysis, good separa-
tion efficiency, recovery, short analysis time, more robustness
than nanoLC or microchip technologies, instrumental simplicity
and full automation. Furthermore, in the most commonly used
modes, namely reversed phase Cig CapLC and capillary zone
electrophoresis (CZE), the separation mechanisms are considered
complementary, because they are dependent on the hydropho-
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Fig. 1. (A)CE-MSand (B) CapLC-MS fora TTR standard at a concentration of 1000 p.g mL~" (MO =monomer, DI = Dimer)((i) total ion electropherogram/total ion chrematogram,
(ii) TTR mass spectrum and (iii) TTR deconvoluted mass spectrum) (1: TTR-Cys, 2: Free-TTR, 3: TTR- Phosphorylated or TTR-Sulfonated, 4: TTR-Dehydroxylated or TTR-Sulfinic,

5:(10) C-G, 6: TTR-CysGly, 7: TTR-Glutathione, 8: TTR-CysGlu).

bicity and the charge-to-size ratios of the analytes, respectively
[13-15]. In both cases, in order to achieve the best performance, a
sample pretreatment method is necessary to purify and preconcen-
trate the target protein from the rest of serum components before
the separation. The classical isolation procedures of serum proteins
based on affinity chromatography, size exclusion chromatography
or ion exchange chromatography are labor-intensive and time-
consuming [16-18]. As an alternative, some authors have described
conventional immunoprecipitation (IP) methods in solution, which
are very simple and selective, allowing protein preparations of a
high degree of purity [19-21]. In recent years, the emergence and

development of magnetic particles (MBs) for analytical purposes
have led to an evolution of these methods. Nowadays, IP with MBs
is becoming widely applied to avoid antibody elution, improve pro-
tein recovery, reproducibility and minimize unspecific binding of
other proteins [22-24].

In the present study, CE-MS and CapLC-MS were compared for
the analysis of serum transthyrethin (TTR). TIR is a homotetramer
composed of four identical monomers (MO) (relative molecular
mass (M;) ~14,000) with different proteoforms (isoforms and
PTMs) [25-27]. TTR is known to misfold and aggregate as sta-
ble insoluble fibrils due to mutations and conformational changes,
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Fig. 2. (A) CE-MS and (B) CapLC-MS for a healthy control (i) and a symptomatic FAP-I patient (ii) using UAPA MBs (Ab: Anti-TTR antibody) (1: TTR-Cys, 1': TTR(Met30)-Cys,
2: Free-TTR, 2': Free-TTR(Met30), 3: TTR-Phosphorylated or TTR-Sulfonated, 4: TTR-Dehydroxylated or TTR-Sulfinic, 5: (10) C-G, 6: TTR-CysGly).

causing different neurodegenerative diseases known as amyloi-
dosis [28,29]. Familial amyloidotic polyneuropathy type I (FAP-I),
which is the most common type of hereditary amyloidosis, is
associated with a TTR variant that presents a single amino acid sub-
stitution of valine for methionine at position 30 (Met 30) [30,31].
For a fair and systematic comparison, which is difficult to find in the
literature, the same standard protein solutions and serum samples
were analyzed using the same time-of-flight (TOF) mass spectrom-
eter, which was successively coupled to the CE and CapLC systems.
Furthermore, a novel sample pretreatment based on IP using Pro-
tein A Ultrarapid Agarose™ (UAPA) MBs is described, for the first
time to our knowledge, to purify TTR from serum samples. Both
techniques showed advantages and disadvantages and combined
with the novel sample pretreatment permitted us to obtain simply
and rapidly arich global profile of TTR PTMs and isoforms in serum,
which proved to be useful to differentiate normal and variant forms
of TTR in serum samples from healthy controls and FAP-I patients.

2. Materials and methods
2.1. Chemicals and reagents

All the chemicals used in the preparation of buffers and solutions
were of analytical reagent grade. Propan-2-ol (>99.9%), formic acid

(HFor) (99.0%), acetic acid (HAc) (glacial), hydrochloric acid (HCI)
(25.0%), sodium hydrogenphosphate (>99.0%), sodium chloride
(>99.5%), sodium hydroxide (>99.0%, pellets), potassium dihy-
drogenphosphate (>99.0%), potassium chloride (99.0%), glycine
(99.7%) and TTR (>=95.0%) were purchased from Merck (Darmstadt,
Germany). Water (LC-MS grade) and acetonitrile (MeCN) (LC-MS
grade) were supplied by Sigma (Madrid, Spain). Rabbit antihu-
man TTR polyclonal antibody was purchased from Dako (Glostrup,
Denmark). Polyethylene glycol (PEG) 8000 M, (~50% in water)
was supplied by Fluka (Buchs, Switzerland). Protein A Ultrarapid
Agarose™ magnetic beads (UAPA MBs) were purchased from Lab
on a Bead (Uppsala, Sweden). Water with a conductivity value
lower than 0.05 .S cm~! was obtained using a Milli-Q water purifi-
cation system (Millipore, Molsheim, France).

2.2. Apparatus

pH measurements were made with a Crison 2002 potentiome-
ter and a Crison electrode 52-03 (Crison instruments, Barcelona,
Spain). Centrifugal filtration at 4 or 25 “Cwas carried outin a cooled
Rotanta 460 centrifuge (Hettich Zentrifugen, Tuttlingen, Germany).
Agitation during sample incubation was performed with a Vortex
Genius 3 (Ika®, Staufen, Germany).
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2.3. Procedures

2.3.1. Standard protein solutions

An aqueous standard solution of TTR (1000 pg mL-') was pre-
pared as described elsewhere [20]. Excipients of low M; were
removed from the TTR standard solution by passage through
10,000 M; cut-off cellulose acetate filters (Amicon Ultra-0.5, Mil-
lipore). The standard solution was centrifuged at 25 °C for 10 min
at 11,000g, and the residue was washed three times for 10 min in
the same way, with an appropriate volume of HAc 1.0 M. The final
residue was recovered by inverting the upper reservoir in a vial
and spinning once more at a reduced centrifugal force (2 min at
300g). Sufficient HAc 1.0 M was added to adjust the concentration
to 1000 wg mL-1. The 10,000 M; filters were passivated before fil-
tration with PEG solution to ensure optimum protein recoveries
[32]).

2.3.2. Purification of TTR with Protein A Ultrarapid Agarose
magnetic beads

Human blood samples from two healthy controls and four FAP-I
patients were kindly supplied by the Hospital Universitari de Bel-
lvitge (HUB, Hospitalet de Llobregat, Spain). The four FAP-I samples
corresponded to an asymptomatic patient, a symptomatic patient
(symptom onset was 4 years before blood collection), a liver trans-
planted patient with the specific mutation (transplanted in 2013),
and a iatrogenic patient originally without the mutation who was
transplanted a liver from an FAP-I patient (transplanted 14 years
before blood collection and symptom onset was 6 years before col-
lection). The assay was approved by the Ethics Committee of the
HUB and written informed consent was obtained from all partici-
pantsin the study. Serum was prepared as described in our previous
work [20]. Serum aliquots were stored in a freezer at —20 °C when
not in use.

The procedure for purification of TTR from serum samples
using UAPA MBs is described in detail below. First, the solvent
of the commercial Anti-TTR antibody was changed to phosphate
buffered saline (PBS, 0.01 M sodium hydrogenphosphate, 0.0015M
potassium dihydrogenphospate, 0.14 M sodium chloride, 0.0027 M
potassium chloride, pH 7.40) by filtration using 10,000 M; cut-
off cellulose acetate filters (as explained in Section 2.3.1 for TTR
standard). After that, 50 pL of UAPA MBs were vortexed and the
supernatant (storage solution) was removed after using a mag-
net to sediment the particles (magnetic separation). The MBs were
washed with 100 L of PBS twice and resuspended in 50 p.L of PBS.
Fifty pL of Anti-TTR antibody were then added to the MBs sus-
pension. The mixture was moderately shaked for 40 min at room
temperature. The supernatant was removed by magnetic separa-
tion and the MBs were subsequently washed three times with
100 L of PBS. In order to immunoprecipitate TTR, 75 L of serum
sample were added to the MBs and the mixture was incubated for
20 min at room temperature with gentle orbital shaking. Again, the
supernatant was removed and the MBs were then washed three
times with 200 L of PBS. Finally, in order to elute the TTR and the
Anti-TTR antibody, 50 wL of 50 mM glycine (adjusted to pH 2.80
with HCl) were added and the mixture was then incubated for 5 min
at room temperature with gentle orbital shaking. The supernatant
containing the eluted Anti-TTR antibody and the TTR was collected
and transferred into a clean eppendorf. Excipients of low M; were
removed from the sample by passage through 10,000 M; cut-off cel-
lulose acetate filters (see Section 2.3.1). The protein samples were
kept in the freezer and thawed immediately before the analysis to
prevent precipitation and spray instability during the CE-MS and
CapLC-MS runs.

2.33. CE-MS

All CE-MS experiments were performed in an HP3P CE sys-
tem coupled with an orthogonal G1603A sheath-flow interface to
a 6220 0a-TOF LC/MS spectrometer (Agilent Technologies, Wald-
bronn, Germany). A sheath liquid solution consisting of a mixture
of 60:40 v/v propan-2-ol: water with a 0.05% v/v of HFor was deliv-
ered at a flow rate of 3.3 uLmin~' by a KD Scientific 100 series
infusion pump (Holliston, MA, USA). ChemStation C.01.06 software
(Agilent Technologies) was used for CE control and separation data
acquisition (e.g. voltage, temperature and current), and was run in
combination with MassHunter B.04.00 workstation software (Agi-
lent Technologies) for control, data acquisition, and analysis of the
TOF mass spectrometer. m/z mass spectra were deconvoluted to
obtain the M; values of the TTR proteoforms. The deconvolution
algorithm of maximum entropy computed the simplest zero charge
mass spectra that could account for the observed m/z.

A72cmlong (Ly) x 75 pum id x 360 jum od bare fused-silica cap-
illary supplied by Polymicro Technologies (Phoenix, AZ, USA) was
used for the separations. All capillary rinses were performed at high
pressure (930 mbar). New capillaries were flushed with 1.0 M NaOH
(20 min), water (15 min) and background electrolyte (BGE) (30 min,
HAc 1.0M). The system was finally equilibrated by applying the sep-
aration voltage (25 kV) for 15 min. Between workdays, the capillary
was conditioned by rising successively with 0.1 M NaOH (5 min),
water (10min) and BGE (15 min). Both activation and condition-
ing procedures were performed off-line to avoid the unnecessary
entrance of NaOH into the MS system. Between runs, the capillary
was rinsed for 2min with HAc 1.0 M, 1 min with water and 1 min
with BGE. Samples were hydrodynamically injected at 50 mbar for
10s. A separation voltage of 25kV (normal polarity, anode at the
injection capillary end) was applied for the electrophoretic separa-
tions at 25 °C.

The TOF mass spectrometer was operated under the optimized
conditions in positive mode using the following parameters: cap-
illary voltage 4000V, drying gas temperature 300° C, drying gas
flow rate 4L min~!, nebulizer gas 7 psig, fragmentor voltage 325V,
skimmer voltage 80V, OCT 1 RF Vpp voltage 300 V. Data were col-
lected in profile at 1 spectrum/s between 100 and 3200 m/z, with
the mass range set to high resolution mode (4 GHz). The reference
mass correction for internal mass recalibration was disabled for all
the experiments for optimum sensitivity. A standard tune and an
external mass calibration were performed daily at the beginning of
the day following the manufacturer instructions using the typical
LC-MS sprayer and ESI-L tuning mix (Agilent Technologies).

2.34. CapLC-MS

All CapLC-MS experiments were performed in a 1200 series
capillary liquid chromatography system coupled to a 6220 oa-
TOF LC/MS mass spectrometer with an orthogonal G1385-44300
interface (Agilent Technologies). LC and MS control, separation,
data acquisition and processing were performed using MassHunter
B.04.00 workstation software (Agilent Technologies). The TOF mass
spectrometer measurement parameters were as described for CE-
MS, except for the nebulizer gas (N3 ), which in this case was 15 psig
under the optimized conditions.

For separation, a Zorbax 300SB-Cqg column
(150mmLy x 0.3mm id, 3.5um particle diameter, 300A pore
diameter, Agilent Technologies) was used. Experiments were
performed at room temperature with gradient elution at a flow
rate of 4 pLmin~"'. Eluting solvents were (A) water and (B) MeCN
(both with 0.1% (v/v) HFor). Solvents were degassed for 10 min by
sonication before use. The optimum elution gradient was: solvent
B from 5% to 40% (v/v) in 5min and then from 40% to 55% (v/v) in
20 min, followed by cleaning and re-equilibration steps from 55%
to 100% (v/v) (5min), 100% (v/v) (10 min), from 100% to 5% (v/v)
(5min) and finally 5% (v/v) (10 min). Before analysis, samples were

-97-



Targeted analysis of protein biomarkers. Top-down proteomics | Chapter 2

150 L Pontet al. /| Chromatogr. A 1444 (2016) 145-153

filtered using a 0.22 m polyvinylidene difluoride centrifugal filter
(Ultrafree-MC, Millipore, Bedford, MA, USA) at 11,000 g for 4 min.
Sample injection was performed with an autosampler refrigerated
at 4 °C and the injection volume was 0.15 L.

457)
430)
301)
286)
264)
181)
780)
758)
447)

10 (S/N
10 (S/N
10 (S/N
10 (S/N
25 (S/N
25 (S/N
100 (S/N
100 (S/N
100 (S/N

Lop¢
(pgmL')

2.3.5. Quality parameters in CE-MS and CapLC-MS

All quality parameters in CE-MS and CapLC-MS were calculated
from data obtained by measuring the peak area and migration or
retention time (tm-t;) from the extracted ion electropherograms
(EIEs) and extracted ion chromatograms (EICs) of TTR proteoforms
with the different modifications (considering the m/z of the most
abundant molecular ions, i.e. ions with charge +16, +15, +14, +13).
The deconvoluted average M, and abundance of the detected prote-
oforms for a standard of normal TTR are shown in Tables 1 and 2 for
CE-MS and CapLC-MS, respectively (TTR standard 1000 g mL™1).
Repeatability studies were performed by analyzing 10 times in one
day a standard solution of TTR at a concentration of 250 p.g mL™!
(n=10/1 day). This parameter was calculated as a percentage of the
relative standard deviation (RSD%) of peak areas and ty-t;. An esti-
mation of the limits of detection (LODs) was obtained by analyzing
low concentration solutions of a standard of TTR until no peaks
were detected (1 and 10 g mL~! for CE-MS and CapLC-MS, respec-
tively). The S/N values were calculated referred to peak areas using
the software provided by the manufacturer of the mass spectrom-
eter. The calibration range was established by injecting standard
solutions of TTR at concentrations between 10 and 1000 wgmL~'.
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3. Results and discussion

3.1. Analysis of TTIR standard by CE-MS and CapLC-MS

(ppm)

CE-MS was evaluated by analyzing standard solutions of a com-
mercially available normal TTR in positive ESI mode with a BGE of
HAc 1.0M (pH 2.30). In a previous study [20], we demonstrated
that this acidic BGE disrupted TTR tetrameric structure generat-
ing only the monomer (MO), but that provided better sensitivity
than ammonium acetate neutral BGEs. CapLC-MS conditions in ESI
positive mode were optimized in this work by analyzing the TTR
standard solutions using MeCN:water (with 0.1% (v/v) HFor) mobile
phases. In preliminary experiments, two columns (Zorbax 300SB-
C,g and Zorbax 300SB-Cg) and different gradients were tested. The
best peak shape, efficiency and separation of TTR proteoforms, as
well as the shortest retention times, were obtained using the Cqg
column with the optimized gradient described in the experimen-
tal Section 2.3.4. In order to improve detection sensitivity and peak
shape, different percentages of HFor in the mobile phases (between
0.1%-0.5% v/v) were tested. As the highest S/N values were obtained
using 0.1% (v/v) HFor and the peak shape was similar in all the cases,
this percentage was chosen for further analysis.

Fig. 1A and B show the total ion electropherogram (TIE) and
the total ion chromatogram (TIC) (i), the mass spectra (ii) and the
deconvoluted mass spectra (iii) of a 1000 wgmL~! standard solu-
tion of normal TTR by CE-MS and CapLC-MS, respectively. As it is
shown, the sensitivity achieved with both techniques was quite
similar (compare the y-axis of TIE/TIC and mass spectra), but peak
shape was better and total analysis times slightly lower by CE-MS.
A conscientious analysis of the cluster of multiply charged ions
obtained in the m/z spectra of both peaks showed the presence of
protein MO with CE-MS (the most abundant molecular ion had +15
charge), and the presence of MO and a very small amount of dimer
(DI) using CapLC-MS. As can be observed in Fig. 1B (ii) (see the
zoomed area), ions with nominal m/z values of 1731, 1986, 2316
and 2778 would be the summed contribution of the MO and DI,
while 1851, 2138 and 2522 ions would be only detected for the DI
(+15,+13 and +11 ions, respectively). In our previous study with TTR
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using CE-MS, we already observed that under these analytical con-
ditions sensitivity was excellent but the DI or the tetramer were not
detected [20]. In that case, we proposed that the oligomeric struc-
tures were disrupted due to the acidic BGE, the acidic sheath liquid
or the vacuum-pressure inside the spectrometer (which could not
be tuned by the operator). Now, the presence of a very small amount
of DI in CapLC-MS suggested that the optimized separation condi-
tions preserved to some extent the TTR oligomeric structure. This
is probably due to the higher acidity of the BGE in CE-MS compared
to the mobile phase in CapLC-MS (6% vs 0.1% v/v of HAc and HFor,
respectively).

Figs. 1A and B(iii) show the deconvoluted mass spectra for
the MO using CE-MS and CapLC-MS, respectively. As can be
observed in these figures, the same proteoforms were detected
with both techniques. In addition, as it is shown in Tables 1 and 2,
the relative abundances for all the monomeric TTR forms, which
were calculated taking into account the peak areas of the EIEs
and EICs, were also similar. Tables 1 and 2 show the experi-
mental My (Mr,exp), the theoretical My (Mr,heo) and the mass
error (E;) values for the proteoforms. The detected TTR PTMs
and isoforms corresponded (in order of abundance) to the
TTR showing a mixed disulfide with the amino acid cysteine
at position 10 of the sequence (TTR-Cys, My, theo =13880.4022),
the free TTR (Free-TTR, My, heo =13761.2640), the phosphory-
lated or sulfonated TTR (TTR-Phosphorylated, M;,iheo = 13841.2439
and TTR-Sulfonated, M;,¢peo = 13841.3283, respectively), the dehy-
droxylated or the conjugated cysteine sulfinic acid TTR (TTR-
Dehydroxylated or TTR-Sulfinic, M; ipeo = 13793.2628), the isoform
caused by the single amino acid substitution of cysteine for
glycine at position 10 ((10) C-G, My,theo=13715.1713), and the
PTMs resulting when the cysteine residue on position 10 makes
a mixed disulfide with the peptide cysteinyl-glycine (TTR-CysGly,
M, theo = 13937.4541), the peptide glutathione (TTR-Glutathione,
M; theo = 14066.5696) and the peptide cysteinyl-glutamic acid
(TTR-CysGlu, My theo =14009.5177). As can be observed in
Tables 1 and 2, the accuracy of the M; determination with this
0a-TOF mass spectrometer did not allow differentiation between
TTR-Phosphorylated and TTR-Sulfonated PTMs, which were prob-
ably not separated by CE-MS or CapLC-MS. Similarly, we could not
differentiate between TTR-Dehydroxylated or TTR-Sulfinic, which
were isobars. It is worth mentioning that the E; values were sig-
nificantly lower for all the detected forms using CapLC-MS (with
values ranging between 1 and 5 ppm, see Tables 1 and 2). As all
the mass spectrometer parameters were the same in both cases
and mass accuracy depended on the external mass calibration per-
formed at the beginning of the day, the accuracy differences meant
that calibration in CE-MS was less stable, probably due to the speci-
ficities of the ionization and the interface. We will show below that
this fact did not affect repeatability of peak areas in CE-MS.

With regard to the quality parameters, Tables 1 and 2 sum-
marize the RSD% obtained for the repeatability of the peak areas
and migration or retention times (ty or t;, n=10), LODs and cal-
ibration ranges for TTR proteoforms using CE-MS and CapLC-MS,
respectively. The repeatability for peak areas was good with both
techniques, ranging between 0.2% and 7.1% for CE-MS, and between
0.3% and 2.9% for CapLC-MS. Similarly, the repeatability for ty, or
t; was also acceptable and ranged between 0.1%-0.9% and 0.1%-
0.3% for CE-MS and CapLC-MS, respectively. The average values of
tm or t; show that there was only a slight separation between the
TTR forms, because all of them presented similar charge-to-size
ratios and hydrophobicities, which hindered their separation using
capillary zone electrophoresis (CZE) and reversed phase C;g CapLC,
respectively. Linear correlation between migration and retention
times of the different proteoforms was very low (R?=0.36), con-
firming the orthogonality of the separation mechanisms. With
regard to the peak efficiency, the number of theoretical plates

46

31

14

18

=220)
184)
118)

25 (S/N
25 (S/N

25 (S/N

25 (S/N=11
50 (S/N

50 (S/N=13
250 (S/N
250 (S/N
250 (S/N

2% 10°C+9 x 104
1x109C+6x 104
1x109C+4 % 104
A=1x10%C+4 x 10*
5x103C+2 x 104
A=4x103C+2 % 10*
45 103C+3 % 10*
2x103C+1x 107
1% 103C+8 x 104

A
A
A
A
A
A
A

0.1
0.1
0.2
0.2
03
0.1
0.1
0.2
0.3

103
10.1
10.3
103
10.2
10.0
10.0
10.2
10.2

1.8
2.0
1.7
2.2
26
2.2
0.6
29

theoretical).

3
1
2
2
5
1
3
1
1

13880.7500
13761.2640 13761.4500
13841.2439 13841.5700
13841.5700
13793.9300
13715.3300
13937.8900
14009.3500
=experimental and theo

13880.4022
13841.3283
13793.2628
13715.1713
13937.4541
14066.5696 14066.6700
14009.5177

100
88
67
66
21
12
10

TTR-Dehydroxylated orTTR-Sulfinic 25

Free-TTR
TTR-Phosphorylated
TTR-Sulfonated

(10) C-G
TTR-CysGly
TTR-Glutathione
TTR-CysGlu

TTR-Cys

¢ Calibration range for TTR-CysGly, TTR-Glutathione and TTR-CysGlu ranged between 250-1,000 g mL~".
d Concentration was referred to the total amount of protein in the standard solution. The S/N for a certain form at this concentration was calculated from the EIC using the software provided by the manufacturer of the mass
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(N=16%t/w)?, w=peak width) was approximately 4-fold higher
in CE-MS (i.e. 616 vs 158 for the most abundant proteoform, TTR-
Cys). Area versus concentration regression lines were evaluated in
the range between 10 and 1000 g mL~. Calibration ranges for all
the TTR forms (except for TTR-CysGly, TTR-Glutathione and TTR-
CysGlu, which were the proteoforms with the lowest abundances,
see Tables 1 and 2) were observed between 50 and 1000 g mL-!
using CE-MS and between 100 and 1000 g mL~" using CapLC-MS.
In the case of TTR-CysGly, TTR-Glutathione and TTR-CysGlu, cal-
ibration ranges were observed between 100 and 1000 p.gmL™!
and between 250 and 1000 pgmL~! with CE-MS and CapLC-MS,
respectively. Finally, as it was expected, the LODs were found to
decrease according to the abundance of the different proteoforms
using both techniques (see Tables 1 and 2). It is worth mention-
ing that the LODs achieved by CE-MS were slightly lower than by
CapLC-MS (2-2.5-fold lower).

3.2. Purification of TTR from serum samples using Protein A
Ultrarapid Agarose magnetic beads

In a previous work, we proposed a conventional IP method in
solution to purify TTR from serum samples before CE-MS [20]. As
the antibody altered the electrophoretic current and stability, mak-
ing the method not reproducible, it was necessary to separate the
TTR from the antibody using 100,000 M; cut-off centrifugal filters.
In order to avoid this filtration step, which could be detrimental for
protein recovery because monomeric TTR is recovered from the fil-
trate, we propose now [P with UAPA MBs. In UAPA MBs the antibody
orientation is optimum for the interaction with TTR because the
antibody is coupled to the MBs through the fragment crystallizable
(Fc)region. Furthermore, the agarose support, due to its hydrophilic
nature, enables minimal unspecific binding of other proteins. How-
ever, under the optimized conditions, as there is not a covalent bond
between the antibody and the MBs, both the antibody and TTR are
eluted from the MBs before CE-MS or CapLC-MS analysis.

The IP procedure with UAPA MBs was applied to serum sam-
ples from two healthy controls and four patients suffering from
FAP-I (one asymptomatic, one symptomatic, a liver transplanted
patient with the specific mutation, and a iatrogenic patient orig-
inally without the mutation who received a liver transplant from
an FAP-I patient). The eluted antibody and TTR mixture was passed
through 10,000 M; cut-off cellulose acetate filters (Amicon-Ultra
0.5, Millipore) in order to exchange the elution buffer, which con-
tained glycine that is not recommended for ESI-MS, to HAc 1.0M
before the analysis by CE-MS and CapLC-MS. Now, in contrast to our
previous work [20], it was not necessary to separate the TTR from
the antibody using 100,000 M, centrifugal filters, probably because
the antibody concentration in solution was lower than before. It
is widely accepted that the recovery of the retentate in M; cut-off
centrifugal filters is higher than the recovery in the filtrate. The
recovery of TTR in the retentate using 10,000 M; filters was >95%,
while the recovery of TTR in the filtrate using 100,000 M, filters was
76% (in both cases the filters were passivated with PEG in order to
ensure optimum recoveries [20,32]). We estimated that with the
novel IP method based on MBs, TTR recovery was approximately
twice higher than by the conventional IP method in solution.

3.3. Analysis of TIR in serum samples by CE-MS and CapLC-MS

The immunoprecipitated serum samples were subsequently
analyzed in triplicate by CE-MS and CapLC-MS. Fig. 2A and B show
the TIE and TIC and the TTR deconvoluted mass spectra obtained
for a serum sample from a healthy control (i) and an FAP-I patient
(symptomatic) (ii) using CE-MS and CapLC-MS, respectively. As it
is shown, the main peaks corresponded to the antibody and the

monomeric TTR (in this case no DI was observed by CapLC-MS
probably due to the IP conditions, data not shown). As can be
observed, while the antibody migrated before TTR and separation
was not complete by CE-MS, by CapLC-MS the antibody was highly
retained and eluted baseline separated from TTR at a mobile phase
composition of 100% (v/v) MeCN. The TTR deconvoluted mass spec-
tra for the healthy control (Fig. 2A and B (i)) show that the main
forms detected using both techniques corresponded (in order of
abundance) to TTR-Cys (1), Free-TTR (2), TTR-Phosphorylated or
TTR-Sulfonated (3), TTR-Dehydroxylated or TTR-Sulfinic (4), (10)
C-G (5) and TTR-CysGly (6). Therefore, the IP with MBs allowed
detecting TTR forms found at lower concentrations that were not
detected with conventional IP in solution in our previous work
(only TTR-Cys and Free-TTR were detected [20]). In the case of the
FAP-I patient (symptomatic) (Fig. 2A and B (ii)), the main prote-
oforms corresponded to the normal forms detected for a healthy
control, and the TTR(Met30)-Cys (1') and the Free-TTR(Met30) (2)
for the abnormal (or mutant) TTR, with a M; 32.07 units higher
than the normal forms of TTR (AMr=+32.07). Unfortunately, the
accuracy of the M; determination did not allow differentiation
between the normal TTR-Dehydroxylated (or TTR-Sulfinic) and the
mutant Free-TTR(Met30) (Mr, e, are very similar: 13793.2628 and
13793.3301, respectively). The detection of this mutant form was
indirectly assessed taking into account that the peak area for this
mixture of proteoforms increased 52.5% for the patients with regard
to the controls, where Free-TTR(Met30) was not present.

Repeatability in the TTR analysis after the serum sample pre-
treatment was good for peak areas and tm or t; using both
techniques. As an example, for the symptomatic FAP-I patient,
repeatability values (n=3, three independent samples) for peak
areas and ty, or t; ranged between 3.6%-10.4% and 0.1%-1.0% using
CE-MS, and between 2.7%-11.4% and 0.2%-0.7% using CapLC-MS,
respectively.

Under the optimized conditions, the total concentration of
TTIR in our samples was estimated to range between 47 and
160 wg mL~! using CE-MS, and between 40 and 130 wg mL~! using
CapLC-MS. It is well known that the total concentration of TTR in
serum and cerebrospinal fluid is variable and depends on the indi-
vidual [20,31]. These values were similar to those reported in our
previous work, where a conventional IP method in solution was
used prior CE-MS (50 and 130 pgmL-1) [20].

Some authors have pointed out the importance of TTR oxi-
dized forms (e.g. TTR-Cys and TTR-CysGly), as biomarkers of the
oxidative stress involved in amyloid deposit formation in FAP-I
and other amyloid diseases [20,33,34]. In our previous study [20],
the level of TTR(Met30)-Cys in serum samples from FAP-1 symp-
tomatic patients was found especially elevated when compared to
the mutant Free-TTR(Met30) proteoform. Fig. 3A and B(i) show the
average TTR-Cys/Free-TTR (grey bars) and TTR(Met30)-Cys/Free-
TTR(Met30) (black bars) ratios for the healthy controls and the
FAP-I patients using CE-MS and CapLC-MS, respectively. As can
be observed, both techniques were providing similar information
and the mutant proteoforms were only found in the asymptomatic,
symptomatic and iatrogenic FAP-I patients (black bars), whereas
the liver-transplanted patient behaved as the controls because the
treatment was effective. In the untreated patients the abundance of
TTR(Met30)-Cys was especially higher than the abundance of Free-
TTR(Met30), as in our previous work with CE-MS [20], With regard
to the oxidized normal proteoforms (i.e. TTR-Cys, TTR-CysGly, TTR-
Sulfonated or TTR-Sulfinic), only the abundance of TTR-CysGly was
slightly increased compared to the Free-TTR proteoform in the
untreated patients (see the black bars of Fig. 3A and B (ii)). As it
is shown, the general profile obtained for the different average
proteoform ratios was quite similar using both techniques, hence

-100-
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suggesting that CE-MS and CapLC-MS are both useful to reliably
gain insight into FAP-I,

4. Concluding remarks

In this work, CE-MS and CapLC-MS were compared for the
analysis of serum TTR. A novel sample pretreatment based on
IP using UAPA MBs was applied to purify TTR from serum sam-
ples. This novel IP procedure enhanced our previously method
based on conventional IP in solution and allowed the detection
of monomeric TTR proteoforms found at lower concentrations.
CE-MS and CapLC-MS were applied to analyze TTR standard solu-
tions and serum samples from healthy controls and FAP-I patients.
The optimized methods with both techniques showed a similar
performance for the analysis of TTR. However, despite the lower
separation resolution between the antibody and TTR, we propose
the CE-MS method as the best alternative, mainly because of the
slightly lower LODs and total analysis times, the use of an organic
solvent-free BGE, the smaller sample volumes injected and the
lower cost of the separation columns.
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Transthyretin (TTR) is a homotetrameric protein which is known to misfold and aggregate causing dif-
ferent types of amyloidosis, such as familial amyloidotic polyneuropathy type | (FAP-1). FAP-1 is associated
with a specific TTR mutant variant (TTR (Met30)) that can be easily detected analysing the monomeric
forms of the mutant protein. Meanwhile, the mechanism of protein aggregation onset, which could be
triggered by structural changes on the native tetrameric protein complex, remains uncertain. We de-
veloped and described herein a new sample pretreatment based on immunoprecipitation (IP) to purify
TTR from serum under non-denaturing conditions. Later, a nano-electrospray ionization-ion mobility
mass spectrometry (nano-ESI-IM-MS or IM-MS) method was optimised to analyse the protein complexes
in serum samples from healthy controls and FAP-I patients. IM-MS allowed separation and character-
isation of tetrameric, trimeric and dimeric TTR gas ions due to their differential drift time, which is
related to ion size and charge. The tetramer-to-dimer abundance ratio was differential between healthy
controls and FAP-] patients (asymptomatic, symptomatic and an iatrogenic patient ariginally without the
mutation who received a liver transplant from an FAP-I patient), and was also indicative of the effec-
tiveness of liver transplantation as a treatment for FAP-1.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Amyloidoses (e.g. familial amyloidotic polyneuropathy (FAP),
amyotrophic lateral sclerosis (ALS), prion disease, Huntington's
disease, Alzheimer's disease and Parkinson's disease) are diseases
in which some organ functions are destroyed as a result of protein
deposits of insoluble amyloid aggregates [1-4]. Transthyretin
(TTR) is known to precipitate as amyloid fibrils in FAP and senile
systemic amyloidosis (SSA) [5,6]. TIR is predominantly expressed
in the liver and in the choroid plexus of the brain, binds to thyroid
hormones and transports thyroxine and retinol. It is highly
abundant in serum (200-400 yg TTRmL™") and cerebrospinal
fluid (CSF) (10-40 ug TTR mL~1). Its structure is a homotetramer

Abbreviations: FAP-I, familial amyloidotic polyneuropathy type I; IM-MS, ion
mobility mass spectrometry; [P, immunoprecipitation; M,, relative molecular mass;
TTR, transthyretin

* Correspondence to: Department of Analytical Chemistry, UB, Marti I Franqués
1-11, 3rd floor, 08028 Barcelona, Spain. Fax: + 34 934021233.

E-mail address: fbenavente@ub.edu (F. Benavente).

http://dx.doi.org/10.1016/j.talanta.2015.07.079
0039-9140/= 2015 Elsevier B.V. All rights reserved.

composed of four non-covalently associated subunits [7-10]. Each
monomer consists of 127 amino acid residues (approximately
14 kDa) with different post-translational modifications (PTMs)
[10-13]. While SSA is a non-hereditary cardiomyopathy affecting
25% of the male population over the age of 80, in which deposits
are formed from wild-type TTR, FAP is associated with around 73
of the about 100 point mutations known in the TTR-gene [5,6]. FAP
type 1 (FAP-I), which is the most common genetically inherited
FAP, is related with a genetic variant of TTR that presents a single
amino acid substitution of valine for methionine at position 30
(TTR (Met30), AM,=+32.07) [14,15]. FAP is a fatal disease and
liver transplantation is the most promising therapy today [16,17].

The mechanism involving aggregation in FAP, as in other
amyloidoses, is not well-defined. For example, in prion disease,
misfolding or dimerisation of cellular prion protein (PrP%) has been
reported to trigger aggregation [18-20]. Similarly, ALS could in-
volve a monomeric misfolded intermediate of dimeric superoxide
dismutase 1 (SOD-1) [21-23], and we recently found an increased
amount of SOD-1 monomers, with regard to healthy controls, in
erythrocytes from patients with ALS [23]. In FAP, it has been
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hypothesised that TTR tetramer dissociates into misfolded mono-
mers to trigger oligomerization and aggregation into a variety of
structures including amyloid fibrils [24,25]. Therefore, clarification
of the mechanisms behind protein aggregation is crucial to further
our understanding of the onset of these neurodegenerative
diseases.

Several techniques are currently used for the analysis of TTR in
serum samples, including matrix-assisted laser desorption ioni-
zation time-of-flight mass spectrometry (MALDI-TOF-MS), elec-
trospray ionization mass spectrometry (ESI-MS), high-perfor-
mance liquid chromatography coupled to electrospray ionization
mass spectrometry (HPLC-MS) and capillary electrophoresis
electrospray mass spectrometry (CE-MS) [26-29]. In general,
acidic conditions are preferred to ensure the best sensitivity in
positive ion mode MS to characterise the TTR peptide sequence
and the PTMs. However, neutral pH conditions are recommended
for preservation of the native tetrameric form of TTR and the po-
tential intermediates that could be involved in triggering ag-
gregation in FAP. Anyway, these MS techniques have the drawback
that they are unable to distinguish between ions with identical
mass-to-charge (m/z) ratios, thus hindering the interpretation of
mass spectra from coeluting or comigrating mixtures of mono-
mers, dimers or other oligomers that are usually highly over-
lapped. IM spectrometry is a technique that separates gaseous ions
in function of their size and charge (even those with the same m/z
ratios) [23,30-33]. Specifically, IM spectrometry measures the
time (drift time) taken for an ion to cross a region containing a
background inert gas (usually N, and He) at a controlled pressure
under the influence of a weak electric field. Drift time depends on
ion-gas collisions; hence ions are separated on the basis of their
ion-neutral collision cross-section ( £2), which is related to the
overall shape and topology of the ion. Small ions cross first as a
result of their smaller Q. 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, IM
is often described as being proportional to collision cross-section-
to-charge ratio (2/z) [34] and can be coupled on-line with MS (ion
mobility mass spectrometry, IM-MS) for reliable analyte identifi-
cation from molecular mass spectra [23,30-34].

Here, we evaluate the capacity of IM-MS to characterise stan-
dard human TTR and human TTR purified from serum under near
native conditions to preserve TTR complexes, while obtaining
molecular mass information from the different proteoforms (iso-
forms and PTMs) [35]. A nano-electrospray (nano-ESI) interface is
used for the ionization because the low flow rates allow excellent
ionization efficiency at mild conditions (low ionic strength aqu-
eous volatile buffers at neutral pH) [23,30,31,34]. For the first time
to our knowledge, we established an immunoprecipitation (IP)
method to purify TTR from serum samples that does not use acidic
solutions to dissociate the antigen-antibody complex
[14,15,26,27], hence avoiding complete tetramer disruption. With
the aim of solving this issue, some authors have described alter-
native but labour-intensive methods such as affinity chromato-
graphy, size exclusion chromatography or ion exchange chroma-
tography [36-39].

The IP followed by IM-MS method was applied to the analysis
of TTR in serum samples from healthy controls and FAP-I patients.
The results permitted us to propose a simple, rapid and reliable
method to screen, diagnose and evaluate patients with suspected
TTR amyloidosis and to gain insight into TTR microheterogeneity
to understand the mechanism triggering aggregation and disease.
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2. Materials and methods
2.1. Chemicals and reagents

All the chemicals used in the preparation of buffers and solu-
tions were of analytical reagent grade. Ammonia (25%) and sodium
chloride ( > 99.5%) were purchased from Merck (Darmstadt, Ger-
many). Ammonium acetate (NH4Ac) ( =99.9%), TTR ( = 95.0%), -
lactoglobulin A ( > 90.0%), avidin ( > 98.0%), bovine serum albumin
(=99.0%) and concanavalin A ( =99.0%) were provided by Sigma
(St. Louis, MO, USA). Rabbit antihuman TTR polyclonal antibody
was supplied by Dako (Glostrup, Denmark). Polyethylene glycol
(PEG) 8000M;, (~50% in water) was purchased from Fluka (Buchs,
Switzerland). Water with a conductivity value lower than
0.05Scm ™! was obtained using a Milli-Q water purification
system (Millipore, Molsheim, France).

2.2. Standard TTR samples

ATTR standard (2000 ug mL~ ") was prepared in 10 mM NH,4Ac
(pH=7.00) and stored in a freezer at —20 °C when not in use.
Excipients of low M, were removed from the TTR standard by
passage through 10,000M, cut-off cellulose acetate filters (Amicon
Ultra-0.5, Millipore). The sample was centrifuged at 25 °C for
10 min at 11,000 x g, and the residue was washed three times for
10 min in the same way, with an appropriate volume of the neutral
solution. The final residue was recovered by inverting the upper
reservoir in a vial and spinning once more at a reduced centrifugal
force (2 min at 300 x g). Sufficient neutral solution was added to
adjust the TTR concentration to 2000 ug mL~'. The 10,000M, fil-
ters were passivated before filtration with 5% v/v PEG solution to
ensure optimum protein recoveries [40]. In order to passivate the
filters, 500 uL of the passivation solution were pipetted into the
reservoir of the centrifugal device, capped and allowed to stand
24 h at room temperature. The reservoirs were then uncapped and
rinsed thoroughly with tap water. A volume of 500 uL of purified
water was added to remove any residue and the centrifuge was
then spun to dead stop (30 min at 11,000 x g). The remaining
water was eliminated by inverting the reservoir in a vial and
spinning once more at a reduced centrifugal force (2 min at
300 x g).

2.3. Immunoprecipitation of serum samples

Human blood samples from three healthy controls and four
FAP-I patients were kindly supplied by the Hospital Universitari de
Bellvitge (HUB, Hospitalet de Llobregat, Spain). The four FAP-I
samples corresponded to an asymptomatic patient, a symptomatic
patient (symptom onset was 4 years before blood collection), a
liver-transplanted patient with the specific mutation (transplanted
in 2013), and a iatrogenic patient originally without the mutation
who was transplanted a liver from an FAP-I patient (transplanted
14 years before blood collection and symptom onset was 6 years
before collection). The assay was approved by the Ethics Com-
mittee of the HUB and written informed consent was obtained
from all participants in the study. Venous blood was collected in
9 mL Vacuette tubes (Greiner Bio-One, Frickenhausen, Germany)
with Z serum separation clot activator, and then allowed to coa-
gulate by leaving it undisturbed at room temperature for 9 h. After
that, the blood was kept at 4 °C for 12-16 h in order to improve the
clot retraction. Then, the supernatant serum was separated from
the clot with a Pasteur pipette and centrifuged at 1200 x g for
20 min at 4 °C. Clear serum was separated and aliquoted to store in
a freezer at —20 °C when not in use [27].

Under the optimised conditions, 50 pL of serum were incubated
with 20 uL of rabbit anti-TTR antibody overnight at 4°C in a
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shaker. After centrifugation of the sample at 9000 x g for 5 min at
4 °C, the precipitate was washed twice with 100 L of solution of
0.9% m/v sodium chloride in water (saline) and twice with 100 uL
of purified water (by centrifugation as before). After the last cen-
trifugation step, the supernatant was removed and the precipitate
was dissolved by the addition of 50 uL of ammonia 0.1 M. This
sample solution was desalted by centrifugal filtration through
10,000M, cut-off cellulose acetate filters. The sample was cen-
trifuged at 25°C for 10 min at 13,000 x g, and the residue was
washed at 14,000 x g twice for 15 min and once for 20 min with
50 uL of 10 mM NHAc (pH=7.00). The final residue was recovered
by inverting the upper reservoir in a vial and spinning at a reduced
centrifugal force (2 min at 300 x g). Sufficient NH4Ac solution was
added until the final volume was adjusted to 25 uL. These protein
samples were kept in the freezer and thawed immediately before
the analysis to prevent precipitation, spray instability and current
breakdown during the IM-MS run. They were discarded after each
injection.

2.4. Apparatus and procedures

Travelling wave (T-Wave) IM-MS experiments were performed
on a Synapt G1 HDMS mass spectrometer (Waters, Manchester,
UK). Samples were placed on a 384-well plate refrigerated at 15 °C
and were introduced by automated chip-base nano-ESI using a
Triversa NanoMate (Advion BioSciences) in positive mode. Under
the optimised conditions, the spray voltage was set to 2 kV and
delivery pressure to 0.5 psi. Unless otherwise indicated, IM-MS
(i.e. nano-ESI-IM-MS) was operated under the following condi-
tions. The source pumping speed in the backing region of the mass
spectrometer was reduced until achieving a pressure of 5.50 mbar
to ensure optimal transmission of high mass non-covalent ions.
Cone voltage, extraction cone and source temperature were set to
80V, 5V and 80 °C, respectively. lons passed through a quadru-
pole mass filter to the IM section of the instrument. This section
comprised three T-Wave devices. The first device (Trap T-Wave)
accumulated ions and released them in packets into the IM
T-Wave, in which the mobility separation was performed. The final
device (Transfer T-Wave) was used to transport the separated ions
into the 0a-TOF analyser. Trap and transfer collision energies were
set to 10 V. The pressure in the Trap and Transfer T-Wave regions
were 6.63-10 2 mbar of Ar, and the pressure in the IM T-Wave
was 0.5 mbar of N, Trap gas and IM gas flows were 5 and
24 mL min~", respectively. The T-wave used in the IM T-Wave for
mobility separation was operated at a velocity of 300 ms~'. The
wave amplitude was set at 9 V. The bias voltage for entering in the
T-Wave cell was 20 V. The instrument was calibrated over the m/z
range between 500 and 8000 Da using a solution of caesium io-
dide. MassLynx 4.1 and Driftscope 2.1 packages were used for MS
and IM processing.

pH measurements were performed with a Crison 2002 po-
tentiometer and a Crison electrode 52-03 (Crison Instruments,
Barcelona, Spain). Centrifugal filtration was carried out in a cooled
Rotanta 460 centrifuge (Hettich Zentrifugen, Tuttlingen, Germany)
for centrifugation at controlled temperature (4 or 25 °C). Shaking
during sample incubation overnight was performed in a cold
chamber with a Vortex Genius 3 (Ika", Staufen, Germany).

2.4.1. Calibration of ion-neutral collision cross-section (§2)

£ values for ions transported by travelling waves are typically
determined by calibrating drift times using ions of known @ va-
lues. Calibrant solutions (fB-lactoglobulin A, avidin, TTR, bovine
serum albumin and concanavalin A) were prepared at a con-
centration of 50 pM as described elsewhere [34]. IM-MS was op-
erated under the optimised conditions described above. Calibrant
drift times were corrected for mass-dependent flight time using

the equation t;, = t, — [C % ], where t;, is the corrected drift time

in ms, t is the experimental drift time in ms, m/z is the mass-to-
charge ratio of the observed ion in Daje and C is a constant. The
constant C can be found within the control software of the Synapt
G1 HDMS mass spectrometer and it is designated as the ‘EDC
(Enhanced Duty Cycle) delay coefficient’ (1.57, in our case). Lit-
erature 2 values [34| were corrected for both ion charge state (z)

Mion » My,

and reduced mass ( ) [,u ] to calculate

Mion+ My
Q' =QJizx (1/w)'/*1. The plot was fitted to a potential relationship
of the forme' = A x (t)", where A and N are constants (in our case
A=7.98 and N=0.26, R? > 0.98). This calibration plot was used to
measure @ and later to calculate 2 for the TTR ions of interest in
standard and serum samples.

3. Results and discussion
3.1. Development of a method for the analysis of TIR by IM-MS

In previous studies, we demonstrated the suitability of CE-MS
at acidic and neutral pH to detect monomeric and dimeric forms of
TTR in standard solutions [27]. We observed that tetramer was
disrupted because of the acidic separation electrolyte, the acidic
sheath liquid and the high vacuum inside the mass spectrometer.
Furthermore, at neutral pH, the monomer (MO) and the dimer (DI)
were not baseline resolved by CE, and their ESI mass spectra were
highly overlapped because only the DI ‘odd ions’ (ions with odd
charge) were specific for the dimeric form. In this regard, the mild
experimental conditions required in IM-MS to separate gas-phase
ions on the basis of their differential drift times (even those with
the same m/z ratios), are preferable for studying such oligomers.
Furthermore, by IM-MS, the ions are formed with minimal internal
energy and consequently undergo little structural dissociation or
reorganisation upon transfer into the gas phase. It should be sta-
ted, however, that careful control over experimental conditions,
such as the use of aqueous volatile buffers (typically ammonium
acetate), low ionic strength, physiological pH, low vacuum inside
the mass spectrometer and mild gas phase protocols are necessary
to maintain native-like structures.

First, we studied the influence of NH,4Ac concentration on the
quality of the mass spectrum for the TTR standard solutions.
Protein solutions in 10, 20 and 100 mM of NH4Ac (pH=7.00) were
tested. A neutral aqueous solution was required to avoid disrup-
tion of the tetrameric native structure. Furthermore, we found that
the best spray stability and signal-to-noise ratio were obtained
with the lowest ionic strength solution, 10 mM NH4Ac (pH=7.00),
that was chosen for further analysis.

Fig. 1A shows the mass spectrum of a 2000 pgmL ' TTR
standard solution in 10 mM of NH4Ac (pH=7.00) using a cone
voltage of 80 V. As can be observed, in accordance with the m/z
values shown in Table 1A, the mass spectrum presented the
multiple-charge distributions caused by the MO (+7 and +6
ions), the tetramer (TE) (from + 16 to +13 ions) and the octamer
(OCT) (from +23 to +20 ions). Resolution of the mass spectro-
meter in the scanned m/z range (2000-7500) was not enough to
separate the different proteoforms and only an average M, could
be calculated for the MO, TE and OCT. As can be observed, the MO
experimental m/z values (Fig. 1A) agreed with the theoretical
average m/(z values taking into account the most abundant pro-
teoforms (Table 1A). These proteoforms were wild-type Free-TTR
and wild-type Free-TTR forming a mixed disulphide with the
amino acid cysteine at position 10 (TTR-Cys) (see the footnote in
Table 1) [27]. In a similar way, from comparison of the m/z values
of Fig. 1A and Table 1A, the TE and OCT ions were easily explained
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Fig. 1. Mass spectra (A and C) and extracted ion mobility profiles (EIMs) (B and D) obtained by IM-MS for a TTR standard solution at a concentration of 2000 pgmL~" in

10 mM NH4Ac pH=7.00 at a cone voltage of 80 V (A and B) and 150 V (C and D).

considering homooligomers. For a better understanding of IM-MS
mass spectra, ion drift time can be plotted against intensity to
obtain extracted ion mobility (EIM) profiles (Fig. 1B). The distinct
gas-phase species associated with each ion can be readily visua-
lised from these profiles. Thus, an EIM profile for an ion m/z value
showing a complex structure (two or more peaks or peaks with
shoulders) indicates the presence of multiple species (MO, DI, etc.)
or a single species with different non-interconverting conforma-
tions [23,30,31]. As it is shown in Fig. 1B, most of the EIM profiles
presented one peak. Thus, single species were obtained for TTR
MO, TE and OCT ions under these conditions. The presence of a
small amount of MO was normal due to dissociation of the TE, and
the OCT would be only stable in the gas-phase but not in solution,
in which TTR is widely accepted to be a TE [7-10]. Focusing on MO,
TE and OCT ions with different charges (e.g. +16TE, +15TE,
+14TE and +13TE, Fig. 1B-ii), we observed that drift time de-
creased with charge. An increase in @2 with charge as a result of
Coulomb repulsion was expected; however, £/z values are, in
general, lower for higher order ions because drift times are pro-
portional to @2z and charge increase predominates over € in-
crease. At a cone voltage of 150 V (Fig. 1C), ions corresponding to
the OCT and TE persisted, but in lower abundance, and DI and MO
ions were also evident. Their presence was confirmed with the
EIM profiles. Now, in some cases, no single peaks were obtained
(i.e. +5MO and +10DI and +8DI and +16TE). As an example,
Fig. 1D shows separation of 4+-8DI and +16TE ions with the same
m/z values but with different collision cross-section-to-charge
ratios (£2/z). For ions of a certain m/z value, TE ions travelled first
because they showed a lower £2/z value (i.e. £21g/4z < £2/22). In
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general, the £ for the TE (£21¢) will be less than twice the £2 of the
DI (£2p)), because it is unlikely that DI ions unravel upon forming
the TE, hence resulting in an extended structure. At a cone voltage
of 150V, the presence of DI ions and an increased amount of MO
ions indicated that the TE and OCT ions were excessively activated,
and hence underwent the initial stages of dissociation. We se-
lected a cone voltage of 80V as the best compromise between
sensitivity and protein complex dissociation as a higher value may
induce dissociation as well as conformational changes [23]. Other
parameters which were very important to ensure optimal trans-
mission of high mass non-covalent ions were the bias voltage and
the trap collision energy, that were maintained low enough to
prevent dissociation (20V and 10V, respectively) [23]. Further-
more the vacuum pressure in the backing region of the mass
spectrometer was set at 5.50 mbar. At very low backing pressure
(2.1 mbar), non-covalent interactions were broken because the gas
pressure was not enough to promote enough collisions to allow
the necessary loss of molecular internal energy.

Under the optimised conditions, the reproducibility values for
drift times (%RSD, n=3, three independent analyses) of the most
abundant molecular ions of the TTR standard solution (i.e. +7MO,
+15TE and +220CT, Fig. 1B) were 3.9%, 4.9% and 3.2%, respec-
tively. Table 2 shows the measured £ for these ions. As it is shown,
%RSD of @ was also good (1.8%, 1.3% and 0.8%, respectively), and
both parameters allowed the unambiguous identification of the
different ions. With regard to peak areas obtained from the EIM
profiles, it was more reliable to evaluate reproducibility of peak
area ratios instead of absolute peak areas to minimise the differ-
ences caused by sample matrix, the absolute protein



Chapter 2 | Targeted analysis of protein biomarkers. Top-down proteomics

1220 L. Pont et al. / Talanta 144 (2015) 1216-1224

Table 1

Theoretical average m/fz values of the detected TTR ions in (A) standard samples
using 10 mM NH.Ac (pH 7.00) and (B) healthy control and FAP-I sample (sympto-
matic) using the IP method followed by buffer exchange to 10 mM NH,Ac (pH 7.00).

(A) Standard solutions

Theoretical average’ m/z

Monomer +7MO 1975.7531
+6MO 2304.8773
Tetramer +16TE 3456.8119
+15TE 3687.1989
+14TE 3950.4982
+13TE 42543051
Octamer +230CT 4809.0830
+220CT 5027.6319
+210CT 5266.9949
+200CT 5530.2943
B) Serum samples
Theoretical average m/z
Control FAP-1 sample”
sample” (symptomatic)
Dimer and trimer +13DI1 2127.6565 2133.1404
+12D1, +18TRl  2304.8773 2310.8181
+17TRI 2440.3990 2446.6893
+11DI 2514.3199 2520.8009
+16TRI 2592.8609 2599.5455
+10DI, +15TRI  2765.6512 2772.7802
+14TRI 2963.1256 2970.7639
Tetramer +16TE 3456.8119 3465.7232
+15TE 3687.1989 3696.7042
+14TE 3950.4982 3960.6826
+13TE 4254.3051 4265.2729

9 Theoretical average values were calculated taking into account the TTR-Cys
(52%) and Free-TTR (48%) abundances of the main proteoforms in wild- type TTR
reported in our previous work by CE-MS for the standard solutions and control
samples (Theoretical average M, 13,823.2 (MO), 27,6464 (DI), 41,469.6 (TRI),
55,292.9 (TE) and 110,585.7 (OCT), respectively) [27].

" Theoretical average m/z values were calculated taking into account the TTR
(Met30)-Cys (36%), TTR-Cys (33%), Free-TTR (19%) and Free-TTR(Met30) (12%)
abundances of the main proteoforms in mutant TTR reported in our previous work
by CE-MS for the symptomatic patient [27] (theoretical average M, 27,7174 (DI),
41,576.1 (TRI) and 55,434.8 (TE)).

concentrations and the possible precipitation (during analysis).
Reproducibility of the peak area ratios of +220CT/+7MO,
+220CT/+15TE and +15TE/+7MO were 5.3%, 8.1% and 2.8%, re-
spectively. The limits of detection (LODs) for the analysis of TTR
standard solutions were around 100 pg mL .

3.2. Analysis of TIR in serum by IM-MS

In previous studies, we optimised a rapid and simple sample
pretreatment based on immunoprecipitation (IP) with a polyclonal
anti-TTR rabbit antibody to analyse TTR in serum by CE-MS [27].
However, the use of an acidic solution of HAc 1.0 M to dissociate
the antigen-antibody complex disrupted the tetrameric native
structure and only TTR monomeric proteoforms were detected by
CE-MS [27]. With the aim of solving this issue before IM-MS,
several alternatives were tested. First, we verified whether the
dissociation of the TTR tetrameric complex with acid was a re-
versible process or not. The mixture of TTR and antibody (resulting
after IP with 50:50 pL serum:antibody volume ratio) was dis-
sociated with HAc 1.0 M and, before analysis by IM-MS, centrifugal

Table 2

Measured @ average (collision cross-section, nm?) and %RSD (n=3) of the main
detected TTR ions in a standard solution, in a healthy control and in a FAP-1 sample
(symptomatic) under the optimised IP IM-MS conditions.

Collision cross sections (£2) average

Monomer Tetramer Octamer
TTR standard +7MO %RSD +15TE  %RSD +220CT %RSD
(n=3) (n=3) (n=3)
16.5 1.8 36.7 13 63.0 0.8
Dimer Trimer Tetramer
+11D1  %RSD +16TRI %RSD +14TE  %RSD
(n=3) (n=3) (n=3)
Control 26.3 03 38.2 0.05 37.7 0.2
FAP symptomatic 25.8 0.05 377 03 373 0.7

filtration (10,000M, cut-off cellulose acetate-filters) was used to
exchange the acidic solution to 10 mM NHAc, pH=7.00. Fig. 2A
shows the mass spectrum obtained for a healthy control serum
sample. As it is shown, the mass spectrum presented the multiple-
charge distributions of the MO (from +9 to +7 ions), the TE (from
+16 to + 13 ions) and the OCT (from +22 to + 19 ions), but TE and
OCT ions were in very low abundance suggesting protein complex
dissociation. The EIM profiles for the different ions of Fig. 2B in-
dicate that all the ions were in general single species, as in the TTR
standard sample (Fig. 1B), with the exception of +16TE and + 15TE
ions that were somehow splitted due to different conformations.

We tested as a novel alternative for dissociation of the antigen-
antibody complex, NH; 0.1 M followed by centrifugal filtration
(10,000M, cut-off cellulose acetate-filters) to exchange the am-
monia solution to 10 mM NH4Ac, pH=7.00. However, the antibody
had a negative influence on the current and spray stability. In or-
der to prevent current breakdown during the analysis and improve
reproducibility, we used 100,000M; cut-off centrifugal filters to
separate TTR from the antibody prior to IM-MS. Unexpectedly, no
TTR was recovered, probably because TTR was retained in the
cellulose acetate membrane of the filters (TTR TE M, is approxi-
mately 56,000). In order to avoid the 100,000M, cut-off filtration
step to eliminate the antibody before exchanging the ammonia
solution to 10 mM NH4Ac, pH=7.00 (10,000M; cut-off), different
serum:antibody volume ratios were tested, from 50:20 to
50:100 pL, and it was observed that a volume ratio of 50:20 al-
lowed good TTR recoveries and stable current and spray during
IM-MS analysis.

Fig. 3A shows the mass spectrum of TTR in 10 mM NH4Ac
(pH=7.00) after IP from a healthy control serum sample. As it is
shown, the optimised IP procedure allowed preserving the TE to a
large extent. The MO was not detected, but we did detect trimer
(TRI) and DI ions. With regard to the OCT, a broad peak was ob-
served, but sensitivity and resolution were not enough to assign
the different ions. These differences observed in the mass spec-
trum with regard to the TTR standard solution (Fig. 1A) or the TTR
control eluted with acid (Fig. 1B) were due to the matrix of the
serum sample and the basic elution. In accordance with the mjz
values shown in Table 1B (control sample), the mass spectrum
presented the multiple-charge distributions characteristic of the
DI (from 413 to 10 ions), the TRI (from +18 to +14 ions) and the
TE (from +16 to +13 ions). Again, only an average M, could be
calculated for the DI, TRI and TE. As in standard solutions, the
experimental m/z values (Fig. 3A) were close to the theoretical
average m/(z values taking into account the most abundant pro-
teoforms of wild-type TTR (Free-TTR and TTR-Cys) (Table 1B,
control sample, and footnote). The detection of the different ions
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Fig. 2. Mass spectrum (A) and extracted ion mobility profiles (EIMs) (B) obtained by IM-MS for a control sample dissolving the antigen:antibody complex with HAc 1.0 M
followed by acidic solution exchange to 10 mM NH4Ac, pH=7.00 (IP serum:antibody volume ratio: 50:50 uL, non-optimised conditions).

was easily deducted from the EIM profiles of Fig. 3B. Again, in
some cases, no single peaks were obtained because ions with the
same m/z values but with different (£2/z) were detected. A careful
comparison of the m/z values of the MO, DI, TRI and TE ions shows
that only the ‘odd charge’ DI ions are specific to the DI; all the TRI
ions are specific to the TRI, with the exception of multiple of three
ions; and only the ‘odd charge’ TE ions are specific to the TE. Thus,
for example, the +18TRI ion and +12DI ion had the same m/z
value (2304, Table 1B), but different drift time as can be observed
in the EIM profile of Fig. 3B-i and ii (something similar happened
with +15TRI and +10DI ions). As explained before, +18TRI ion
migrates before than +12DI because it showed a lower £2/z value
(i.e. Qrrif3z < 2py[22) (Fig. 3B). Fig. 3C shows the mass spectrum
of TTR when the IM-MS method was applied to a FAP-I patient
serum sample (FAP-I symptomatic). In accordance with the m/z
values of the observed ions in Fig. 3C, which were close to the
theoretical average m/z values of Table 1B (FAP-I symptomatic
patient), the DI, TRI and TE were detected. Now, the experimental
m(z values were close to the theoretical average m/z values taking
into account the oxidised TTR-Cys proteoforms, mutant TTR
(Met30)-Cys and wild-type TTR-Cys, which we found to be the
most abundant proteoforms in patient samples in a previous work
by CE-MS (see the footnote in Table 1) [27]. Several authors have
also related oxidised mutant and normal forms as the trigger for
the TTR misfolding and aggregation in FAP-I [27,41,42].

For the pretreated serum samples, reproducibility in drift times
(n=3, three independent immunopurified samples) was similar to
that obtained for the TTR standard solutions and, for example,
values ranging between 0.8-1.2% and 1.6-4.9% were obtained for
the most abundant molecular ions (i.e. +11DI, +16TRI and + 14TE,
Fig. 3B) of a healthy control and the symptomatic patient, re-
spectively. Table 2 also shows the measured @ for these TTR ions
and the %RSD of £, which was again satisfactory (0.05-0.7%). The
reproducibility in peak area ratios (4 14TE/+11DI, +16TRI/+11DI
and -+ 14TE/+16TRI) was also good and, for example, values ran-
ged between 3.3-7.6% and 3.1-12.3%, for the healthy control and
the symptomatic patient, respectively.

To evaluate the potential of IM-MS to obtain a reliable finger-
print of human TTR structure that could be used to gain insight

into the mechanism underlying the disease, we performed a pre-
liminary study with samples from a small group of healthy con-
trols and FAP-I patient samples (i.e. asymptomatic, symptomatic, a
liver transplanted patient with the specific mutation and a patient
originally without the mutation who had the liver transplanted
from an FAP-I patient (iatrogenic FAP-1)). All the blood samples
were purified by IP and later analysed by IM-MS. The total con-
centration of TTR in serum and cerebrospinal fluid is variable and
depends on the individual [27]. For these samples it was estab-
lished in a previous study by CE-MS and ranged between 50 and
130 ug mL~ ! (see the insets on the x-axis of Fig. 4). In order to
evaluate the relative abundances of DI, TRI and TE in control and
patient samples, Fig. 4 shows a bar graph with the average ratios
between the areas obtained from the EIMs for the peaks of
+14TE/+11DI (black bars), +16TRI/ +11DI (slashed bars) and
+14TE/ 4 16TRI (grey bars). As it is shown, TE/DI and TE/TRI ratios
for the three control samples were lower than for the asympto-
matic, symptomatic and iatrogenic FAP-1 patients, while TRI/DI
ratio was similar in all cases. TE/DI and TE/TRI ratios increased
significantly for the asymptomatic, symptomatic and iatrogenic
patients, whereas in the liver transplanted patient with the spe-
cific mutation these ratios were similar to the control ratios
(measured m/fz values were also close to the main wild-type
proteoforms (Free-TTR and TTR-Cys)), hence confirming the ef-
fectiveness of the treatment. However, no clear trend was ob-
served with regard to the symptom onset. The increase in TE re-
lative abundance means that TTR in patients was less prone to
dissociation. This could be related to the presence in patients of a
higher amount of the oxidised TTR-Cys proteoforms. In a previous
work, we found by CE-MS that especially the abundance of the
mutant TTR(Met30)-Cys proteoform could be related with the
symptom onset [27]. However, in this study resolution of the MS at
these m/z values was not enough to differentiate between the
mutant and wild-type oxidised TTR-Cys proteoforms. Some au-
thors have reported that the natural ligand of TTR, thyroxine,
provides a larger stability increase to the TE composed of mutant
proteoforms than to the wild-type protein-ligand complex. Such
small ligands bind to the hydrophobic interface of TTR and stabi-
lise the TE assembly by raising the energetic barrier for

-108-



Chapter 2 | Targeted analysis of protein biomarkers. Top-down proteomics

1222 L. Pont et al. / Talanta 144 (2015) 1216-1224
4
=
®
* =
80 2 T ow
oz E o TOF MS ES+ 202
100 8% * @ T
o ¥ £
¥ =1
| o
U 3
2 50
0 T T T T T
2000 3000 4000 5000 6000 7000
miz
B . .
i) DIMER (DI) iiyTRIMER (TRI) i) TETRAMER (TE)
100 +11 DI (TIC 2.15 x 109) 100 +16 TRI (TIC 1.06 x 10¢) it +14 TE (TIC 3.20 x 10%)
10 DI +15TE +13TE
2 50 - At 2 50
+16TE
0 T T T T T T T 0 T T T T
5 10 15 20 25 15 20 25 5 10 15 20 25
Drift time (ms) Drift time (ms) Drift time (ms)
C 4
(=
o
Y5
5 r w TOF MS ES+ 365
-l o t <
100 b : 3
- ¥ u
e(_l.8 =
¥ e § *
2 50 | 2
0- I | | ! !
2000 3000 4000 5000 6000 7000
miz

Fig. 3. Mass spectrum (A and C) and extracted ion mobility profiles (EIMs) (B) obtained by IM-MS for a control sample and a patient sample (symptomatic) using the
optimised IP method (IP serum:antibody volume ratio: 50:20 uL, antigen-antibody dissociation: NH3 0.1 M, 10,000M, cut-off centrifugal filtration (exchange to 10 mM NH4Ac

pH=7.00).

dissociation into monomers [32,43,44|. At this point, given the
limited number of samples, it is difficult to give further explana-
tions about the increased stability of TTR in patient samples but
IM-MS shows a great potential to reliably gain insight into the
different mechanisms triggering TTR aggregation in FAP-I. Our
results highlight the importance of performing larger studies with
carefully selected control and patient samples using higher re-
solution mass spectrometers.

4. Conclusions

We have established a novel IM-MS method that allows the de-
tection and characterisation of wild-type and mutant TTR in standard
and serum samples under non-denaturing conditions. First, we de-
veloped a sample pretreatment based on acid-free IP to purify TTR
from serum samples before IM-MS analysis. Later, the most

appropriate instrumental conditions were selected in IM-MS to
maintain native-like structures. Under optimised conditions, a com-
parison between TE/DI and TE/TRI abundance ratios in serum sam-
ples from healthy controls and FAP-1 patients demonstrated the
presence of a higher abundance and stability of TE in the asympto-
matic, the symptomatic and the iatrogenic patients, from the main
oxidised TTR forms (TTR(Met30)-Cys and TTR-Cys). In contrast, these
ratios in liver transplanted patient were similar to those found in
healthy controls from the main wild-type detected forms (Free-TTR
and TTR-Cys), hence confirming the effectiveness of the treatment.
Further studies with larger sets of samples using higher resolution
mass spectrometers are required to evaluate the capacity of this
technique to elucidate the molecular mechanism of aggregation that
underlies FAP-I1 amyloidosis. This information may have implication
for other neurodegenerative diseases, such Alzheimer's disease,
Parkinson's disease and prion diseases, thus paving the way for early
diagnosis, accurate prognosis or novel therapeutic targets.

-109-



Targeted analysis of protein biomarkers. Top-down proteomics | Chapter 2

L Pont et al. / Talanta 144 (2015) 1216-1224 1223

250 1
2,00
1]
S 1501
g
g =
§ 1001 e
z ) TE/TRI
TRI/DI
os0 [l i | ! / l,
{ : | / i
| v / | i
1 1 o N
0.00 — —— —— T — i
N R N & & o .
PR S/ Y
g Ot gt & ‘Pjé’ .{s&@? o F
P N &
\‘5’ Q§ <
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TTR appears as insets (it was reported in a previous study [27]).

Acknowledgements

Laura Pont acknowledges the Spanish Ministry of Economy and
Competitiveness for a FPI fellowship. This study was supported by
a grant from the Spanish Ministry of Education and Science
(CTQ2011-27130). The IRB Mass Spectrometry Core Facility is a
Proteored group and participates in the European COST Action
BM1403 (2014-2018); Native Mass Spectrometry and Related
Methaods for Structual Biology. We also thank Dr. C. Casasnovas and
Dra. M.A. Alberti (Hospital Universitari de Bellvitge, HUB, Hospi-
talet de Llobregat, Spain) for providing the blood samples.

References

[1] M.B. Pepys, ). Herbert, W.L. Hutchinson, G.A. Tennent, HJ. Lachmann, J.

R. Gallimore, L.B. Lovat, T. Bartfai, A. Alanine, C, Hertel, T. Hoffmann, R. Jakob-
Roetne, R.D. Norcross, |. a Kemp, K. Yamamura, M. Suzuki, G.W. Taylor,

S. Murray, D. Thompson, A. Purvis, S. Kolstoe, S.P. Wood, P.N. Hawkins, Tar-
geted pharmacological depletion of serum amyloid P component for treat-
ment of human amyloidosis, Nature 417 (2002) 254-259,

[2] CM. Dobson, Protein folding and misfolding, Nature 426 (2003) 884-890.

[3] S. Loizos, T. Shiakalli Chrysa, G.S. Christos, Amyloidosis: review and imaging
findings, Semin. Ultrasound CT MRI 35 (2014) 225-239.

[4] C. Soto, L.D. Estrada, Protein misfolding and neurodegeneration, Neurol. Rev.
65 (2014) 184-189.

[5] R.H. Falk, R.L. Comenzo, M. Skinner, The systemic amyloidoses, N. Engl. ]. Med.
337 (1997) 898-909.

[6] A.Lim, T. Prokaeva, M.E. McComb, P.B. O'Connor, R. Théberge, L.H. Connors,
M. Skinner, CE. Costello, Characterization of transthyretin variants in familial
transthyretin amyloidosis by mass spectrometric peptide mapping and DNA
sequence analysis, Anal. Chem. 74 (2002) 741-751.

[7] Y. Ingenbleek, V. Young, Transthyretin (prealbumin) in health and disease:
nutritional implications, Annu. Rev. Nutr. 14 (1994) 495-533.

[8] W. Zheng, Y.M. Lu, G.Y. Lu, Q, Zhao, 0. Cheung, W.S. Blaner, Transthyretin,
thyroxine, and retinol-binding protein in human cerebrospinal fluid: effect of
lead exposure, Toxicol. Sci. 61 (2001) 107-114.

[9] H.R. Bergen, S.R. Zeldenrust, S. Naylor, An on-line assay for clinical detection of
amyloidogenic transthyretin variants directly from serum, Amyloid J. Protein
Fold. Disord. 10 (2003) 190-197.

[10] K. Poulsen, ].M.C. Bahl, J.T. Tanassi, A.H. Simonsen, N.H.H. Heegaard, Char-
acterization and stability of transthyretin isoforms in cerebrospinal fluid ex-
amined by immunoprecipitation and high-resolution mass spectrometry of
intact protein, Methods 56 (2012) 284-292.

[11] B. Gericke, J. Raila, ]. Sehouli, S. Haebel, D. Kénsgen, A. Mustea, FJ. Schweigert,
Microheterogeneity of transthyretin in serum and ascitic fluid of ovarian
cancer patients, BMC Cancer 5 (2005) 133-141.

[12] T. Nakanishi, T. Sato, S. Sakoda, M. Yoshioka, A. Shimizu, Modification of cy-
steine residue in transthyretin and a synthetic peptide: analyses by

-110-

electrospray ionization mass spectrometry, Biochim. Biophys. Acta 2004
(1698) 45-53.

[13] H. Terazaki, Y. Ando, O. Suhr, P.I. Ohlsson, K. Obayashi, T. Yamashita,

S. Yoshimatsu, M. Suga, M. Uchino, M. Ando, Post-translational modification of
transthyretin in plasma, Biochem. Biophys. Res. Commun. 249 (1998) 26-30.

[14] Y. Ando, O. Suhr, T. Yamashita, P.I. Ohlsson, G. Holmgren, K. Obayashi,

H. Terazaki, C. Mambule, M. Uchino, M. Ando, Detection of different forms of
variant transthyretin (Met30) in cerebrospinal fluid, Neurosci. Lett. 238 (1997)
123-126.

[15] Y. Ando, P. Ohlsson, O. Suhr, N. Nyhlin, T. Yamashita, G. Holmgren,

A. Danielsson, Q. Sandgren, M. Uchino, M. Ando, A new simple and rapid
screening method for variant transthyretin-related amyloidosis, Biochem.
Biophys. Res. Commun. 483 (1996) 480-483.

[16] S. Okamoto, |. Wixner, K. Obayashi, Y. Ando, M. Uchino, O.B. Suhr, Liver
transplantation for familial amyloidotic polyneuropathy: impact on Swedish
patients' survival, Liver Transplant. 15 (2009) 1229-1235.

[17] E.A. Pomfret, W.D. Lewis, R.L. Jenkins, P. Bergethon, S.W. Dubrey, . Reisinger, R.
H. Falk, M. Skinner, Effect of orthotopic liver transplantation on the progres-
sion of famililal amyloidotic polyneuropathy, Transplantation, 65, (1991)
918-925,

[18] S.B. Prusiner, Prion diseases and the BSE crisis, Science 278 (1997) 245-251.

[19] M. Borges-Alvarez, F. Benavente, M. Marquez, J. Barbosa, V. Sanz-Nebot, Eva-
luation of non-immunoaffinity methods for isolation of cellular prion protein
from bovine brain, Anal. Biochem. 451 (2014) 10-17.

[20] F. Moda, P. Gambetti, S. Notari, L. Concha-Marambio, M. Catania, K.-W. Park,
E. Maderna, S. Suardi, S. Haik, ].-P. Brandel, J. Ironside, R. Knight, F. Tagliavini,
C. Soto, Prions in the urine of patients with variant Creutzfeldt-Jakob disease,
N. Engl. J. Med. 371 (2014) 530-539.

[21] R. Rakhit, .. Crow, ]J.R. Lepock, LH. Kondejewski, N.R. Cashman,

A. Chakrabartty, Monomeric Cu,Zn-superoxide dismutase is a common mis-
folding intermediate in the oxidation models of sporadic and familial amyo-
trophic lateral sclerosis, J. Biol. Chem. 279 (2004) 15499-15504.

[22] M. Borges-Alvarez, F. Benavente, |. Barbosa, V. Sanz-Nebot, Separation and
characterization of superoxide dismutase 1 (SOD-1) from human erythrocytes
by capillary electrophoresis time-of-flight mass spectrometry, Electrophoresis
33 (2012) 2561-2569.

[23] M. Borges-Alvarez, F. Benavente, M. Vilaseca, ]. Barbosa, V. Sanz-Nebot, Char-
acterization of superoxide dismutase 1 (SOD-1) by electrospray ionization-ion
mobility mass spectrometry, |. Mass Spectrom. 48 (2013) 60-67.

[24] A. Shimizu, T. Nakanishi, M. Kishikawa, A. Miyazaki, Detection and identifi-
cation of protein variants and adducts in blood and tissues: an application of
soft ionization mass spectrometry to clinical diagnosis, J. Chromatogr. B
Analyt. Technol. Biomed. Life Sci. 776 (2002) 15-30.

[25] A. Shimizu, T. Nakanishi, A. Miyazaki, Detection and characterization of variant
and modified structures of proteins in blood and tissues by mass spectro-
metry, Mass Spectrom. Rev. 25 (2006) 686-712.

[26] N.H.H. Heegaard, M.Z. Hansen, J.W. Sen, M. Christiansen, P. Westermark, Im-
munoaffinity chromatographic and immunoprecipitation methods combined
with mass spectrometry for characterization of circulating transthyretin, J.
Sep. Sci. 29 (2006) 371-377.

[27] L. Pont, F. Benavente, ]. Barbosa, V. Sanz-Nebot, Analysis of transthyretin in
human serum by capillary zone electrophoresis electrospray ionization time-
of-flight mass spectrometry. Application to familial amyloidotic polyneuro-
pathy type I, Electrophoresis (2015) 10.1002/elps.201400590, (in press).

[28] R. Théberge, L.H. Connors, M. Skinner, C.E. Costello, Detection of transthyretin
variants using inmunoprecipitation and matrix-assisted laser desorption/io-
nization bioreactive probes: a clinical application of mass spectrometry, |. Am.
Soc. Mass Spectrom. 11 (2000) 172-175.

[29] R. Théberge, L. Connors, M. Skinner, ]. Skare, C.E. Costello, Characterization of
transthyretin mutants from serum using immunoprecipitation, HPLC/elec-
trospray ionization and matrix-assisted laser desorption/ionization mass
spectrometry, Anal. Chem. 71 (1999) 452-459.

[30] B.T. Ruotolo, S.-]. Hyung, P.M. Robinson, K. Giles, R.H. Bateman, C.V. Robinson,
lon mobility-mass spectrometry reveals long-lived, unfolded intermediates in
the dissociation of protein complexes, Angew. Chem. Int. Ed. Engl. 46 (2007)
8001-8004.

[31] B.T. Ruotolo, J.L.P. Benesch, A.M. Sandercock, S.-J. Hyung, C.V. Robinson, lon
mobility-mass spectrometry analysis of large protein complexes, Nat. Protoc. 3
(2008) 1139-1152.

[32] D.M. Williams, T.L. Pukala, Novel insights into protein misfolding diseases
reveales by ion mobility-mass spectrometry, Mass Spectrom. Rev. 32 (2013)
169-187.

[33] F. Lanucara, S.W. Holman, CJ. Gray, C.E. Eyers, The power of ion mobility-mass
spectrometry for structural characterization and the study of conformational
dynamics, Nat. Chem. 6 (2014) 281-294.

[34] M.F. Bush, Z. Hall, K. Giles, ]. Hoyes, C.V. Robinson, B.T. Ruotolo, Collision cross
sections of proteins and their complexes : a calibration framework and data-
base for gas-phase structural biology, Anal. Chem. 82 (2010) 9557-9565.

[35] L.M. Smith, N.L. Kelleher, Proteoform: a single term describing protein com-
plexity, Nat. Methods 10 (2013) 186-187.

[36] M.V. Bimanpalli, P.S. Ghaswala, Isolation, purification and partial character-
isation of prealbumin from cerebroespinal fluid, ]. Biosci. 13 (1988) 159-169.

[37] A. Mahn, E. Lienqueo, C. Quilodran, A. Olivera-Nappa, Purification of trans-
thyretin as nutritional biomarker of selenium status, J. Sep. Sci. 35 (2012)
3184-3189.

[38] M. Navab, A.K. Mallia, Y. Kanda, D.S. Goodman, Rat plasma prealbumin.



Chapter 2 | Targeted analysis of protein biomarkers. Top-down proteomics

1224 L. Pont et al. / Talanta 144 (2015) 1216-1224
Isolation and partial characterization, ]. Biol. Chem. 252 (1977) 5100-5106. [42] O.B. Suhr, LH. Svendsen, P.-1. Ohlsson, ]. Lendoire, P. Trigo, K. Tashima, P.

[39] P. Raghu, P. Ravinder, B. Sivakumar, A new method for purification of human J. Ranlov, Y. Ando, Impact of age and amyloidosis on thiol conjugation of
plasma retinol-binding protein and transthyretin, Biotechnol. Appl. Biochem. transthyretin in hereditary transthyretin amyloidosis, Amyloid Int. ]. Exp. Clin.
38 (2003) 19-24. Invest. 6 (1999) 187-191.

[40] L. Pont, F. Benavente, ]. Barbosa, V. Sanz-Nebot, An up-date for human blood [43] P. Hammarstrom, RL Wiseman, ET. Powers, J.W. Kelly, Prevention of trans-
plasma pretreatment for optimized recovery of low-molecular-mass peptides thyretin amyloid disease by changing protein misfolding energetics, Science
prior to CE-MS and SPE-CE-MS, |. Sep. Sci. 36 (2013) 3896-3902. 299 (2003) 713-716.

[41] O.B. Suhr, Y. Ando, P.I. Ohlsson, A. Olofsson, K. Andersson, E. Lundgren, [44] S.-]. Hyung, C.V. Robinson, B.T. Ruotolo, Gas-phase unfolding and disassembly
M. Ando, G. Holmgren, Investigation into thiol conjugation of transthyretin in reveals stability differences in ligand-bound multiprotein complexes, Chem.
hereditary transthyretin amyloidosis, Eur. J. Clin. Invest. 28 (1998) 687-692. Biol. 16 (2009) 382-390.

-111-






Chapter 2 | Targeted analysis of protein biomarkers. Top-down proteomics

Talanta 170 (2017) 224-232

Contents lists available at ScienceDirect

Talanta

journal homepage: www.elsevier.com/locate/talanta

On-line immunoaffinity solid-phase extraction capillary electrophoresis
mass spectrometry using Fab”antibody fragments for the analysis of serum
transthyretin

@ CrossMark

Laura Pont, Fernando Benavente, José Barbosa, Victoria Sanz-Nebot

Department of Chemical Engineering and Analytical Chemistry, University of Barcelona, Av. Diagonal 645, 08028 Barcelona, Spain

ARTICLE INFO ABSTRACT

Keywords:

Capillary electrophoresis
Fab’ fragments

Mass spectrometry

On-line immunopurification
Transthyretin

This paper describes an on-line immunoaffinity solid-phase extraction capillary electrophoresis mass spectro-
metry (IA-SPE-CE-MS) method using an immunoaffinity sorbent with Fab’ antibody fragments (Fab’-IA) for
the analysis of serum transthyretin (TTR), a homotetrameric protein (M,~56,000) involved in different types of
amyloidosis. The IA sorbent was prepared by covalent attachment of Fab’ fragments obtained from a polyclonal
IgG antibody against TTR to succinimidyl silica particles. The Fab’-IA-SPE-CE-MS methodology was first
established analyzing TTR standard solutions. Under optimized conditions, repeatability and reproducibility
were acceptable, the method was linear between 1 and 25 pg mL™, limits of detection (LODs) were around
0.5 pg mL™" (50-fold lower than by CE-MS, ~25 ug mL™") and different TTR conformations were observed
(folded and unfolded). The applicability of the developed method to screen for familial amyloidotic
polyneuropathy type I (FAP-I), which is the most common hereditary systemic amyloidosis, was evaluated
analyzing serum samples from healthy controls and FAP-I patients. For the analysis of sera, the most abundant
proteins were precipitated with 5% (v/v) of phenol before Fab’-IA-SPE-CE-MS. The current method enhanced
our previous results for the analysis of TTR using intact antibodies immobilized on magnetic beads. It allowed a
slight improvement on LODs (2-fold), the detection of proteoforms found at lower concentrations and the
preparation of microcartridges with extended durability.

1. Introduction

In recent years, increased emphasis has been placed on the
detection, characterization and quantification of normal and variant
forms (proteoforms) of different proteins as predictive indicators of an
ongoing disease state [1-4]. For this purpose, some advanced analy-
tical techniques are available, such as enzyme-linked immunosorbent
assay (ELISA), immunoblotting, radioimmunoassay, polyacrylamide
gel electrophoresis (PAGE), two dimensional gel electrophoresis (2D-
PAGE), liquid chromatography mass spectrometry (LC-MS) and capil-
lary electrophoresis mass spectrometry (CE-MS). Unfortunately,
although the usefulness of these techniques for analyzing a wide range
of protein biomarkers, those that are the most sensitive (i.e. immuno-
logical techniques) are not informative enough to confirm compound
identity [5-7], while high performance separation techniques coupled
to mass spectrometry are often not sensitive enough to detect some
protein biomarkers found at very low concentrations in certain
biological samples [8-10].

In order to overcome these major drawbacks, we propose on-line
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E-mail address: vsanz@ub.edu (V. Sanz-Nebot).
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immunoaffinity solid-phase extraction capillary electrophoresis (IA-SPE-
CE) for the targeted enrichment and clean-up of different compounds from
complex samples, including large biomolecules (e.g. proteins and glycopro-
teins). IA-SPE-CE is a state-of-the-art hyphenated technology that com-
bines 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 (IA-SPE-CE-MS) [7,11-
16]. IA-SPE-CE is a variant of SPE-CE based on immunosorbents prepared
by immobilization of antibodies or antibody fragments that are placed
inside the separation capillary (or the channels of a microchip). In one of
the typical configurations, an extraction microcartridge or analyte concen-
trator is inserted near the inlet of the separation capillary. This micro-
cartridge contains the IA sorbent, which retains the antigenic analyte from a
large volume of sample (~50-100 uL). Then, 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 [11,13-16]. IA-SPE-CE has been most often
described with laser-induced-fluorescence detection (LIF) for preconcen-
tration of small molecules, mostly peptides, from biological samples
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[7,12,17-19]. In contrast, IA-SPE-CE-MS has been demonstrated to a
much lesser extent, probably due to the difficulties of making compatible
the requirements of IA-SPE-CE with on-line MS detection [11,13-16].
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 [15,16]. We have 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 and transthyretin (TTR) from serum samples
[15,16].

The major drawback of typical chromatographic sorbents used in
SPE (e.g. Cg, Cyg, polymeric with hydrophilic-lipophilic balance, etc.) is
their limited selectivity, which hinders the analysis of complex samples
such as biological fluids [20,21]. In this regard, IA sorbents are an
interesting alternative with improved selectivity, which may provide
excellent extraction efficiency if the immunoreactivity and orientation
of the antibody and the active surface area are optimum and non-
specific adsorption is minimized. In recent years, different activated
supports for immunoextraction have become available at a reasonable
price, with a wide range of surface properties to easily and reproducibly
couple intact antibodies. We have recently shown the good perfor-
mance of commercial magnetic beads derivatized with and intact
antibody to analyze TTR from serum samples by off-line IA-SPE and
CE-MS and IA-SPE-CE-MS [16]. However, preconcentration factor
enhancement, clean-up efficiency and non-specific adsorption are
issues that need to be further addressed with sorbents prepared with
these commercial supports. Several strategies have been described for
the preparation of immunosorbents [22,23]. Although direct adsorp-
tion of antibodies to activated surfaces has been used in affinity
chromatography, such approaches are not sufficient for 1A-SPE-CE
because of the limited stability. The covalent attachment of the anti-
body to a chemically modified support surface is more effective, using
in general a secondary molecule as a spacer arm to ensure the largest
active surface area. The immunoreactive area can be further enlarged
using antibody fragments instead of intact antibodies. In this regard,
the supports activated to contain free sulfhydryl (thiols) groups are
highly appreciated for optimum orientation of Fab’ antibody frag-
ments, which also contain free thiol groups to form a disulfide bridge
[24-26]. Here, we show for the first time to the best of our knowledge,
that an Fab’-IA sorbent can be used for the analysis of large
biomolecules (i.e. TTR) by IA-SPE-CE-MS.

In this paper, an IA-SPE-CE-MS method using a lab-made IA
sorbent with Fab’ antibody fragments is described for the analysis of
serum TTR. TTR is a homotetrameric protein composed of four
identical monomers (MQ) (M,~14,000) with different proteoforms
(isoforms and post-translational modifications (PTMs)) [27-29]. TTR
is known to misfold and aggregate as stable insoluble amyloid fibrils,
which are characteristic of different neurodegenerative diseases known
as amyloidosis [30,31]. Familial amyloidotic polyneuropathy type I
(FAP-I), which is the most common type of hereditary amyloidosis, is
associated with a TTR variant that presents a single amino acid
substitution of valine for methionine at position 30 (Met 30)
[29,32,33]. The Fab’-IA-SPE-CE-MS method was developed using
TTR standard solutions and, under optimized conditions, serum
samples from healthy controls and FAP-I patients were analyzed to
evaluate the potential of the proposed methodology to reliably screen
for FAP-I. The results with the novel Fab’-IA sorbent (conventional
silica particles) were also compared with those reported before with an
intact antibody IA sorbent (magnetic beads) [16].

2. Materials and methods
2.1. Chemicals and reagents

All the chemicals used in the preparation of background electrolytes
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(BGEs) and solutions were of analytical reagent grade. Propan-2-ol
(299.9%), methanol (MeOH, =99.9%), acetonitrile (ACN, =99.9%),
formic acid (HFor, 99.0%), ammonia (NHz, 25.0%), ortho-phosphoric
acid (85.0%), hydrochloric acid (HCI, 25.0%), sodium hydrogenpho-
sphate (299.0%), sodium chloride (NaCl, 299.5%), sodium borate
(98.0%), sodium hydroxide (NaOH, 299.0%, pellets), potassium dihy-
drogenphosphate (=99.0%), potassium chloride (99.0%), phenol
(299.5%), boric acid (99.8%), glycine (99.7%) and TTR (295.0%) were
purchased from Merck (Darmstadt, Germany). Ammonium acetate
(NH4Ac, 299.9%), ethylendiaminetetraacetic acid disodium salt 2-
hydrate (EDTA, 99.0-101.0%), 2-mercaptoethylamine-HCl (2-MEA,
98.0%), glycidol (96.0%) and PEG 8,000 M, (~50% in water) were
provided by Sigma (St. Louis, MO, USA). ImmunoPure Fab’ micro
preparation kit (Fab’ kit) and sodium sulfosuccinimidyl 4-(N-malei-
midomethyl) cyclohexane-1-carboxylate (SSMCC) were supplied by
Fisher Scientific (Madrid, Spain). Rabbit antihuman TTR polyclonal
antibody was purchased from Dako (Glostrup, Denmark). Water with a
conductivity value lower than 0.05 uS em ™' was obtained using a Milli-
Q water purification system (Millipore, Molsheim, France). Sep-Pak
Classic NH, cartridges (55-105um particle diameters, 125A
(14=0.1 nm) pore size, 970 pmol of NH, per gram of particle) were
provided by Waters (Milford, MA, USA).

2.2. Electrolyte solutions, sheath liquid, protein standards and serum
samples

The BGE for CE-MS and IA-SPE-CE-MS was a solution of 10 mM of
NH,Ac adjusted to pH 7.00 with NH3. The BGE was passed through a
0.45 pm nylon filter (MSI, Westboro, MA, USA). The 100 mM phos-
phate buffer solution (PBS) for antibody fragmentation was part of the
Fab’ kit. The PBS for the sample pretreatment was prepared with
0.011 M sodium hydrogenphosphate, 0.0015 M potassium dihydro-
genphosphate, 0.14M sodium chloride and 0.0027 M potassium
chloride (pH 7.20). The 50 mM borate buffer solution for the prepara-
tion of the IA sorbent was adjusted to pH 7.60 with boric acid. A
phosphate buffer solution for the storage of the IA sorbent was
prepared from 100 mM of potassium dihydrogen phosphate and it
was adjusted to pH 7.40 with NaOH (1.0 M). The sheath liquid solution
consisted of a mixture of 60:40 (v/v) propan-2-ol: water with 0.25% (v/
v) of HFor. The sheath liquid and the BGEs were degassed for 10 min
by sonication before use.

An aqueous standard solution (1,000 pg mL ™) of TTR was pre-
pared and stored in a freezer at —20 °C when not in use. Excipients of
low M, were removed from the sample by passage through 10,000 M,
cut-off cellulose acetate filters (Amicon Ultra-0.5, Millipore). The
sample was centrifuged at 25 °C for 10 min at 11,000xg, and the
residue was washed three times for 10 min in the same way, with an
appropriate volume of PBS. The final residue was recovered by
inverting the upper reservoir in a vial and spinning once more at a
reduced centrifugal force (2 min at 300xg). Sufficient PBS was added
to adjust the concentration of TTR to 1,000 ugmL ™' It is worth
mentioning that it was necessary to passivate the centrifugal filters with
an aqueous solution of 5% (v/v) of PEG to avoid TTR loss through
adsorption [29].

Human blood samples from a healthy control and a symptomatic
FAP-I patient were kindly supplied by the Hospital Universitari de
Bellvitge (HUB, Hospitalet de Llobregat, Spain). The assay was
approved by the Ethics Committee of the HUB and written informed
consent was obtained from all participants in the study. Serum was
prepared as described elsewhere [29]. Serum aliquots were stored in a
freezer at —20 °C when not in use.

2.3. Apparatus and procedures

pH measurements were made with a Crison 2002 potentiometer
and a Crison electrode 52-03 (Crison Instruments, Barcelona, Spain).
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Centrifugal filtration was carried out in a cooled Rotanta 460 centrifuge
(Hettich Zentrifugen, Tuttlingen, Germany) for centrifugation at con-
trolled temperature (4 or 25 °C). Agitation was performed with a
Vortex Genius 3 (Ika®, Staufen, Germany). Incubations were carried
out in a TS-100 thermoshaker (Biosan, Riga, Latvian Republic).

Fused silica capillaries were supplied by Polymicro Technologies
(Phoenix, AZ, USA). All CE-MS experiments were performed in an
HP?® CE system coupled with an orthogonal G1603A sheath-flow
interface to a 6220 oa-TOF LC/MS spectrometer (Agilent Technologies,
‘Waldbronn, Germany). The sheath liquid was delivered at a flow rate of
3.3 uL min~! by a KD Scientific 100 series infusion pump (Holliston,
MA, USA). ChemStation and MassHunter softwares (Agilent
Technologies) were used for CE and mass spectrometer control, data
acquisition, integration and m/z mass spectra deconvolution. The mass
spectrometer was operated under optimum conditions in positive mode
with the parameters established in previous works [16,29].

2.3.1. Preparation of the 1A sorbent

The IA sorbent was prepared as described elsewhere [14] following
the “maleimide method” to immobilize Fab’ fragments through their
sulfhydryl groups on commercial aminopropyl silica particles with
succinimidyl groups (see Supplementary Fig 1).

First, the aminopropyl silica particles were derivatized to obtain the
activated succinimidyl silica particles by reaction with SSMCC
(Supplementary Fig 1-A). 0.01g of aminopropyl silica particles were
washed twice with water and resuspended in 805 pL of a solution of
3mgmL™! of SSMCC in 50 mM sodium borate buffer (pH 7.60). The
mixture was then moderately shaken for 1h at 30 °C. The resulting
activated succinimidyl silica particles were washed twice with 50 mM
of borate buffer. The particles were separated after each washing by
centrifugation (2 min at 4000xg). Finally, they were stored in 250 pL
of borate buffer at 4 °C. In order to prepare a sorbent for testing end-
capping of the unreacted aminopropyl groups, 30 pL of glycidol were
added to the activated succinimidyl silica particles (the storage borate
buffer was removed first) and the mixture was shaken 24 h [34]. The
end-capped silica particles were washed with 200 uL of water and
methanol, dried under vacuum and washed with potassium dihydrogen
phosphate buffer.

Second, the polyclonal IgG antibody against TTR was fragmented
and the Fab’ fragments were purified using the Fab’ kit according to
the manufacturer's instructions (Supplementary Fig 1-B). 125 uL of a
200 mg mL " IgG solution were digested using immobilized pepsin and
the F(ab’), fragments were purified with an immobilized Protein A spin
column. Then, the solvent of the obtained F(ab’) solution was changed
to 100 mM of PBS containing 1 mM of EDTA by filtration through
50,000 M, cut-off cellulose acetate filters (Amicon Ultra-0.5). Under
optimum conditions, 125 uL of F(ab’), solution were mixed with the
same volume of a 100 mM 2-MEA solution, hence generating the Fab’
fragments. The reaction mixture was then moderately shaken for
30 min at 37 °C. Fab’ fragments were separated by filtration through
30,000 M, cut-off cellulose acetate filters (Amicon Ultra-0.5). The
purified Fab’ retentate was recovered by centrifugation upside down
into a new vial (2 min at 1000xg) and borate buffer was added until the
final volume was adjusted to 125 ulL.

For the covalent binding of the Fab’ fragments to the activated
succinimidyl silica particles through their sulfhydryl group
(Supplementary Fig 1-C), 125 pL of the Fab’ solution and 0.01 g of
the activated silica particles were mixed and allowed to react with
constant stirring for 24 h at 4 °C. After the reaction, the sorbent was
washed three times with 200 pL of 100 mM phosphate buffer (pH 7.40)
and it was stored at 4 °C in the same buffer. For periods longer than
one month, the Fab’-IA sorbent was stored with the phosphate buffer
solution containing also 0.1% (m/v) of sodium azide.

2.3.2. IA-SPE-CE-MS
The construction of the 1A microcartridge or analyte concentrator
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was carried out as described elsewhere [13-16]. The microcartridge
(0.7 em Lx250 pm idx365 pm od fused silica capillary), packed with
the Fab'-IA sorbent, was inserted using two plastic sleeves at 7.5 cm
from the inlet of a conditioned separation capillary (72 cm Lyx75 pm
idx365 um od fused silica capillary). The sorbent particles were
retained between two frits obtained from the material of the original
frits found in the Sep-Pak Classic NH; cartridges.

In all these experiments, a neutral BGE (10 mM of NH4Ac adjusted
to pH 7.00 with NH3) was used to avoid extreme pH that would cause
Fab’ denaturation and TTR elution. Capillaries were first conditioned
flushing at 930 mbar for 3 min with BGE. TTR standards in PBS and
serum samples were hydrodynamically introduced at 930 mbar for
10 min (~50 pL using the Hagen-Poiseuille equation [35]). A final rinse
with BGE (2 min at 930 mbar) eliminated non-retained molecules and
equilibrated the capillary before the electrophoretic separation. Under
optimized conditions, an eluent of 100 mM glycine/100 mM NHj;
(pH=9.50) (standard solutions) or 200 mM glycine/200 mM NHj;
(pH=9.50) (serum samples) was injected at 50 mbar for 10s (~50
nL). All these steps were performed by switching off the nebulizer gas
and the ESI capillary voltage to prevent the entrance of non-volatile
contaminants into the mass spectrometer. Then, both were switched on
and separation was carried out at 25 °C and +25 kV (normal polarity,
cathode in the outlet). Between runs, the capillary was rinsed with the
eluent and water (2 min at 930 mbar) to avoid carry-over.

A simple off-line sample pretreatment was necessary to analyze
TTR in serum samples, in order to prevent microcartridge saturation
and capillary inner surface damage due to the presence of other high-
abundance proteins, mainly albumin [16]. At 2 °C, 8 mg of NaCl were
added to 100 pL of human serum and 100 pL of 5% (v/v) phenol. After
sample centrifugation for 10 min at 11,000xg, the supernatant was
collected and subjected to a second precipitation with 100 pL of 5% (v/
v) phenol. The supernatant was again collected and diluted 1:1 (v/v)
with PBS before analysis.

2.3.3. Quality parameters

All quality parameters were calculated from data obtained by
measuring migration times (t,,) and peak areas from the extracted
ion electropherograms (EIEs) of TTR MO proteoforms (considering the
m/z of the most abundant molecular ions for each proteoform, i.e. +7,
+8, +9, +13, +14 and +15 MO ions). In Fab’-IA-SPE-CE-MS the
contribution of both conformers was considered together to get a
unique integration for each TTR proteoform (in standard solutions and
serum samples). Repeatability (n=6) and reproducibility (n=9, three
replicates and three different microcartridges) were evaluated as the
relative standard deviation (%RSD) of t, and peak areas of a
25 uygmL™! TTR standard solution. Linearity range was studied by
analyzing standard solutions of TTR at concentrations between 0.5 and
50 ug mL™'. An estimation of the limits of detection (LODs) was
obtained by analyzing low-concentration standard solutions of TTR
(close to the LOD level, as determined from the approach based on S/
N=3). The lifetime of the microcartridges was evaluated by repeatedly
analyzing a 25 ug mL ™" standard solution of TTR and pretreated serum
samples.

3. Results and discussion
3.1. Analysis of TTR standards by Fab’-IA-SPE-CE-MS

The conditions established for IA-SPE-CE-MS in our previous
work, where magnetic beads were used for the preparation of an intact
antibody IA sorbent, were the starting point for the establishment of
the method with the Fab’-IA sorbent [16]. Again, a neutral BGE
(10 mM of NH4Ac adjusted to pH 7.00 with NH3) was necessary
because the use of an acidic BGE with an IA sorbent would cause Fab’
denaturation and TTR elution during system conditioning and clean-
up. As showed for the intact antibody sorbent [16], TTR standards
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needed to be dissolved in PBS, because the protein was not retained
when dissolved in water or neutral BGE. PBS probably benefited the
proper interaction between TTR and the Fab’ fragments, because it had
a similar osmolarity and ion concentration to the human body fluids.

The method adaptation with regard to the eluent composition was
not so straightforward. First, the basic volatile eluent consisting of
100 mM NH3 (pH=11.30) optimized in our previous work with the
intact antibody IA sorbent was used (10 s at 50 mbar) [16]. However,
results were not reproducible and after a few injections, TTR peak
broadened, peak area decreased and the microcartridge needed to be
substituted. Organic modifiers were also added to the basic eluent, for
example 10% (v/v) of MeOH or ACN, but still results did not improve.
The poor performance with these eluents was probably due to the
limited stability of the disulfide bridge between Fab’ fragments and the
succinimidyl silica particles at alkaline pHs [36]. As an alternative,
several acidic eluents typically used in immunoextraction were also
evaluated, such as 100 mM glycine/50 mM HCI (pH=2.50) [11] and
100 mM phosphoric acid (pH=1.50) [17]. Unfortunately, the current
was unstable and breakdown occurred at the beginning of the electro-
phoretic runs, probably because of protein precipitation or Fab’
degradation. Finally, a solution consisting of 100 mM glycine/
100 mM NHj (pH=9.50) was tested. This moderately basic eluent
allowed the reproducible elution of TTR and multiple analyses on a
single microcartridge.

Using the optimized elution conditions, sample loading pressure
was studied at 50 and 930 mbar, and sample loading time at 10, 20, 30
and 45 min with a 10 pg mL™* standard of TTR (Fig. 1). In addition,
Fig. 1 also shows the amount of protein loaded at each pressure and
time (in pL of sample and pg of protein). The extraction efficiency at
50 mbar was better because the amount of TTR loaded was much lower
than at 930 mbar and the peak area did not proportionally decrease.
However, at 930 mbar peak areas were larger in all cases. At this
loading pressure, the largest TTR peak area was detected loading the
sample for 20 min, but the difference with 10 min was very small.
Furthermore, broader electrophoretic peaks were observed at loading
times higher than 10 min, leading to current instability during the
electrophoretic runs. For this reason, a sample loading time of 10 min
at 930 mbar was finally selected for further analysis.

Fig. 2-A and B show the extracted ion electropherograms (EIEs) (i)
and the mass spectra (ii and iii) of standard solutions of TTR by CE-MS
(50 pug mL 1) and Fab’-IA-SPE-CE-MS (25 pg mL "), respectively. In
Fig. 2-B-i the EIE of a blank sample is also shown. As can be observed
from comparison of the EIEs of TTR and the blank under the optimized
elution conditions for Fab’-IA-SPE-CE-MS (Fig. 2-B-i), TTR eluted as

10 pg-mL' TTR standard

30 4
25
20

=& 50 mbar
—a— 930 mbar

TTR Area (x 105)

T T T T T
0 10 20 30 40 50
r T T

o/o 60/06 120112 180/1.8

Loading time (min)

240/2.4 300/3.0 V (pL)/protein (pg) 930 mbar

r T T T

00 3003 6006 9008 12012 16016 V (uL)/protein (ug) 50 mbar

Fig. 1. Study of sample loading time (10, 20, 30 and 45 min) and pressure (50 mbar and
930 mbar) on the peak area of the eluted TTR (TTR standard of 10 yg mL™"). Peak area
values were an average of three analyses (n=3).
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two peaks with quite different shapes and some differences in their
molecular mass spectra (Figs. 2-B-ii and B-iii). In our previous work
with the intact antibody IA sorbent [16], we showed that peak shape
could be improved if we ensured a rapid and quantitative protein
elution pushing the elution plug with pressure until it passed the
microcartridge before applying the voltage for the separation. This was
not the case with the Fab’-IA sorbent and the results were similar
following this strategy, probably because this characteristic elution/
migration pattern was promoted by the larger active surface area and
the better extraction capacity of the sorbent, as well as by the
moderately basic eluent necessary for a reproducible elution. The two
peaks were probably due to the presence of two different conformers of
TTR, which has a natural tendency to misfold and aggregate [30,31].
Both peaks were not observed by CE-MS (Fig. 2-A-i), but were detected
by Fab’-IA-SPE-CE-MS because they differently interacted with the 1A
sorbent and/or the eluent (Fig. 2-B-i). The first peak would correspond
to a folded conformer that eluted faster from the Fab’-IA sorbent
because of the smaller affinity. In contrast, the second peak would be
due to an unfolded conformer and elution would be hindered because
of the strong retention on the Fab’-IA sorbent. Several authors have
shown that folded and unfolded protein conformers can be separated
by CE, and that the affinity of these conformers to certain ligands can
be different [37-40]. The findings on the molecular mass spectra of
both peaks supported the presence of two molecular entities (Figs. 2-B-
ii and B-iii). Small charge MO ions (+7, +8 and +9) were predomi-
nantly detected for the first conformer (folded) while high charge MO
ions (e.g. +13, +14 and +15) appeared only for the second conformer
(unfolded). In addition, a conscientious analysis of the cluster of
multiply charged ions obtained in the m/z spectrum of the unfolded
conformer showed the presence of a small amount of dimer (DI). As
can be observed in Fig. 2-B-iii, ions with nominal m/z values of 1984,
2314 and 2777 were the summed contribution of the MO (+7, +6 and
+5 ions, respectively) and DI (+14, +12 and +10 ions, respectively)
because these DI even ions had the same m/z values as these MO ions.
In contrast, 2136 and 2525 ions were exclusively detected for the DI
(+13 and +11 odd ions, respectively). Notice that +16 DI ion was
certainly not observed because +15 DI ion was not detected. It is well
known that folded and unfolded proteins produce molecular mass
spectra with different charge distributions in positive ESI. The folded
conformers tend to have a narrow distribution with a smaller net
charge, whereas the unfolded conformers produce a broad distribution
centered on a much higher charge. These differences are believed to be
related to the accessibility of the basic ionizable groups of the amino
acid sequence, which would be easier to charge in the unfolded
conformer [41].

Fig. 2-A and B (as insets) and Table 1 show the experimental M, of
the detected MO proteoforms obtained after deconvolution of the
molecular mass spectra corresponding to TTR electrophoretic peaks
(the contribution of the two conformers was summed together). As can
be observed, three low abundant proteoforms (proteoforms n=6-8,
Table 1) were additionally detected by Fab’-IA-SPE-CE-MS due to the
better sensitivity. The detected TTR proteoforms corresponded to TTR
showing a mixed disulfide with the amino acid cysteine at position 10
of the sequence (TTR-Cys, n=1), the free TTR (Free-TTR, n=2), the
phosphorylated or the sulfonated TTR (TTR-Phosphorylated or TTR-
Sulfonated, n=3), the dehydroxylated or the conjugated cysteine
sulfinic acid TTR (TTR-Dehydroxylated or TTR-Sulfinic, n=4), the
isoform presenting a single amino acid substitution of cysteine for
glycine at position 10 ((10) C-G, n=>5), and the proteoforms resulting
when the cysteine residue on position 10 makes a mixed disulfide with
the peptide cysteinyl-glycine (TTR-CysGly, n=6), the peptide glu-
tathione (TTR-Glutathione, n=7) and the peptide cysteinyl-glutamic
acid (TTR-CysGlu, n=8). As it is shown in Table 1, the calculated
relative abundances (%A) for all the MO TTR proteoforms, which were
calculated taking into account the peak areas of each EIE, were slightly
higher with preconcentration, probably because recovery of TTR-Cys,
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Fig. 2. (A) CE-MS for a 50 pg mL ™" TTR standard and (B) Fab’-IA-SPE-CE-MS for a 25 ug mL™' TTR standard using 10 mM NH,Ac (pH 7.00) as BGE. (MO=monomer, DI=dimer) (i:

Extracted ion electropherograms (all proteoforms), ii and iii: TTR mass spectra).

which was taken as a reference, was lower than for the rest of
proteoforms.

As summarized in Table 1-B, the optimized Fab’-IA-SPE-CE-MS
method was repeatable (1=6) in terms of t,;, and peak areas for all the
proteoforms (ranging between 7-13% and 8-13% for t,, and peak
areas, respectively). Similarly, the reproducibility (n=9, three replicates
and three different microcartridges) was also acceptable and ranged
between 6-12% and 9-12% for t, and peak areas, respectively.

Moreover, the method was linear (r®>0.99) between 1 and
25ugmL™! and LODs were around 0.5 pug mL!, which meant an
improvement of 50 and 2-fold with regard to the LODs obtained using
CE-MS (~25 ugmL ™) and the intact antibody IA sorbent method
developed in our previous work (~1 pg mL™) [16]. The lifetime of the
microcartridges was superior to 20 analyses without problems of
extraction performance, current instability or breakage (similar to the
20 runs achievable for the analysis of peptides and small molecules
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Table 1
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Theoretical and deconvoluted average M,, relative abundance, repeatability and reproducibility for the detected MO proteoforms of a 50 yg mL™' TTR standard by CE-MS and

25 ug mL~" TTR standard by Fab’-IA-SPE-CE-MS. (BGE: 10 mM NH,Ac, pH 7.00).

N Detected MO TTR  Theoretical A) CE-MS B) Fab’-IA-SPE-CE-MS
proteoforms Average M,.
Deconvoluted Average %A Deconvoluted Average M,  %A" Repeatability (% Reproducibility (%
M., (n=6) (n=6) (n=6) (n=6) RSD) (25 pgmL™", RSD) (25 pgmL™",
n=6) n=9)
Experimental E,.’ Experimental E.” Peak  Migration Peak  Migration
(ppm) (ppm) area time area time
1 TTR-Cys 13,880.4022 13,880.7000 21 100 13,880.7900 28 100 13 7 12 6
2  Free-TTR 13,761.2640 13,761.1500 8 40 13,761.7500 35 44 10 9 10 8
3 TTIR- 13,841.2439 13,841.7100 34 39 13,841.6200 27 63 10 9 11 8
Phosphorylated'
TTR-Sulfonated’ 13,841.3283 28 21
4 TTR- 13,793.2628 13,793.7000 32 39 13,793.7500 35 45 9 11 11 10
Dehydroxylated/
TTR-Sulfinic’
5 (10) C-G 13,715.1713 13,715.3000 9 33 13,715.6000 31 41 10 9 9 8
6 TTR-CysGly 13,937.4590 (not detected) n. - - 13,937.9000 32 59 12 12 11 11
d.
7 TTR-Glutathione 14,066.5732 n. d. - - 14,066.9500 27 42 8 13 9 12
8 TTR-CysGlu 14,009.5218 n. d. - - 14,010.0300 36 36 8 10 9 9

* Relative error (E,) was calculated in ppm as: |M, exp-M, theo|/M, theox10° (exp=experimental and theo=theoretical).
" The relative abundance (%A) was calculated normalizing to the area value of the most abundant form (the contribution of both conformers was summed together to get a unique

integration for each MO TTR proteoform).

¢ The mass accuracy and resolution of the mass spectrometer were not enough to differentiate between proteoforms with very close M,, which were neither confirmed by MS/MS.

with C;g microcartridges in C,g-SPE-CE-MS (20,21 |). Furthermore, in
contrast to the intact antibody microcartridges prepared in our
previous work [ 16], which had to be removed every day because they
lost their immunoextraction efficiency, the present Fab’ microcar-
tridges could be used several consecutive days without loss of perfor-
mance if filled overnight with water or BGE.

3.2. Analysis of TTR serum samples by Fab’-IA-SPE-CE-MS

For the purpose of evaluating the selectivity of the Fab’ sorbent and
the potential of the established method for the analysis of TTR in
biological fluids, serum samples from healthy controls and FAP-I
patients (symptomatic patient) were analyzed by Fab’-IA-SPE-CE-
MS. Loading of serum samples without any pretreatment (or just
diluting) was not possible because of current instability and breakage.
As in our previous work with the intact antibody IA sorbent [16], a
simple off-line pretreatment based on a double precipitation with 5%
(v/v) of phenol was used to prevent saturation of the microcartridges
and capillary inner surface damage due to the loading of salts and other
high-abundance proteins, such as albumin. In addition, increasing the
ionic strength of the eluent up to 200 mM glycine/200 mM NHj;
(pH=9.50) was necessary in order to reproducibly elute the TTR from
the pretreated serum samples. Under these conditions, repeatability in
terms of t,, and peak areas for all the proteoforms was similar to the
values obtained with standards (between 12-14% and 15-19% RSD,
respectively). However, the lifetime of the Fab’ microcartridges was
slightly lower than the 20 runs achievable with the TTR standards
(around 15 analyses), probably because of the faster saturation of the
microcartridges due to non-specific interactions with matrix compo-
nents of the pretreated biological samples. In this regard, an end-
capping procedure with glycidol was tested in order to prevent non-
specific binding with the unreacted aminopropyl groups. However,
results did not improve and the end-capping was discarded after some
preliminary experiments. Without end-capping, the durability of the
Fab’ microcartridges was higher than the durability of the intact
antibody microcartridges developed in our previous work for the
analysis of TTR in serum samples (~15 vs. ~10 analyses, respectively)
[16].

Fig. 3-A shows the EIE (i) and the mass spectra (ii and iii) of TTR
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for a serum sample from an FAP-I symptomatic patient. As can be
observed (Fig. 3-A-i), TTR eluted as three peaks that would correspond
to different conformers, but differences in their molecular mass spectra
were only evident between the first and the last two peaks (Figs. 3-A-ii
and A-iii). The presence in the mass spectra of a cluster of multiply
charged ions with a broad distribution centered on a high charge, as
observed before for the TTR standard (Iig. 2-B-iii), confirmed the
presence of only unfolded TTR conformers, each interacting with the
Fab’-IA sorbent in a different manner. The absence of a folded
conformer and migration time shifts with regard to the TTR standard
solution (Fig. 2-B) were probably due to the matrix of the serum
sample, because we discarded the influence of the reoptimized eluent
composition by separated experiments with this eluent and the
standard. Since protein unfolding studies usually adopt a two-state
model system, only two conformations are ideally addressed (folded
and unfolded states). However, it is widely accepted that once
unfolded, the protein can reversibly aggregate, thus leading to new
unfolded conformational changes and oligomerization [37,39]. More
specifically, the first peak corresponded to an unfolded conformer
presenting MO and DI ions with a similar migration time to the one
detected in the TTR standard (Fig. 2-B-i). As can be observed in Fig. 3-
A-ii, ions with nominal m/z values of 2314 and 2777 would be the
summed contribution of the MO and DI, while the 2525 ion would be
only detected for the DI (+11 ion). In contrast, the last two peaks would
correspond to a further unfolded conformer presenting MO, DI and
trimer (TRI) ions. The ion with nominal m/z value of 2314 would be
the summed contribution of the MO, DI and TRI, while 2083, 2193 and
2450 ions would be only detected for the TRI (+20, +19 and +17 ions,
respectively). These differences observed now in the mass spectra with
regard to the TTR standard solution (Fig. 2-B) were probably due again
to the sample matrix. Furthermore, some differences were evident
between the electrophoretic profiles obtained for the healthy control
(Fig. 3-B-1) and the FAP-I patient (Fig. 3-A-i). In the case of the healthy
control, the abundance of the third conformer was much smaller than
for the FAP-I patient. Several other control and FAP-I patient samples
were analyzed with similar results, suggesting that these particular
electrophoretic profiles were related to the differences between TTR
proteoforms in control and patient samples and the higher ability to
misfold and oligomerize of TTR in FAP-I patients. Tables 2-A and -B
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Fig. 3. Fab'-IA-SPE-CE-MS for a serum sample from a symptomatic FAP-I patient (A) and a healthy control (B) after sample pretreatment with 5% (v/v) of phenol. (MO=monomer,

DI=dimer, TRI=trimer) (i: Extracted ion electropherograms (all proteoforms), ii and iii: TTR mass spectra). The detected MO proteoforms are summarized in Table

show the theoretical and deconvoluted average M, of the detected MO
proteoforms in serum samples from the healthy control and the
symptomatic FAP-I patient, respectively. Again, the contribution of
all the conformers was summed together to get a unique integration for
each TTR proteoform. In contrast to the method developed in our
previous work with the intact antibody [16], where only five of the most
abundant normal TTR proteoforms were detected in serum samples
(TTR-Cys (n=1), Free-TTR (n=2), TTR-Phosphorylated or TTR-
Sulfonated (n=3), TTR-Dehydroxylated or TTR-Sulfinic (n=4) and

230

(10) C-G (n=5), Table 2), the present method allowed the detection
of three extra normal proteoforms (TTR-CysGly (n=6), TTR-
Glutathione (n=7) and TTR-CysGlu (n=8)), with similar figures of
merit (Table 2) compared to the TTR standard (Table 1-B). In addition,
the main mutant TTR proteoform (TTR-Cys(Met30) (n=1')) was
detected for the symptomatic FAP-1 patient, allowing diagnosis of
FAP-1. However, the mass spectrometer mass accuracy and resolution
were not enough to differentiate between the minor mutant proteoform
Free-TTR(Met30) (n=2’, Table 2) and TTR-Dehydroxylated or TTR-
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Table 2

Talanta 170 (2017) 224-232

Theoretical and deconvoluted average M, and relative abundance for the detected MO TTR proteoforms in serum samples pretreated with 5% (v/v) phenol solution (dilution 1:1 (v/v))

by Fab'-IA-SPE-CE-MS. (BGE: 10 mM NH,Ac, pH 7.00).

N Detected MO TTR proteoft Theoretical average A) Healthy control A) FAP-I patient
M,.
Deconvoluted Average M,. (n=6) %A" Deconvoluted Average M,. (n=6) %A"
(n=6) (n=6)
Experimental E,." (ppm) Experimental E.' (ppm)
1 TIR-Cys 13,880.4022 13,880.6600 19 100 13,880.8800 34 100
1" TTR(Met30)-Cys 13,912.4683 (not detected) n.d. = = 13,912.6500 13 74
2  Free-TTR 13,761.2640 13,760.8300 32 36 13,760.9300 24 70
3 TTR-Phosphorylated' 13,841.2439 13,841.8000 40 42 13,841.3500 8 74
TTR-Sulfonated" 13,841.3283 34 2
4 TTR-Dehydroxylated/ TTR- 13,793.2628 13,794.0100 54 32 13,793.7500 35 48
Sulfinic
2" Free-TTR(Met30) 13,793.3301 n.d. - - 30
5 (10) C-G 13,715.1713 13,714.7800 29 37 13,715.2000 2 50
6 TTR-CysGly 13,937.4590 13,936.9500 37 52 13,937.6000 10 65
7  TTR-Glutathione 14,066.5732 14,067.1000 37 40 14,067.0500 34 56
8 TTR-CysGlu 14,009.5218 14,010.0500 38 35 14,010.0100 35 49

 Relative error (E,) was calculated in ppm as: |M, exp—M., theo|/M, theox10® (exp=experimental and theo=theoretical).

" The relative abundance (%A) was calculated normalizing to the area value of the most abundant form (the contribution of both conformers was summed together to get a unique
integration for each MO TTR proteoform). Repeatability (n=6) of t,, and peak areas for all the proteoforms ranged between 12-14% and 15-19%, respectively.

¢ The mass accuracy and resolution of the mass spectrometer were not enough to differentiate between proteoforms with very close M,, which were neither confirmed by MS/MS.

Sulfinic (n=4, Table 2). Therefore, although the %A corresponding to
these three proteoforms in the FAP-I patient was higher than the
summed contribution of the two normal proteoforms in the healthy
control (48% vs. 32%, Table 2), only detection of the TTR(Met30)-Cys
proteoform would unambiguously confirm the TTR amyloidosis. The
applicability of the method for diagnosis of FAP-I is evident, but the
analysis of a larger set of samples (using a mass spectrometer with a
higher mass accuracy and resolution) would be necessary to determine
whether the information related to the detection by Fab’-IA-SPE-CE-
MS of different proteoform abundance profiles and unfolded TTR
conformers in patients is useful to gain a novel insight into the onset
and prognosis of FAP-L.

4. Concluding remarks

We have developed a method for purification, separation and
characterization of TTR from serum samples by IA-SPE-CE-MS using
an IA sorbent with Fab’ antibody fragments. Due to the limited stability
of the disulfide bridge between Fab’ fragments and the succinimidyl
silica particles at alkaline pHs, elution was only possible at certain
conditions where TTR was detected as different conformers. Under the
optimized conditions with TTR standard solutions, migration times
and peak areas were repeatable and reproducible, microcartridges
lifetime was good ( > 20 analyses in consecutive days) and LODs were
50 and 2-fold lower compared to the LODs obtained using CE-MS
(~25 ug mL™') and the intact antibody IA sorbent method developed in
our previous work (~1 ug mL™!) [16]. The reliability and selectivity of
the proposed methodology was evaluated analyzing FAP-I serum
samples after applying a simple off-line pretreatment based on protein
precipitation with 5% (v/v) of phenol. The current Fab’-IA-SPE-CE-MS
method enhanced our previous method for the analysis of TTR based
on intact antibodies and allowed the detection of proteoforms found at
lower concentrations and the preparation of microcartridges with
extended durability. Furthermore, TTR from FAP-I patients and
control sera showed a differential conformer profile that may be related
to differences in TTR proteoforms. The potential of the method for
diagnosis of FAP-1 is demonstrated, but further experiments would be
necessary using mass spectrometers with improved capabilities (e.g.
mass accuracy and resolution, sensitivity and MS/MS mode) to show if
it is useful to gain a novel insight into FAP-1. Furthermore, results with
TTR could be regarded as a starting point for the analysis of other large
biomolecules (e.g. proteins and glycoproteins) by Fab’-IA-SPE-CE-MS.
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