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Abstract

In the world of biomarker discovery, up to now, only a few biomarkers have been validated.
The validation remains a crucial step in the development of a biomarker but is quite challeng-
ing and lengthy. In this context, the development of high-throughput techniques is therefore
needed. Mass spectrometry (MS)-basedmethods such as selected reaction monitoring (SRM)
has become a prominent choice for large-scale protein quantification. The difficulty of this
approach lies in the standardization of the absolute quantification. Different standardization
approaches now exist in proteomics but all of them have their limitation. One example is the
use of isotopically-labelled peptides for the absolute quantification of proteins. This method
is highly specific of the protein to quantify but does not take into account all the experimen-
tal variations introduced at each step of the process applied before SRM analyses. Within
this frame, we are developing a comprehensive standardization strategy aiming to control the
entire sample preparation process and easing the performance of longitudinal or large-scale
studies of biomarker validation. Combined to the isotopically-labelled peptides strategy, we
built a chimeric protein containing a structured part associated to an intrinsically disordered
domain that will be used, among other things, as a control of the performance of the diges-
tion protocol. The principle is to monitor the accessibility of cleavage sites in function of the
structural state of the protein and the digestion protocol applied. Next to this chimeric protein
will lies different label-based levels of peptides that are intrinsic of the chimeric protein. These
levels of peptides differentially labelled to be distinguishable will allow to control the entire
sample preparation process till liquid chromatography-MS (LC-MS) analysis included.

In the context of recombinant proteins, considerable efforts are dedicated to the quality
control of the final product. Post-translational modifications (PTMs) are known to alter the
structural integrity and stability of the proteins. Among the common existing protein modifi-
cations, methionine oxidation is commonly observed either as PTM directly generated in the
cell (in vivo modification) or as an artefactual modification induced by the sample preparation
process (in vitro modification). Thanks to LC-MS, our work focused on the LC separation
that introduces undesired artefactual on-column methionine oxidation. Although in vivo mod-
ifications of methionine are relevant for biological purposes, artefactual in vitro modifications
should be carefully minimized and evaluated in order to avoid misinterpretation of the results.

For biomarker discovery purposes, methionine oxidation is not the main modification to
target, quite the contrary. A multitude of PTMs could help diagnose diseases. They are, at the
moment, still underestimated and not used due to the limitation of the techniques used for their
quantification. A new methodology based on the synergic use of tryptic digestion and multi-
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enzymatic limited digestion (MELD) was developed to improve the quantification of PTMs.

Altogether, this thesis describes absolute quantification of proteins and relative quantifica-
tion of PTMs as well as the development of a quality control system for any proteomic workflow
applicable in any proteomic laboratories.
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1
Introduction

Biomarkers are biological markers that can be used to indicate the state of an individual.
They can be used to measure the presence or concentration of a specific molecule, such as
a protein or a metabolite, in a biological sample like blood, urine, or tissue. The healthcare
industry makes use of them tomonitor health, diagnose disease or track the progress or impact
of a treatment. This work sheds light to the complexity of the selection and the analysis of
proteins by means of proteomics used as biomarkers.

1.1. Background information

Only a limited set of biomarkers reaches the clinical application phase. Several factors
impede their validation beyond research units and are introduced hereunder. This section in-
troduces some of them.

First are the technical limitations of the currently employed methods in the biomarker dis-
covery phases. Immunoassay techniques furnish reliable and reproducible data but are lim-
ited in their capacity of multiplexing (i.e. the simultaneous evaluation of multiple targets in a
sample). Mass spectrometry (MS)-based proteomics methods offer high multiplexing capacity
and high throughput but are difficult to standardize from one analysis unit to another. Lack of
standardized protocols makes the comparison of results and the establishment of consensus
difficult.

Furthermore, in the validation phase, large-scale datasets are required to produce statis-
tically significant results, which can make the process both expensive and time-consuming.
This involves the recruitment and monitoring of thousands of patients, generating an enor-
mous amount of raw data that must be analysed. Additionally, the analysis of such data is

1



1.2. Problem statement 2

complex and requires specialized bioinformatic resources, adding to the overall cost and time
required for biomarker validation.

Another limitation in biomarker discovery is that differences in the quantity of a protein may
not always be the defining factor, as the presence or absence of post-translational modifica-
tions (PTMs) can also be significant. PTMs have been shown to regulate various cellular pro-
cesses and have been implicated in the pathogenesis of several diseases. Therefore, identify-
ing and quantifying them in biological samples could uncover novel biomarkers and therapeutic
targets for disease diagnosis and treatment. Biomarker discovery on post-translationally mod-
ified proteins can be however challenging due to several reasons explained in detail in this
manuscript.

1.2. Problem statement

The context described in the previous section highlights two obstacles for the validation of
biomarker that are addressed in this document.

1. Despite technological progress, the lack of standardized proteins quantification protocols
prevents reliable identification of good biomarkers candidates to be further validated.

2. Developing sensitive and specific assays for PTMproteins is crucial for successful biomarker
discovery due to the complex and diverse nature of PTMs and their dynamic regulation.

Addressing these challenges will contribute to the strengthening of biomarker reliability and
ultimately, their use for diagnosis and therapeutic follow-up purposes.

1.3. Objectives

The objective of this work is thus twofold. On one hand, we aim to set up an innova-
tive standardization methodology for proteomic experiments to be applied either in discovery
phase or for MS-based validation phase of biomarkers while on the other hand, we endeav-
our to develop a new strategy to analyse post-translationally modified proteins in large cohorts.

We aim to quantify proteins with a more efficient and reliable process than existing proto-
cols using liquid chromatography (LC) coupled with MS. Current methodologies can be time-
consuming and prone to biases, which limits their effectiveness for identifying and quantifying
proteins. The solution should take into account the experimental variations occurring during
the sample processing, the control of the LC-MS separation and the reproducibility of mea-
sure among other considerations. By achieving this goal, we would universalize the protocol
materialized into a toolkit in order to be usable by any laboratory, regardless of the preparation
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processes and instrumentations.

The second goal of this work is to develop a new strategy for the analysis of proteins with
PTMs in large cohorts. The new strategy would consider the relative quantification of all poten-
tial post-translational modified proteins by combining the advantages of the multi-enzymatic
limited digestion (MELD) innovative approach with the quantification obtained through tryp-
tic digestion. The confidence level and the time efficiency of the results obtained with this
methodology should be the indicators of the objective achievement.

1.4. Overview

The context of biomarker discovery and its diverse techniques of quantification are elabo-
rated in chapter 2. The chapter will discuss the most commonly used methods to quantify pro-
teins such as label-based and label-free approaches but also antibody quantitation, targeted
MS techniques and PTMs. The discussions also include a review of the pitfalls experienced
by the listed methodologies.

The first problem statement is addressed in chapter 3 where the development of a com-
prehensive standardization strategy aiming to control the entire sample preparation process
of biomarker validation is elaborated.

While investigating the first problem statement of this research, it was discovered thanks to
LC-MS that undesired artefactual on-column methionine oxidation was introduced by the LC
separation. An article which provides information about the evaluation of this oxidation was
published as part of this research and is the subject of chapter 4.

A new methodology to take PTMs into consideration when searching for biomarkers is re-
ported in chapter 5. It is based on the synergic use of tryptic digestion and MELD.



2
Biomarker discovery

2.1. Definitions

The term biomarker, or biological marker, is defined in 1998 by the National Institutes of
Health Biomarkers Definitions Working Group as “a characteristic that is objectively measured
and evaluated as an indicator of normal biological processes, pathogenic processes, or phar-
macologic responses to a therapeutic intervention” [1]. A biomarker is therefore a molecule
describing a specific biological state that can be accurately and repeatedly detected and/or
quantified to better apprehend patient’s health condition. To date, biomarkers are used for
many applications such as a predictive (prediction of clinical outcomes, early detection of pre-
disposed state), a diagnostic (identification of a disease) or a prognostic (expectation of the
evolution of the disease) tool. The recent development in high-throughput powerful analyti-
cal proteomic technologies for the characterization of biomarkers now generates “big data”.
Combined with improved or new bioinformatics tools for data processing, it has opened the
era of “personalized medicine”. This concept makes it possible to prevent a disease or to
apply a treatment based on the variability of an individual’s biological proteome. Even though
RNA and DNA biomarkers gain more and more insight due to their high accuracy and speci-
ficity and also their lower cost [2], they are not available for every pathology. Therefore, protein
biomarkers are often preferred and recognized as reliable biomarkers because they reflect the
overall proteome variability against a disease. Lots of work have been dedicated to research
on biomarkers these last decades (figure 2.1). In 2020, 55,977 paper concerning biomarkers
were published whereas only 6% of them were about validated biomarkers.

4



2.1. Definitions 5

Figure 2.1: Number of documents published per year in Scopus about biomarkers (in blue) and biomarker valida-
tion (in orange) based on a Scopus search with “Biomarkers” or “Biomarker validation” [Article title, Abstract,
Keywords] AND Article [document type] published each year since 1990.

When comparing figure 2.1 with figure 2.2, which includes the term ”proteomics” in the
search, we can observe that in 2020, there were 1,353 published papers on biomarkers, but
only 0.4% of themwere focused on validated biomarkers in the proteomics area. It is important
to note that this low number of validated biomarkers in proteomics does not imply that this field
is incapable of producing high-quality biomarkers during the discovery phase. In fact, there
could be a significant number of biomarkers discovered through proteomics that are validated
using other techniques, such as immunoassay-basedmethods. This highlights the fact that the
validation step remains a significant bottleneck for biomarkers to progress from the laboratory
stage to clinical applications.
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Figure 2.2: Number of documents published per year in Scopus about biomarkers (in blue) and biomarker vali-
dation (in orange) in the filed of proteomics based on a Scopus search with “Biomarkers” AND “Proteomics”
or “Biomarker validation” AND “Proteomics” [Article title, Abstract, Keywords] AND Article [document type]
published each year since 1990.

Different phases are necessary for the implementation of any biomarker in clinical applica-
tions. The first phase is the discovery process, in which standardization and robustness issues
in relation to the experimental procedure (from collection to injection of the samples) can arise,
leading to non-convincing results or false positives. A verification of the biomarker specificity is
then needed to ensure the significant difference of the potential biomarkers between disease
and control groups and their relevance for use as therapeutic, diagnostic or prognostic follow-
up. The few biomarker candidates slipping through this verification phase enter then into the
validation step where larger cohort of individuals are investigated to confirm the biomarkers
on an extensive scale. This last step before rigorous clinical steps and final commercialization
is a long and costly juncture because of the currently employed method namely immunoassay
based technologies. In this latest approach, specific antibodies against the targeted biomark-
ers are needed and require production and adaptation of the experimental procedure for each
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antibody beforehand. The problem lies in the number of samples required for this last step
to succeed. Indeed, throughout the whole biomarker discovery workflow, from the discovery
phase to the validation one, while the number of analytes to be evaluated decreases, the
number of samples must constantly increase to obtain clear statistical differential expression.
Even though immunoassay methods offer high throughput, the capacity of multiplexing is low
and this technique is also limited by the availability of specific antibody.

2.2. Considerations for clinical applications

Before diving into the biomarker discovery phase, one has to pay attention to the nature
of the cohorts that will be under study but also the number of individuals to take into consid-
erations for successful proteomic experiments. This section will discuss these matters along
with some technical considerations for clinical applications.

Drawing a good study design and gathering reliable samples are the prerequisites for a
successful study [3, 4]. The main difficulty resides in the sampling choice, the perfect one be-
ing a cohort where the patients are their own controls [5]. This means that a patient’s sample
collected at a certain time point (e.g. before treatment) should be compared to a sample col-
lected from the same patient at another time point (e.g. after treatment). The rationale behind
this approach is that individual variations in protein expression levels can be minimized, and
any changes in protein expression that are observed can be attributed more confidently to the
treatment or disease status. Unfortunately, this method is not always feasible in practice. The
main assumption is to state that controls and patients only differ in the condition of interest and
that they are otherwise identical. To reach this ideal cohort, one has to pay attention to bal-
ance as much as possible the control vs the patient groups and therefore avoid underpowered
study. Factors such as age, gender, intake of alcohol, caffeine, vitamin, tobacco and drug con-
sumptions, body mass index (BMI), physical activity and medication use must therefore well
balanced in each group. Zhou et al. [6] highlighted that six samples per group (controls vs
patients) were necessary for robust biomarker identification, i.e. sufficient statistical power to
detect proteins with a fold change (ratio between protein quantities from both groups) > 2.

Another critical consideration is the pre-analytical step such as the collection or the storage
of the samples that must be done in a rigorous and standardized manner, not to induce bias
in any of the samples. For logistical reasons, samples are not necessarily drawn off at the
same time. Therefore, detailed protocol must be followed to ensure the quality and reliability
of the biological content to analyse. The same reasoning must be considered for the sample
preparation and the LC-MS process. The reproducibility of procedures is of critical importance.

The choice of the sample type is also a great concern and is ideally directly linked to the
place where the disease process takes place. In consequence, tissues are often preferred
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over serum/plasma samples as the dynamic range of the proteome of this latter is quite com-
plex [4]. Complexity of such samples reduces the signal-to-noise ratio due to the wide dynamic
range of protein abundance of these matrices. Despite its advantages, the use of tissue sam-
ples in biomarker discovery also presents some drawbacks, such as the invasive nature of the
procedure, tissue heterogeneity, the need for careful storage and transport, and the require-
ment for detailed histopathological evaluation by experts [7].

Sample pooling should not be considered unless if it exists an incompatibility with the an-
alytical resources, for budget consideration or for material availability purposes [4]. Pooling
the samples does not necessary increase the level of information and can even produce a
degradation of its quality by averaging the detected proteome variations. For example, if one
sample of the pool does not express a protein, this protein could be switched to the detection
threshold in the pool, resulting in a false negative. On the contrary, a protein highly expressed
in one sample but not in the other samples of the group could lead to a false positive by de-
tecting this protein in the pool [8]. Yet, a biomarker could be identified from pooled samples if
its variation is important and stable enough in all the samples of one condition.

When searching for new biomarker candidates, it is rather easy to consider a protein as a
good candidate if this protein is systematically detected in the majority of the patient samples
and statistically differentially expressed from the pathological sample sets to the healthy ones.
The opposite can also be acceptable; if a protein is present in the control sample series and
absent in the patients. Indeed, in some cases, disease factors can negatively influence the ex-
pression of a protein and reduce it in comparison to healthy individuals. This balance between
presence and absencemust be clearly defined using lower limit of detection for the protein of in-
terest. Qualitative differences are thus easy to handle in opposition to quantitative differences
which are somewhat more challenging. Indeed, quantitative MS-based approaches must be
applied to accurately quantify the protein in each sample. Relative quantitation methods are
applied in the discovery biomarker workflow at the very first phase of the process, namely
the discovery phase. Throughout the biomarker discovery phases, the number of samples is
limited whereas the proteome coverage to be analysed is as large as possible. The workflow
goes from 1) multiple analysed proteins in a relative quantification manner to 2) the analysis
of specific proteins using integration and absolute quantification and finally to 3) absolute and
multiplexed methods on a set of restricted proteins of interest. The increasing sample size
needed, with the subsequent phases 1), 2) and 3) of the development study to increase the
statistical power, renders the task difficult.

2.3. State of the art

A multitude of technologies and diverse methods currently exist to quantify proteins ([9–
12]. The absolute quantification of proteins or differential approaches are a complex and tech-
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nical subject and a currently uphill project in proteomics. This section aims at approaching
and discussing the most commonly used methods up to this day and will focus especially on
MS-based proteomics technology, although antibody-based methods are well established and
will therefore also be discussed.

MS-based proteomics can broadly be divided into different categories: either relative vs
absolute quantification, either label-free approaches vs label-based approaches, and either
discovery approaches vs targeted ones. The MS acquisition methods have also their impor-
tance and drives the sample preparation methods that can be applied: data-dependent acqui-
sition (DDA) vs data-independent acquisition (DIA).

For proteomics studies, a reversed-phase (RP) liquid chromatography system hyphenated
to a mass spectrometer through an electrospray source is often employed. While discovery
approaches using either DDA or DIA seek the global proteome of a sample by identifying the
maximum number of peptides in a certain time frame, targeted acquisitions focus on specific
ions formerly chosen [13, 14].

Different quantitative strategies can be implemented such as metabolic labelling (SILAC),
enzymatic labelling (with 18O incorporation), chemical labelling (ICAT, cICAT, iTRAQ, TMT),
isotopic dilution strategies that use addition of isotopic labelled peptides (AQUA), concate-
nated peptide standards (QconCAT, PCS, polySIS, QPrEST) or labelled protein standard
(PSAQ, FLEXIQuant, RISQ). Metabolic, enzymatic and chemical labelling offer relative quan-
tification whereas the use of spiked peptides (i.e. peptides added in the sample) and heavy
protein standard enable absolute quantification. These label-based approaches are in oppo-
sition to the label-free approaches that sit in the relative quantification methods. However,
regardless of the method used for protein quantitation, LC-MS/MS is and always will be an
inherently non absolute quantitative technique if no reference is used, due to the difference in
ionization efficiencies [15]. Current methods aim to achieve higher quantitative accuracy by
addressing bias arising from both sample preparation and instrumentation. These approaches
work towards reducing bias or acknowledging its presence, and in some cases, establish a
threshold beyond which the data must be discarded. A schematic description of all the quan-
titative proteomics methods that will be described in this thesis is represented in figure 2.3.
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Figure 2.3: Representation of the common quantitative proteomics approaches divided in relative and absolute
quantification techniques.

2.3.1. Relative vs absolute quantification

For most biological and biomedical study, only relative quantification is desired and offers
a differential analysis, i.e. the protein intensities of one state in relation to the other biological
state. The amount of given protein is often expressed in terms of a fold change for two condi-
tions.

While relative quantification allows acquiring quantitative information for a large number
of proteins present in a sample, absolute quantification only allows quantification information
of a limited number of proteins of interest. This is explained by the accuracy of the given in-
formation in either method. In absolute quantification, the amount of the protein of interest
is determined by quantification process based on an isotopic dilution approach whereas in
relative quantification, only a relative change in protein amount between two states or more is
obtained. In principle, absolute quantification outperforms relative quantification: if the protein
amount of two samples is precisely known, their relative ratio is automatically calculated.

The gold standard method to determine protein concentrations is via the use of synthetic
standards labelled with stable isotopes. The standard is the same peptide or protein than the
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one to be quantified in the matrix, but labelled to allow the distinction between the standard
and the endogenous peptide. It is inserted in a known amount at a specific step of the sample
preparation process (depending of the type of standards). The intensity of the endogenous
peptides and the standard are then compared. This direct comparison of intensities can be
used for identical peptides because they have the same ionization efficiency and their elution
profiles are the same. Practically, the AUC of both the standard and the target peptide is de-
termined and the ratio target peptide/standard is multiplied by the quantity of standard added
to the sample (see equation 2.1). The final protein concentration ensues from this value.

Quantity of analyte =
AUCanalyte

AUCstandard
∗ quantity of standard (2.1)

First, we will detail the label-based approaches, followed by the label-free approaches. We
will then discuss the targeted approaches, which lead to the standard use for absolute quan-
titative proteomics. Finally, enzyme-linked immunosorbent assay (ELISA) and PTMs charac-
terization will be described.

2.3.2. Label-based approaches

Label-based approaches are, as the name suggests, methods that rely on different sta-
ble isotope labelling to produce specific mass-tagged peptides detected by MS and that are
advantageous for quantitation in a multiplexed analysis. These tagged peptides, referred as
heavy peptides, could therefore be differentiated from their unlabelled counterpart, namely the
light peptides. These tags can be inserted in proteins or peptides in a (i) metabolic, (ii) enzy-
matic, (iii) chemical or (iv) isotopologue way. These four methods will be detailed below but
general requirements can already be drawn. Despite the labelling method chosen, one has to
be careful to avoid overlaps between the isotopic distributions of the light and the heavy pep-
tides by ensuring enough mass difference between the two [16]. An appropriate mass shift,
with clearly distinguishable isotopic distributions will lead to more accurate quantification. 13C,
15N and 18O labelling are often preferred over 2H labelling that creates retention time shifts
between the labelled and the unlabelled counterpart. This particularity complicates the data
interpretation and may create a bias when integrating the two peptide species.

Metabolic labelling

A class of labelling is the metabolic incorporation of the stable isotope. The method con-
sists in introducing the wanted stable isotopes in the cell culture medium in order that it be-
comesmetabolically incorporated into the proteome through cell replication. Beside this heavy
media another light media is used in parallel to further compare the two cell populations thanks
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to MS. The main advantage of this method is that the labels are metabolically incorporated
at the cell level and therefore there is no need for production of synthetic labelled peptides.
Also, as the labelling is introduced at the earliest step of the process, i.e. during cell growth,
metabolic labelling offers an unbiased sample preparation process when samples from light
and heavy states are mixed together before beginning the digestion protocol required for MS.
Indeed, as one sample, they will be affected in the same way by the preparation process lead-
ing to exact same quantification bias.

Initially used as 15N labelling for total labelling of bacteria, Ong and Mann [17] rendered
the method appealing for the proteomics community by introducing the stable isotope labelling
by amino acids in cell culture or otherwise abbreviated SILAC. As the name implies, stable
isotope amino acids are supplemented in the media instead of natural amino acids that gives
rise to nearly full metabolic protein labelling after several cell replications. While one cell
population is grown with light amino acids, the other is grown with stable isotopes of essential
amino acids. Originally [17], leucine residue was first tested as the heavy stable amino acid
to prove the concept of the method as it is the most abundant residue in proteins. Generally,
arginine and lysine residues are picked when tryptic digestion follows to ensure that all the
tryptic peptides carry at least one tag. Relative quantification is obtained by comparing the
intensities of the co-eluting heavy and light peptides from the MS spectrum. A maximum of
three different experimental conditions can be multiplexed in a single MS analysis (unlabelled,
13C, 13C 15N labelling).

Enzymatic labelling

In vitro labelling approaches differ frommetabolic labelling by being inserted post-biosynthetic
production. Enzymatic labelling is an in vitro labelling method where the stable isotopes are
introduced into the peptides via the protease that will digest the protein content of the sample.
Labelling is performed during proteolytic digestion or during an incubation step after prote-
olysis with 18O-rich water hence the incorporation of 18O-atoms in the sample [18, 19]. For
relative quantification, samples are simultaneously subjected to digestion using either 16O wa-
ter or 18O water, followed by combination and joint analysis using LC-MS/MS. The next step
involves comparing the response of both labelled and unlabelled peptides [20]. Despite its
ease of use, this method suffers from some drawbacks such as an incomplete 18O incorpo-
ration, a susceptibility of instability of the label induced by back-exchange and an inability to
compare multiple samples within a single experiment.
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Chemical labelling

Another in vitro labelling is the chemical labelling that consists in adding a tag on the re-
active sites of a protein/peptide by inserting in the sample a specific chemical reagent that
contains stable isotope. Once again, this labelling method offers relative quantification by
chemically modifying the protein content from two distinct samples with light and heavy chem-
ical reagents.

One of the very first reagent commercialized was the isotope-coded affinity tag (ICAT) [21]
which employs sulfhydryl group-oriented reagents that will therefore specifically bind to cys-
teine residues. The cysteine residues of two proteomes are respectively derivatized with the
light and the heavy ICAT reagent after reduction of the proteins of the samples. The two sam-
ples are then combined and enzymatically digested to generate peptides, some with ICAT tag.
These tagged peptides are picked out using avidin affinity chromatography and finally anal-
ysed by LC-MS/MS. Because of the isolation of the tagged cysteine-containing peptides, the
complexity of the mix is lowered but information about peptides that do not contain cysteine is
lost. Enhancement of the method gave rise to cICAT for cleavable isotope-coded affinity tag
where the biotin moiety of the ICAT reagent can be removed and therefore allows better quality
of the fragmentation spectra [22, 23]. The cICAT reagent also contains 13C atoms instead of
deuterium in the heavy form to get co-elution from the heavy and light modified peptides and
a more reliable quantification than with deuterium/hydrogen that do not co-elute as mentioned
in the beginning of section 2.3.2.

Taking advantages of the numerous amino acids present in a protein and therefore the
possible reactions of their functional groups with various tags, lots of other chemical labelling
came out after the ICAT applications. The methods described in the following paragraphs are
among the most used in proteomics applications.

A very popular method is the isobaric tag for relative and absolute quantification (iTRAQ)
[24]. The tags used in this technique are covalently bond to the N-termini and lysine side
chains of peptides and take the form of isobaric mass labels once they are linked to the pep-
tides. This simplifies the mass spectra while allowing the identification differences via the
differentially labelled mass tags which, upon fragmentation, release mass varying reporter
ions. iTRAQ offers multiplexing up to 8 samples in one single MS experiment; the main cur-
rent reagents are the 4-plex and the 8-plex, respectively used for the determination of protein
levels in 4 and 8 different experimental conditions. This method is mainly used for relative
quantification. Absolute quantification can be achieved by inserting a known quantity of syn-
thetic peptide labelled with one of the reporter isobaric reagent and compare it to the intensity
of the same labelled peptide in the sample of interest. An extension of the iTRAQ isobaric
tags is the mTRAQ (mass differential tags for relative and absolute quantification) [25] which
relies on nonisobaric labelling. Chemically identical to the iTRAQ reagents except for the iso-
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tope content, precursors with different masses can be directly quantified in MS1 (MS1 refers
to the sample ionized and analysed by mass spectrometry in opposition to MS2 or MS/MS
experiment where the sample from MS1 is fragmented and these fragments are analysed by
MS). Another widely used isobaric reagent is the tandem mass tag (TMT) [26]. Identification
and quantification of proteins are provided by tandem mass spectrometry (MS/MS) hence the
name tandem mass tag. As in the iTRAQ method, in the TMT approach, tags are designed
in a way that upon fragmentation they will lose a fragment that will make way for a specific
mass ion detected by MS. TMT reagents also target the peptide N-termini and amino group of
lysines with an N-hydroxysuccinimide (NHS) ester-based reactive group. The molecular mass
of the reporter ions lies between 126 and 131 m/z for TMT and 113 and 121 for iTRAQ. Differ-
ent numbers and combinations of 15N and 13C isotopes in the mass reporter are required to
obtain similar structure of the reagents. TMT is available in up to 16-plex format and therefore
allow high multiplexing with the possibility of analysing lots of different conditions at the same
time. Drawback of these two methods, that apply a labelling at the peptide level, is the possibil-
ity of bias results arising from the sample preparation process between the parallel analysed
samples. Another limitation is linked to the inner molecular structure of the reagents as they
are identical in structure, they are chromatographically indistinguishable and also therefore
indiscernible in a first MS spectrum. This disadvantage implies a quantification at the MS2

level (therefore no quantification based on the area under the curve (AUC) but rather on a sin-
gle point from the MS/MS data) and prevents from direct targeted methods. Distinct labelled
peptide ions with close m/z values can also co-elute within the selected isolation window leads
and therefore co-fragmented. This phenomenon is called the “ratio compression” and leads
to bias in the measured reporter ions.

2.3.3. Label-free approaches

Label-free approaches are either based on spectral counting or on peak intensity for com-
parison of the relative abundance of proteins between groups. Spectral counting is often used
when large cohorts of samplesmust be analysed as this relative quantification is rather straight-
forward and suitable for large scale proteomic analysis. Spectral counting method relies on
the observation that a protein amount is directly proportional to the number of its peptides and
therefore to the number of peptide spectrum matches (PSMs) generated during acquisition.
Spectral count does not account for protein size as larger proteins contributes to more pep-
tides. This method offers a global quantitation regarding two different conditions in a sample
data set. Several methods based on spectral counting are available nowadays such as pep-
tide count, spectrum count or protein abundance index. A well explained overview of these
spectral counting approaches is reported in the review of Bantscheff et al. [10]. Although
label-free quantitation technique is known as a relative quantification method, normalized ex-
ponentially modified protein abundance index (normalized emPAI) techniques (derived from
spectral counting methods, see [27] for further details) allows “absolute quantification of pro-
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teins”. An accurate approach of label-free MS quantitation is the integrated measurement of
chromatographic AUC obtain by LC-MS runs for any given peptide and, by inference, quanti-
tation of the protein of interest. In this configuration, MS spectra allow the quantification and
MS/MS spectra the identification. A linear response is obtained between peak intensity and
protein concentration. In differential experiments, the AUC of peptides is compared between
LC-MS runs of all the samples. Variations can arise from biological distinctions including elu-
tion time and background noise. MS data analysis software are thus necessary to normalize
the data acquired at different time in multiple MS analyses [28]. The main advantages of these
two techniques are that they do not require laborious and costly label-based workflows. The
limitation resides in the low throughput as multiplexing approaches cannot be applied.

There are two main acquisition technologies used to generate MS proteomic data in an
untargeted manner: the DDA and the DIA [29]. These methods rely on label-free differential
proteomics that offer relative quantification without the use of any labelled or modified protein
or peptide assisting the quantification process. In DDA and DIA mode, acquisition time is
shared between MS1 and MS2. These two methods are depicted in figure 2.4 and explained
in detail in the next sections.

Figure 2.4: MS label-free acquisition methods. (a) By data-dependent analysis (DDA), ions are submitted to a full
scan analysis and the TopN precursor ions are subsequently sequentially selected for fragmentation. (b) By DIA,
a group of precursor ions is simultaneously selected and fragmented leading to more MS/MS complex spectra.

Data-dependent acquisition

In DDA mode, peptides coming from “bottom-up” proteomics are introduced in the mass
spectrometer to undergo a first MS1 full-scan. Then, precursor ions, typically those of high-
est abundances, are automatically selected for fragmentation leading to the tandem mass
analysis. This acquisition mode often refers as “TopN” analysis for the number of precursors
detected during the first stage of MS and selected for the second MS/MS stage. The N most
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intense ions are generally selected based on their intensity (above a configurable threshold)
and their charge states (z > +1) and fragmented sequentially. This cycle of MS and MS/MS
acquisitions progresses throughout the whole chromatographic separation. A dynamic exclu-
sion parameter ensures that a same precursor is not selected multiple times over a pre-set
period of time, depending on the chromatographic resolution. A balance must be found be-
tween short dynamic exclusion time that matches at least the average peak width and long
dynamic exclusion time that leads to less redundant spectra. Generally, between 10 and 15
peptides are picked per cycle time. The cycle time is the ratio of the average peak width and
the minimum number of full scan MS detection points needed per chromatographic peak:

cycle time [sec] = average peak width [sec]
minimum number of points across peak

(2.2)

For accurate quantification purpose, 10 to 15 data points is the ideal number of points
needed across the resulting MS1 peak of the ion of interest [30]. Peptides are identified thanks
to MS2 but quantified thanks to MS extracted signals. Less data points will result in a poor
generated peak shape and therefore an imprecise quantification. This is even more true for
low abundant proteins. Because of the stochastic nature of DDA, i.e. the selection of the
most abundant precursors from the MS level for further fragmentation, it is not a reproducible
method as repeated analyses will identify additional peptides and high abundance peptides
will always be favoured in comparison to low-abundance peptides that are being neglected.
This generates missing data that can eventually be filled thanks to bioinformatics using the
match-between-runs algorithm [31]. The generated data are easy to handle as the tandem
mass spectra can be matched to spectra from existing databases.

Data-independent acquisition

DIA strategies have been implemented to circumvent the variability and missing values
problems observed with the DDA method. In DIA mode, all eluting precursors are isolated in
broader m/z window and subjected to fragmentation in the second MS/MS step altogether. Un-
like DDA, MS2 will automatically be activated regardless of peptide intensities. The resulting
generated fragmentation spectra deriving from multiple precursors ions leads to much more
complex MS/MS spectra compared to DDA. Indeed, as several precursor ions are fragmented
at the same time, the direct link between a precursor and its fragments is lost.

It exists different DIA approaches according to the vendor solutions. DIA methods are
referred as SWATH (for Sequential Windowed Acquisition of All Theoretical Fragment ions,
Sciex) [32], MSE (Waters), DIA-PASEF (Bruker) or the DIA solution from Thermo. In the
SWATH approach, a wide isolation window between 10 to 25 m/z units is required and moves
forward along the mass range during the run time. The mass range is divided into smaller
mass windows and the mass spectrometer fragments all precursors from this isolation window
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to end up with an overall and precise acquisition of all the selected precursors. Identification
is based on spectral libraries previously recorded thanks to DDA shotgun proteomics. The
fact that comprehensive DDA-based libraries must be generated before interpreting the DIA
data is the major limitations of this technique [30]. Alternatively, a new methodology called
DIA-NN came to light and exploits deep neural networks and signal correction strategies for
interpretation of DIA data acquisition [33]. SWATH-MS is used for identification but also for
quantification but this approach is still 3- to 10-fold less sensitive than current gold methods
for quantification such as selected reaction monitoring (SRM) or parallel reaction monitoring
(PRM) (described later in section 2.3.4) [32]. In MSE acquisition, the whole mass range is
covered and either low and high collision energy alternates to respectively obtain precursor
ion mass spectra and fragment ions information in a single analytical run [34, 35]. This latter
acquisition technique was also coupled to ion mobility and help in the signal deconvolution
[36]. Other specific acquisition methods included in the DIA approach exist but will not be
discussed in this thesis.

2.3.4. Targeted approaches

Targeted MS techniques are essentially used for the detection and quantification of prede-
fined analytes in complex samples [13, 37]. They differ from shotgun proteomics by selecting
chosen precursors from proteins of interest, removing any other information from the complex
sample but improving the selectivity and specificity [38].

In tandemMS, a two-step technique is necessary with the addition of a dissociation process
or a chemical reaction to induce the fragmentation of an ion. In a common MS/MS experiment,
the ionized molecules enter the first analyser, in general a quadrupole mass analyser, and are
being separated by their mass-to-charge (m/z) ratio. One of them, called the precursor ion, is
isolated and fragmented into product ions and neutral fragments in a collision chamber either
spontaneously or by activation. A second analyser separates then the fragment ions by their
m/z ratio and detects them [39].

Selected reaction monitoring integrates in this type of analysis by being one of the main
scan modes of the tandem MS [40, 41]. The SRM principle consists in detecting a particular
ion thanks to one or more transitions (precursor/fragment ion pair) of this ion. Both the first
and the third analyser act as filters for the selection of specific precursor mass and specific
fragment mass. In a complex sample, molecules are ionized and brought to the gas phase
to be separated by their m/z ratio. The targeted ion is selected upon its m/z ratio in the first
analyser, then fragmented by collision with a neutral gas to result in product ions in the sec-
ond analyser (acting as a collision chamber) and finally one or several of these fragments are
selected thanks to the third analyser. This scan mode is achievable within a triple quadrupole
mass spectrometer [41] and is represented in figure 2.5 (a). SRM is also called multiple reac-
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tion monitoring (MRM) and is the application of SRM: one precursor ion dissociates in multiple
fragments and each of them are sequentially selected and detected. Within complex sam-
ples such as plasma or urine, the m/z ratio of precursor ion does not ensure on its own the
specificity of a ion as interferences from isobars are too high. Selection of multiple specific
fragments of the precursor ion guarantees a higher specificity of the approach by filtering out
all the fragments coming from isobaric and/or co-eluting compounds. Although there is very
little probability that different molecules co-elute, have the same m/z ratio and give the same
fragment, the specificity of the technique can still be increased by using more transitions, i.e.
selecting several fragments characteristic of the precursor ion. The non-scanning nature of
this mode allows to increase the sensitivity by focusing on the precursor and fragment ions
over longer times than conventional full scan techniques. Furthermore, the linear response
of this approach makes it an excellent acquisition mode for quantitative analysis over a wide
dynamic range. Besides, the multiplexing capacity of this method allows to target several
peptides from the same protein and therefore reach a high statistical significance in term of
results. Indeed, each targeted peptide in an SRM analysis is independently measured from
other targeted peptides of the same protein to quantify.

Figure 2.5: Two approaches inMS-based proteomics (a) selected reactionmonitoring (SRM) where each fragment
ion from a precursor ion is monitored at a time and (b) parallel reaction monitoring (PRM) where all fragment ions
from a precursor are analysed in concert.

The initial step in developing a targeted approach is the careful selection of peptides to be
targeted. They need to be unique to the protein of interest and easily detectable by LC-MS,
which is called proteotypic peptide. They preferably should also be quantotypic, which means
that they should accurately represent the level of the protein to consider. Quantotypic peptides
are difficult to obtain as, for now, there is no complete understanding of all the factors that in-
fluence the peptide quantotypic behaviour. Amongst those factors, the need for having a good
response in LC-MS, the requirement for no missed cleavage sites and absence of frequently
modified amino acid residues (i.e. oxidation of methionine, deamidation of asparagine and
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glutamine, carbamidomethylation of cysteine and phosphorylation of histidine) are the most
commonly cited [42, 43]. Criteria such as peptide size and hydrophobicity must also be taken
into account and wisely chosen. The fragments ensuing from the selected peptides should
also be selected based on their intensity and low level of interfering signal [40].

Its high specificity, its high-throughput and its multiplexing capability make the SRM the
method of choice to quantify protein in complex samples. This technique confers precise
measurements with excellent analytical reproducibility and very low coefficients of variation
[37]. This combination of advantages is perfectly adapted to the needs of biomarker valida-
tion and outperformed the multiplexing capacity of traditional immunological methods.

Another targeted approach has emerged from the SRM technique: the parallel reaction
monitoring (PRM). PRM differs from the SRM by substituting the third quadrupole used in SRM
by a high resolution mass analyser such as an Orbitrap or a QToF [44, 45]. Its implementation
is shown in figure 2.5 (b). A precursor ion is selected in the first quadrupole, fragmented in
the second and all these fragments are analysed in the last analyser to record the full picture
of the selected ion. The method development is simplified in comparison to SRM because no
transition must be chosen prior the acquisition. It gains attention in the field of quantitative
proteomics as it combines both sensitivity and selectivity. Parameters such as fill time in an
Orbitrap instrument or accumulation time in a Q-TOF instrument can be controlled to improve
sensitivity while the selectivity is enhanced with the increase resolving power of the analyser
in both MS and MS/MSmode [45]. PRM is therefore especially suitable for characterizing high
complex biological samples and allows low limits of detection and quantification.

2.3.5. Standard for absolute quantitative proteomics

Different types of standards may be used for absolute quantification and are divided in
three categories detailed hereunder: peptide standards, concatenated standards and entire
protein standards.

Peptide standards

Peptide standards can be spiked either before or after the enzymatic digestion in the sam-
ple preparation process. Prior to the insertion in the samples, these standards must be chemi-
cally synthesized with the wanted labelled amino acids and further accurately quantified using
amino acid analysis (AAA). Although introduced earlier, it is Gerber et al. [46] that apply for
the first time a strategy for the absolute quantification of proteins termed AQUA. Today, AQUA
peptides have become a trademark and defines heavy peptides that can be synthesized at
the custom of the client.
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As these standard peptides are introduced during the sample preparation process, some
losses arising at the beginning of the protocol may not be taken into account. Indeed, handling,
storage, yield of the enzymatic protein digestion, purification steps or fractionation steps may
have impacted the real quantity of endogenous protein to target and consequently biased the
true expression levels of this protein in vivo. Furthermore, the limitation of this method relies
in the cost and time of synthesis of each specific needed standard peptide.

Concatenated standards

To circumvent the problem of tryptic digestion bias, some laboratories developed standards
inserted in a chimeric protein that will help evaluating the digestion efficiency. Beynon et al.
[47] first designed in 2005 the QconCAT (for Quantification of conCATenated peptides) protein
composed of standard peptides specifically chosen to meet the need of the proteins of interest
to quantify. These peptides originate from these targeted proteins allowing the concomitant
quantification of many independent proteins. The protein is artificially created by gene expres-
sion in E. coli. with an added His-tag for further purification. In the work of Beynon, 15NH4Cl
was used as the nitrogen source in the expression medium to provide the labelling and there-
fore differentiate the endogenous proteins from the peptides originating from the QconCAT ar-
tificial protein. The QconCAT protein is added to the sample under study before the enzymatic
digestion and produces the labelled peptides whose known amount can be compared with the
intensities of the unlabelled endogenous peptides for quantification. The advantages of the
introduction of the peptides within a protein is that they are protected from adsorption to the
tube sides, removing the bias from this potential peptides adsorption. Additionally, peptides
are released in the same identical quantity as they come from a single protein. Furthermore,
handling a single protein for the quantification of multiple intrinsic proteins reduces the pipet-
ting bias in comparison to the handling of several synthetic labelled peptides. Finally, as it is
introduced at the beginning of the sample procedure, it takes into account the losses from the
purification.

Another peptide-concatenated standard called PCS was simultaneously developed by the
Ito group [48] using a similar approach as QconCAT. Anderson and Hunter [49] described
another comparable method with their polyprotein stable isotope-labelled internal standard
(polySIS) approach which lies in the implementation of isotopically labelled lysine to obtain
a consistent mass difference between the labelled and the natural peptides and hence facil-
itating the interpretation of the acquired data. Zeiler et al. and Boström [50, 51] developed
QPrEST (Quantification of PRotein Epitope Signature Tag) standards which relies on protein
epitope signature tag (PrEST) expressed in E. coli. These protein fragments are sequences
incorporated with heavy isotope-labelled amino acids and are identical to short region of the
human protein of interest. This standard is used in combination with SILAC to precisely quan-



2.3. State of the art 21

tify the PrEST peptides.

Some limitations remain from these techniques such as the inconsistent mass shift be-
tween the labelled and unlabelled counterparts when uniform labelling is used. Incorporation
of specific isotopic amino acids is possible and desired when a consistent mass shift between
unlabelled and labelled pairs is required for the ease of data analysis. Another drawback is the
fact that, upon proteolysis, the standard peptides do not act as the endogenous peptides from
the sample because of the fold of the QconCAT protein. Even if the peptides are surrounded
by natural flanking sequences (FS) (i.e. the amino acid residues that immediately precede
and follow the peptide of interest within a larger protein sequence) to mimic the native protein,
the digestion efficiency will not behave 100% similarly to the synthetic protein.

Protein standards

Among all the standards used for absolute quantification, protein standards are certainly
the most ideal ones. Indeed, they exactly behave as the protein to quantify over the sam-
ple preparation process and they are spiked at the beginning of the protocol therefore taking
into account the experimental induced variations impacting the quantification. Comparison
between synthetic peptide standards with intact protein standards was investigated by Brun et
al. [52] and demonstrated that peptides standards resulted in smaller quantified amount than
with protein standards, probably due to the digestion efficiency and showed better accuracy
with the protein standards.

Several groups developed protein standards, among themost popular is the PSAQmethod,
the protein standard for absolute quantification, now protected by a trademark [52, 53]. The
main advantage of a full-length isotopically labelled protein standard is that it behaves exactly
as the endogenous protein of interest and is therefore the gold standard. Another asset is that
all peptides belonging to the protein are available for quantification in comparison to AQUA
strategy where the number of peptides is restricted due to the cost and time to synthesize the
wanted labelled peptide standards.

Limitations of this technique are essentially focused on protein production. High molecular
weight proteins will be difficult or even impossible to synthesize and purification steps can
be a laborious task as well as re-solubilization of the protein. Knowing that the fold of the
synthetically produced protein could be different from the native targeted protein, digestion
efficiency could be also influenced in that way. Intact protein standard are limited to non-
modified proteins when produced in cell culture, preventing the applicability of the method to
PTMs. In an attempt to allow the quantification of PTMs using protein standards, Singh et. al
[54] developed a novel tool consisting of a protein standard tagged with a peptide that will be
further used for the quantification of the produced protein. This labelled protein containing a
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labelled FLEX-peptide comes in complement to the addition of unlabelled FLEX-peptides that
allows interpretation of biological events (i.e. PTMs) by comparing the light peptide intensities
with the heavy ones. Indeed, as the standard protein is not modified, heavy peptides from the
standard protein act as references. Therefore any decrease in light peptide intensities can
be considered as a modification. It was named FLEXIQuant for full-length expressed stable
isotope-labelled protein for quantification. In a similar way, the RISQ protein (Recombinant
Isotope Labeled and Selenium Quantified) was developed by Zinn et. al [55] in which the
methionine residues are replaced by selenomethionine to allow quantification by ICP-MS. As
in the FLEXIQuant project, the standard protein does not contain any modification, allowing
the quantification of protein modifications.

2.3.6. Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) is amethod allowing the detection and quan-
tification of a substance, commonly a protein, in a liquid sample with the help of an antibody.
The principle relies on the binding between an antigen from a sample to be studied and a
specific antibody. Typically, the antigen to be tested is attached to particular surface. Then,
its antibody counterpart is added so that it binds to the protein of interest. This antibody is
either already linked to an enzyme or this latter is added as a second enzyme-conjugated
antibody that recognises the primary antibody. Finally, the addition of the enzyme’s substrate
generates a colour that is further detected. The presence of the analyte is confirmed either
qualitatively, by generating a colour when the complex antigen/antibody is created, or quanti-
tatively, by measuring the absorbance of the sample and comparing it to the concentration of
a standard curve of known concentration. There exist several types of ELISA tests that differ
by the order of introduction of the antibodies and antigens and how they are coupled together
(for further explanations see [56]), with advantages and drawbacks to either option.

In the biomarker validation phase, ELISA is the method of choice because of its sensitiv-
ity (up to picogram depending on the characteristics of the antibody-antigen interaction [5])
and specificity, that is highly attributed to the antibody-antigen binding approach. One of the
primary advantages is its ability to perform multiple analyses in parallel. Nevertheless, the
process cannot be scaled up or fully automated as it demands antibodies that are specific to
the protein of interest. These antibodies are not necessary immediately available on the mar-
ket and must often be generated which is a long and costly project. Furthermore, and once
the specific antibody is obtained, even though the approach is known and well documented,
the procedure requires methodological focus and improvement when a new antibody is used.
The methodology has to be validated for each new target. Expertise is required to conduct
this labour-intensive assay. Moreover, the multiplexing capacity of the ELISA is limited. Even
though, there has been remarkable advances in the multiplex era of the immunoassays [57],
they lag behind other strategies essentially because of a lack of automatization.
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2.3.7. PTMs characterization

Post-translational modifications (PTMs) are covalent chemical modifications occurring in
the cell after synthesis or throughout the life of the protein. They play a key role in the pro-
tein function through folding regulation, cellular localization or protein interactions and alter
the structural integrity and stability of proteins. The study of these important mechanisms can
help in diagnostic or prevention of disease and are therefore of great interest in the cell biology
field. In 2019, Sharma et al. summarized some of the clinically relevant PTMs associated with
proteins that are overexpressed in patients suffering from cancer [58]. MS-based techniques
are considered as mainstays for PTM analysis because of their high level of sensitivity and
specificity [59] Identification of PTMs can be challenging because of the stability of the modi-
fication, the efficiency of the detection tools, their low stoichiometry in complex samples and
also the database searching algorithm. These obstacles will be successively explained in the
next paragraphs.

The dynamic nature of proteins, temporally or spatially, as well as their changing modifi-
cations that add a layer of complexity in the proteome, makes the identification of PTMs a
tedious work. Glycosylation, phosphorylation, acetylation, methylation, ubiquitination are all
well-known modifications with precise functions in the cell. Depending on the nature of the
modification, some PTMs can be irreversible or reversible, this latter one being therefore even
more difficult to grasp as it is changing over time. Some modifications could occur in the cell
and reverse or be less stable during the sample preparation process. Phosphorylation of ty-
rosines, for example, is a modification rapidly replaced by protein phosphatases [60]. Such
modifications are then often underestimated because of their rapid kinetics. One has to con-
sider kinetics and stability of modifications to be able to understand the full picture. Other
chemical modifications could arise during the sample procedure. Consequently the biological
relevance of such modifications becomes insignificant. Careful assessment of such modifica-
tions is worthwhile to allow the true measurement of an in vivo protein modification state.

PTMs are usually studied using “bottom-up” proteomics approach where peptides are first
cleaved by a protease prior to MS analysis. The major limitation of this approach is the loss
of link between the analysed peptides and their respective protein. Typically, trypsin is used
as the enzyme to digest proteins. This choice limits the identification of several PTMs by re-
moving peptides with extremely short or long sequences and therefore a reduced sequence
coverage. The employment of other proteases or a combination of multiple proteases can help
reaching higher digestion efficiencies and could increase the sequence coverage of proteins
in complex mixture. Hence resulting in higher sensitivity of peptide analysis and their modifi-
cations. The majority of PTMs studies are acquired using the widespread DDA strategy. The
major limitation of this acquisition method is the loss of information due to the selection of the
TopN most intense ions. On the contrary, DIA can overcome this limitation by analysing all the
detected fragments simultaneously and therefore achieve deep proteome coverage. However,
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the use of DIA for PTMs analyses is still in its initial stage of development, even though some
promising attempts are being submitted [61, 62]. While shotgun proteomics is well established
for the PTMs analyses, the “top-down” approach begins to gain some popularity. By analysing
proteins instead of peptides, one gets rid of the digestion process and provide a global view
of protein isoforms and their PTMs [63, 64].

In a complex biological samples, peptides carrying a PTM are often drowned in the vast
amount of unmodified peptides. Their low abundance affects their detection and special en-
richment methods are thus necessary to detect them. By separating the modified and unmodi-
fied proteins or peptides thanks to immunoprecipitation-based techniques or chromatographic
methods, the complexity of the samples decreases and allows for better identification of the
modified peptides.

The identification of PTMs is generally done using database searching. Experimental
MS/MS spectra are matched to theoretical ones using database search tools in which the
user has included the modifications to target. As the proteome under study is potentially full
of PTMs that are not specified by the user, either known or unknown modifications, a large
number of spectra are being sidelined and therefore remained unexploited. New types of
search have been developed to expand the search space. The “open search” strategy relies
on the identification on peptides with any mass shift, corresponding to one or more modifica-
tions [65]. This prevents from specifying the modifications in the search and allows for the
discovery of new modifications. A drawback of the open search method is the identity and the
localization of the modification within the peptide which is unknown and must be recovered
using other computational characterizations. Another strategy is the “spectral pair” search
where the MS/MS spectrum of an unmodified peptide (previously identified in an initial search)
is compared to unassigned MS/MS spectra with similar retention time to that of the unmodified
peptide to provide mass shift differences corresponding to PTMs present in the sample [66].

2.4. Quantitative proteomics pitfalls

In section 2.3, various standardization approaches were discussed, each with its own ad-
vantages and limitations, and the choice of which to use depends on the specific type of quan-
tification needed. Despite the emergence of new proteomics strategies over the years that
aim to improve accuracy, reproducibility, throughput, and minimize bias, there is still no per-
fect quantitation method that is both fast and effective, with minimal bias throughout the entire
sample procedure. As shown in figure 2.6, each strategy is incorporated at a specific stage in
the protocol. The earlier the quantitation step is incorporated, the more accurate the quantifi-
cation. Additionally, the shorter the protocol, the less in vitro bias is introduced.
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Figure 2.6: Overview of the incorporation of the quantitation strategies into a typical sample preparation workflow.

Some strategies are limited to cell culture such as SILAC, where the mixing of the samples
under study is performed right after labelling leading to less in vitro variability between the two
samples and with a result depicting the true in vivo difference of the two conditions. Isobaric
and isotopic labelling referred as chemical labelling in figure 2.6 can be introduced before or
after protein digestion, but combining differentially labelled samples at the protein or peptide
level introduces errors during the previous stages of purification/fractionation and/or enzymatic
digestion. Peptides, concatenated and protein standards also encounter the same problem-
atic. Enzymatic labelling inserted during the protease digestion can also suffers from quanti-
tation bias and incomplete labelling. Post-processing techniques, such as feature detection,
retention time alignment, noise reduction, peak picking, and normalization of MS intensities,
are often applied in combination with different strategies to correct for differences in sample
preparation and instrumentation variations. Normalization methods vary and include summing
the intensities of all peptides, taking the mean of all peptides, using internal standards or con-
stant proteins, among others. The choice of strategy depends on the type of samples and
biological information required.

Absolute quantification is essential for biomarker validation and routine analyses. Targeted
label-based approaches are the most reliable techniques for clinical applications of biomark-
ers. Standards are spiked in known amounts during the experimental procedure and must
undergo AAA before utilization. In a typical proteomic workflow, proteins are submitted to a
purification/precipitation step to concentrate them and remove any contaminants. Then the
disulphide bonds are reduced, which serves to destabilize or denature the protein structure.
To prevent the disulphide bonds from spontaneously reforming, an alkylation step is carried
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out. The protein is subsequently digested into peptides using enzymes. A purification step is
sometimes performed on the peptides to clean the sample after digestion. The peptides are
then separated by liquid chromatography before entering the mass spectrometer, with stan-
dards for absolute quantification inserted at certain points in the protocol. Protein standards,
considered the gold standard, are spiked before the purification step to take into account all
the variability of the protocol. However, synthesizing the protein of interest is costly and time-
consuming. PCSs are cheaper, and multiple endogenous proteins can be quantitated using
only one artificial protein standard. Although this standard is introduced before enzymatic
digestion to remove any systematic errors associated with the digestion step, the cleavage
efficiency between the analyte and its standard is not always perfectly equal, resulting in quan-
tification bias. It has been demonstrated that the amino acids surrounding a trypsin cleavage
site directly affects the digestion efficiency [67–70]. The initial use of QconCAT did not include
the natural flanking sequences (FS) of the inserted peptides in the standard protein. However,
during this time, the peptide-concatenated standard (PCS) was developed, which included
the natural FS of the tryptic peptides. Different studies demonstrated the importance of the
incorporation of natural FS into the PCS to accurately quantify proteins [48, 52, 71]. Standard
peptides that can be spiked either before or after the protease digestion cannot consider the
bias from the efficacy of tryptic cleavage. Nevertheless, they help in diagnosing losses of pep-
tides during the digestion and the potential purification step that follows, or act as references
for quantification if injected before LC separation. However, caution should be taken as LC
separation may also induce losses that the inserted standards do not consider.

In the realm of quantitative proteomics, researchers have sought to standardize various
steps in the sample treatment process. Some groups have focused on optimizing i) the effi-
ciency of enzymatic digestion, ii) the reproducibility of measurements, and iii) the control of
LC-MS separation. As far as the enzymatic digestion yield is concerned, Burkhart et al. [72]
did not use stable isotope labelled peptides as standard but rather a systematic approach for
optimal and robust digestion of proteins. A four-steps procedure was applied for the deter-
mination of digestion yield, reproducibility and quantitation and is recommended to optimize
digestion conditions. Proc et al. [73] showed that the yield obtained with stable isotope pep-
tides is highly dependent on digestion conditions, which must be well-tuned, although there
is no one-size-fits-all solution since protein-dependent factors are at play. This statement
leads to the conclusion that the research of the best proteomic protocol is an utopia and that
optimization must go through the understanding and control of the limiting steps. This, of
course, must stand in the more reproducible manner possible, i.e. with the use of perfectly
standardized and reproducible protocols. Regarding the reproducibility of measure, 13 lab-
oratories collaborated on inter-laboratory studies aimed at developing proteomic standards
[74] to improve inter-laboratory reproducibility. Concerning the control of the chromatographic
separation, quality of the raw data is directly linked to the HPLC function. Highly stable and
reproducible LC separations are required for accurate quantification. Burkhart et al. [75] de-
veloped a quality control composed of a mixture of synthetic peptides that cover the entire
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standard LC gradient and allow for the monitoring of the parameters and performance of the
LC separation. Finally, Escher et al. [76] developed a robust method of RT prediction that
helps minimize RT variance between runs and improve robustness.

The proteomic community has exerted much effort in the research of a perfect standard-
ized method for precise protein quantification. Researchers have made progress by targeting
specific stages of sample treatment over the years [77–79]. However, none of the current
approaches account for all the potential biases that may arise during the sample preparation
process, as highlighted in this thesis.



3
Kit Quanta

3.1. Description and Strategy

In the context of the research of a gold standard for protein quantification in complex ma-
trices, we developed a toolkit that takes into account the experimental variations occurring
during the sample treatment namely the digestion efficiency of any proteomic workflow, the
control of the LC-MS separation, the reproducibility of measure, etc. We invested great efforts
in the design of the kit to universalize it. Therefore, any proteomic laboratory may use it, re-
gardless of the preparation processes and instrumentations.

The kit is composed of four different elements added at specific moment of the sample
preparation process and its representation is depicted in figure 3.1:

1. A protein that, after digestion, generates unique peptides, not existing in any biological
human matrices and that are subsequently monitored. Working with an entire protein
allows to spike the sample at the beginning of the process and therefore evaluate the
bias at the dawn of the experiment.

As the sample preparation process comprises several steps, it is important to assess the
bias of these different steps. For that purpose, three forms of labelled unique peptides
(the same as in the chimeric protein) are introduced in the kit:

2. Tryptic peptides with FS inserted at the same time as the chimeric protein. They will help
seek differences in digestion efficiencies whether the peptides are flanked on either side
by a certain number of amino acids or embedded in the protein.

28
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3. Tryptic peptides without FS also inserted before digestion to track bias unlinked to the
enzymatic digestion.

4. Tryptic peptides without FS introduced just before the LC-MS injection that act as refer-
ences.

This four-elements composition kit is supplemented by labelled specific peptides of the
protein to quantify when used in real life-size experiment. This last element ensures an exact
quantification of the protein to quantify whereas the kit allows to precisely point out the failure
of the experimental procedure if any.

Figure 3.1: Schematic representation of all the elements of the kit. The different levels of peptides are differentially
labelled. Labelled specific peptides coming from the biomarker to quantify is also introduced at the same time than
the fourth level and is a complement to the kit that is discussed in section 3.1.6.

The purpose and choice of these elements is the principal subject of the next paragraphs.

3.1.1. Impact of the structure on the protein digestion yield

We created a standard protein integrating two different structural configurations: a struc-
tured part associated to an intrinsically disordered domain. The goal of this chimeric protein is
to evaluate the digestion efficiency of the experimental protocol applied and therefore monitor
the accessibility of cleavage sites in function of two structural states belonging to two different
domains of the synthetic protein. To evaluate the digestion efficiency, a comparison between
the digestion yield from a peptide belonging to the entire protein and the one generated from
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the same peptide sequence having in addition short FS at both ends is considered. If clear dif-
ferences arise from the two domains, one can assume the propensity of the structural domain
of the protein to play a role in this difference which imposes a modification of the digestion pro-
tocol to ensure an optimal digestion. The efficiency of digestion can be influenced by various
factors, including the quaternary structure (which refers to the three-dimensional arrangement
of the protein), the tertiary structure (which involves the interactions between the protein and
its environment such as hydrogen bonds, hydrophobic and hydrophilic interactions, and ionic
bonds), the secondary structure (which is the specific arrangement of the peptide within the
protein, including α-helices, β-sheets, turn, coil, etc.), and the primary structure (which is the
sequence of amino acids in the polypeptide chain). All these levels of protein structure are
interconnected and influence the enzymatic digestion. The specific conformation of a protein’s
three-dimensional shape is determined by the sequence of amino acids. The enzyme prefer-
ably reaches solvent exposed and accessible amino acids, while cleavage sites that are buried
deeper in the protein structure are inaccessible. Additionally, the effectiveness of the enzyme
is also influenced by the amino acids surrounding the cleavage site.

A fusion or chimeric protein is the assembly of two different proteins or part of proteins
to generate a final product with the desired properties of each separated protein in a single
construct. In the case of this project, the characteristic of each domain is based on its con-
formation in the protein which must be structured in its first part and completely disordered
in a second part. The chimeric protein that we have obtained was synthesized by our collab-
orators at the University of Mons using two proteins, namely Q0KC03 and Q9F3S0, which
they have extensively studied in the past. The model protein for the structured domain is the
TRAP-type transporter (Uniprot ID: Q0KC03) from Cupriavidus necator (a Gram negative bac-
teria) of 342 amino acids. The secondary structure of this protein has been studied in detail
using X-ray diffraction [80] (PDB: 4P8B) and is composed of various arrangements such as
β-sheets, α-helices or turns. It is represented in a 3D view in figure 3.2.

Figure 3.2: 3D view of the PDB structure (4P8B) of model protein for the structured part of the chimeric protein.

The CopB protein (Uniprot ID: Q9F3S0) from C. metallidurans is used as the model protein
for the disordered part, consisting of 462 amino acids. Apart its extraordinary capacity to resist
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to a heavymetal environment, this protein is known to have a disordered sequence region from
amino acid 1 to 194 as mentioned in Uniprot from the MobiDB-lite automatic assertion method
[81]. The motif KMQGMDQGSMQGMDHS, beginning at amino acid 42 and constituting the
disordered area, repeats itself and assembles together eight times with a longer motif close
to the repeated one KMQGMDQGSMQGMDQGSMQGMDHS to give a resulting 153 amino
acids sequence (figure 3.3) used to make the disordered part of our protein.

Figure 3.3: Sequence of the CopB protein with the repeated motif of 153 amino acids highlighted.

Although it is feasible to connect the two domains directly, we opted to use a linker be-
tween them to enhance protein folding and production yield. The GGGGS linker was chosen
specifically for its small amino acid size, which promotes flexibility and optimal mobility of
the domains. The protein conformation should be thoroughly and experimentally analysed
to demonstrate its utility and further performance. For this purpose, a cleavage site will be
introduced between the two parts of the protein, besides the linker. Once synthesized, the
protein could therefore be structurally analysed in its entire form as well as in the two parts
of the protein separately, to render the conformational analysis easier. This cleavage site will
only be inserted for development purposes.

As cysteines were absent from both model proteins chosen, no cysteine residue is present
in the final chimeric construct. Even though disulphide bridges can stabilize protein structures,
cysteines were avoided as they are known to complicate recombinant protein production in
bacteria by misfolding or aggregation through mis-pairing of cysteine residues.

The chimeric protein was produced using a bacterial expression system, namely E. coli.
After optimization of the codons for the expression in E. coli, the DNA coding for our protein
was inserted into a plasmid expression vector pET, designed by ATUM (Newark, CA, USA).
The corresponding plasmid was introduced into a bacterial cell to produce the protein of in-
terest. Protein production and purification has been realised by the Proteomics and Micro-
biology Laboratory of the University of Mons, our collaborators. For the sake of purification,
a polyhistidine-tag (6× His tag sequence) was added at the C-terminus of the protein. The
critical steps here are the possibility to obtain a protein which is insoluble or forming inclusion
bodies or else difficult to purify.
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The proteins will not be utilized in their current state, as certain peptide sequences will be
substituted with more functional sequences, which will be discussed in the following section.
The difficulty of this stage is to retain the two desired structures.

3.1.2. How to choose the peptide sequences integrated into the synthetic pro-
tein standard

In addition to the chimeric protein releasing its peptides during digestion, three other sets
of peptides are added at specific points during the sample handling process, as shown in fig-
ure 3.1. The 1st, 2nd and 3rd levels are added prior to the enzymatic digestion step, while
the 4th level is introduced just before the LC-MS analysis. Each level contains the same set
of peptides and can be differentiated by their respective isotopic labelling, monitored by MS.
By incorporating each set of peptides at specific stages of the process, any issues with the
sample handling procedure or specific samples can be precisely identified. Additionally, any
deviations during an experiment can be localized using this comprehensive approach.

Some of 1st level peptides (digested from the chimeric protein) are associated with the
structured portion, while others are associated with the disordered portion. They allow to
assess the obtained bias from the very beginning of the sample process namely the likely pu-
rification of the complex matrices and its overall digestion procedure. As some peptides are
endogenous to the matrices of interest and other are exogenous (explained further), the first
ones are flanked with their three natural amino acids on either side of the peptide, to perfectly
reflect what happens in the endogenous protein.

The 2nd level peptides are made of peptides including three flanking amino acids on either
side of the peptide. These are useful for the determination of digestion efficiency, without
reflecting the influence of the protein structure, but only the primary structure of the peptide
chain. It is currently accepted that, six amino acid residues on either side of the peptide are
necessary for providing reliable quantification of a protein [69], i.e. to obtain identical rates of
proteolysis from the flanked peptides and the chimeric protein. In that context, the insertion of
twelve supplementary amino acids for each peptide would have greatly affected the structure
of the chimeric protein and considerably increased its size as well. Therefore, a good compro-
mise to obtain an equilibrium between proteolysis differences (from the flanked peptides and
the chimeric protein) and the 3D structure of the chimeric protein was to add three amino acids
on both sides of the standard peptides, only. Keeping in mind that, depending on the tested
protocol containing or not a denaturing step before digestion, the variation in trypsin cleavage
efficiency will only be attributed to the difference in the primary amino acid flanked sequence,
or allocated to this flanked sequence difference including structural effects of the protein.



3.1. Description and Strategy 33

The 3rd set of peptides, composed of tryptic peptides, allows to evaluate the loss of pep-
tides due to the digestion experimental procedure (degradation, peptide modification, adsorp-
tion due to lyophilisation…) but not the digestion itself, as the peptides are already tryptic.

The 4th level peptides act as reference peptide set, used for quantification.

Thus, each step of the sample process will be scrutinized to assess the efficiency of the
whole sample preparation protocol starting from the gathering of the complex biological sam-
ple to its LC-MS analysis.

The set of standard peptides introduced in the kit at different levels were carefully cho-
sen according to several criteria related to the quantification, the chemical synthesis and their
intrinsic properties (see hereafter). As far as quantification is concerned, a good standard
molecule must ionize well, be detectable and gives a stable intense signal. The kit developed
in the frame of this work wants to be “universal”, meaning that the inserted peptides must be
artificial to serve as standards for any kind of biological samples. They must also be catego-
rized as “proteotypic peptides”, meaning that they are found in only a single known protein
and therefore serves to identify and correctly quantify this protein. Being artificial implies that
they already meet the proteotypicity requirement as they uniquely identify to a chimeric pro-
tein. They must accurately represent the protein to quantify in a stoichiometric manner and
therefore should be free of PTMs and must not contain cleavage site. Peptides containing
amino acid residues prone to modifications during the sample preparation (i.e. oxidation of
methionine, deamidation of asparagine and glutamine, carbamidomethylation of cysteine and
phosphorylation of histidine) were systematically discarded. The peptide length, directly re-
lated to the m/z value, must be controlled to be ideally around 20 amino acids long, to provide
classical m/z values, corresponding to the mass range of the instrument. This property also
provides peptides representative of the average length of classical tryptic peptides, obtained
from natural proteins. To be suitable as a good set of standards, it is preferred that the cho-
sen peptides evenly distribute to a typical proteomic reverse-phase gradient to cover the wide
range of possible retention time in a complex matrix. For easier peptide synthesis, it is recom-
mended to reach a maximum of 60% hydrophobic amino acid residues.

As explained, the set of peptides is globally composed of exogenous peptides (exogenous
to the biological matrices), but endogenous peptides are also added to the set to bring a sup-
plementary and unique value to the kit. These endogenous peptides are carefully chosen from
an endogenous protein (to the matrices of interest) that is commonly clinically measured: the
complement component 4 (C4) protein. Figure 3.4 shows the theoretical intensity of each level
of peptide that we can obtain after an experimental procedure. In an ideal world, the intensity
of each level will be the same as no bias would arise from the protocol. Nevertheless, in reality,
loss occurs at each step of the process and is depicted in figure 3.4. For a same quantity of
protein/peptides injected, peptides coming from the 15N protein (1st level of peptides) are less
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intense than peptides coming from the 2nd level of peptides (*), themselves less intense than
the 3rd level of peptides (**), themselves again less intense than the 4th level of peptides (***)
acting as the reference set. Colours from figures 3.4 refers to the colours used in figure 3.1: in
green are the endogenous peptides and in pink the exogenous ones. Based on the reference
4th set of peptides (***) in pink (exogenous ones) and the 1st level of peptides (15N), both in-
troduced in the same known quantity, the yield of the all sample preparation process can be
evaluated. Based on the reference 4th set of peptides (***) in green (endogenous ones), a pre-
cise quantification of the complement C4 protein can be reached. The other levels (* and **)
serve as quality control to precisely highlight the bias in the middle of the sample preparation
and allow to improve and change the protocol to lose less.

Figure 3.4: Theoretical intensity of each level of peptides: 15N = 1st level of peptides, * = 2nd level of peptides, **
= 3rd level of peptides, *** = 4th level of peptides. Colours from figures 3.4 refers to the colours used in figure 3.1:
in green are the endogenous peptides and in pink the exogenous ones.

Let us assume that the value obtained from the clinical assay measurement for the com-
plement C4 protein is the true value. If we compare this value and the one obtained from the
LC-MS analysis described above, there will be a difference between these two values which is
due to the bias from the sample preparation process. With the calculation of the bias obtained
on the chimeric protein, can we transfer the bias obtained from the chimeric protein to obtain
the true value of the complement C4 using LC-MS ? Unfortunately, the answer is no, because
the conformation of the chimeric protein and the endogenous one, although similar, are not
identical. This is why the true value obtained by the clinical assay is useful: it allows us to cal-
culate a yield for the complement C4 thanks to 4th set of peptides (***) in green. This enables
the comparison of yield of purification between an intrinsic protein of the studied matrices and
the one from the chimeric protein.

To differentiate peptides belonging to the chimeric protein and the endogenous ones, the
chimeric protein is expressed in a media containing a 15N nitrogen source, typically 15N-
amonium chloride to yield a fully 15N isotopically labelled protein. To be able to use the kit
properly, we must be able to distinguish all levels of peptides from each other. As we also
want to evaluate the digestion efficiency thanks to the second level of peptides (the ones with
the FS) and as their proteolysis may be incomplete, the mass of the peptides with and without
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FS must also be distinguishable by mass measurement. While the 1st level peptides will be
fully 15N labelled, the other peptides, chemically synthesized, will be doubly labelled with 13C
and 15N isotopes. The main challenge is to wisely choose which amino acids are doubly la-
belled to avoid overlap in the isotopic distribution of each peptide. To facilitate the visualization
of these sets of peptides in the mass spectrum, the peptides are decreasing in mass from the
2nd level to the 4th level, the last level consequently being the lighter one. One level of the
non-natural peptides can be entirely not labelled as by definition they will not be present in the
complex matrices.

For a large range of unique peptides, we will obtain details of yield and recovery of each
peptide at precise incorporation time point of the sample preparationmethod. They will allow to
monitor and optimize the biases introduced during the different steps of the sample procedure.

3.1.3. Quantification in complex matrices

Standardization of quantitative measurements of proteins in biological matrices is a hard
task as the complexity or concentration of the fluids are different from matrix to matrix. Thus
the adoption of one specific protocol for all matrices seems inappropriate. The kit has been
specifically designed to be extremely useful for biological dosage in plasma, urine and CSF but
can also be applied on several other fluids in evaluating the efficiency of the sample handling.
The endogenous peptides included in the chimeric protein actually are present in the three
most common human biological fluids studied nowadays: plasma, urine and cerebrospinal
fluid (CSF). These matrices are of major interests for the research of protein molecular sig-
natures for prognostic, diagnostic and therapeutic purposes. Their collection is non-(to mini-
mally)invasive.

3.1.4. Different instrumentations

Transfer an MS-based quantification method from one laboratory to another is a difficult
task that involves different operators at different times and conditions. One can rapidly struggle
to standardize the whole method when it comes to biomarker validation. To overcome this ob-
stacle, we decided to assess the reproducibility of our kit in two different laboratories equipped
with different instrumentations. This multisite evaluation was not limited to the validation of all
the components of the kit in a real quantification assay but took place from the outset of the
development of this tool kit. Having two laboratories throughout the whole elaborating process
is a real asset as issues arising from one laboratory will not necessarily appear in the other lab
and inversely. The complementarity of both sites will help anticipate and precociously detect
any disruption of the elements of the kit.
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Distinct setups were used on both sites. An ACQUITY UPLC M-Class System (Waters,
Milford, MA, USA) composed of two successive columns: a nanoEase M/Z Symmetry C18
Trap Column (100 Å, 5 μm, 180 μm ×20 mm) and a nanoEase M/Z HSS T3 Column (100 Å,
1.8 μm, 75 μm ×250 mm), both commercialized by Waters, was used in Liège. An Ekspert
nanoLC 425 with a YMC Triart C18 trap column (120 Å, 3 μm, 0.3 mm x 5mm) followed by
a YMC Triart C18 column (120 Å, 3 μm, 0.3 mm x 150 mm) commercialized by YMC Eu-
rope GmbH (Dinslaken, Düsseldorf, Germany) was used in UMons. These sample separation
systems were respectively hyphenated to a Q Exactive™ Hybrid Quadrupole-Orbitrap™ mass
spectrometer (Thermo Fisher Scientific, Pittsburgh, PA, USA) and a TripleTof 6600+ (AB Sciex
part of Danaher, Washington, WA, USA ). The development phases essentially focused on the
Q Exactive™ Hybrid Quadrupole-Orbitrap™ mass spectrometer for the MS analysis in Liège.
The choice of this high resolution mass spectrometer for the conception phase was driven by
the need to evaluate the impurities degradation products, purity of labelling of the kit quanta
peptides with a high mass accuracy and dynamic range. Known for its excellent selectivity
and sensitivity, selected reaction monitoring (SRM) analysis executed on a Xevo TQ-S Triple
Quadrupole mass spectrometer (Waters, Milford, MA, USA) will be later used during the final
phase of quantification assay.

3.1.5. PTMs and quantitative studies

Peptides easily subject to modifications are generally discarded from accurate protein
quantification study. They will effectively introduce bias in the quantification because their
intensities will not reflect the injected quantity in the sample but a reducing one due to a cer-
tain percentage of this standard being modified during the sample preparation. Even if the
non-quantotypic peptide is added as standard at the end of the sample preparation process
before the LC-MS analysis, error in quantification can still rise during this short time period. In
any cases, the percentage of modification may not necessarily be equal between the standard
and the analyte to quantify.

Despite these obstacles, it seemed necessary to create a kit that will allow to assess the
level of frequent chemical modifications occurring in peptides. For this purpose, we introduced
a supplementary set of non-quantotypic peptides dedicated to assess this phenomenon. Two
frequent modifications will be taken into account by the kit and will therefore take the form of
two peptides, each for one modification. These should be chosen among the endogenous pep-
tides to have the possibility to be quantitated before the addition of the standard to the sample.
Three endogenous peptides will be chosen for the accurate quantification of the endogenous
protein present in plasma, urine and CSF. Thanks to this quantification, we could inversely
found the intensity of the potentially modified peptides coming from the endogenous protein
and deduce the percentage of modification for these peptides. The condition being that, at
the time of the introduction of the peptide standard (2nd, 3rd or 4th level), their percentage of
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modification must be perfectly controlled. One possibility is to lyophilize these peptides to pre-
vent them from modifications and solubilize them right before their introduction in the sample.
Taking into consideration some modifications is an asset in comparison to other contestants
who develop standardization kit of quantification.

It is generally admitted that a minimum of two peptides is required for accurate quantifi-
cation of proteins. For even better accuracy, we opt for three endogenous peptides. Two
non-quantotypic peptides containing one frequently encountered modifiable amino acid each
and belonging to the same endogenous analyte are also added to the kit. A total of five en-
dogenous standard peptides coming from a protein shared by three frequent biological fluids
are thus inserted in the kit.

3.1.6. Complement to the specific labelled peptides of targeted proteins

The aim of the kit is to act as a quality control of the whole sample workflow starting from
the sample storage to the LC-MS analysis. Any variability of the process will be highlighted by
the different sets of standard peptides or protein appended in the kit. In addition, complement
C4-A protein could be absolutely quantified thanks to the endogenous standard peptides. For
biomarker quantitation, specific labelled peptides of the targeted proteins are required and
can be inserted at the end of the experimental protocol with the fourth level of standards as
depicted in figure 3.1. These two complementary elements will help us to i) select the best
protocol that allows to reduce the bias at any step of the process, ii) to control the performances
during a longitudinal study and iii) to quantify the protein of interest thanks to the use of their
heavy synthesized peptide counterparts.

3.2. Results and discussion

3.2.1. Theoretical and experimental establishment of endogenous and exoge-
nous target peptides

Nowadays, selection of peptide candidates for targeted MS-based proteomics quantitative
assays has been largely facilitated by data sharing of laboratories through public reposito-
ries. Limiting the peptide choice to its own empirical data only offers a list of peptides from
one single type of instrument and therefore reduces the panel to a specific ionization tech-
nique, mass spectrometer and often same biological matrices. ProteomeXchange [82] is a
consortium gathering MS proteomics data around the world and contain repositories such as
Proteomics Identification Database (PRIDE) [83], PeptideAtlas [84] or Mass Spectrometry In-
teractive Virtual Environment (MassIVE) [85] among others. The access to these open-source
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public empirical databases greatly increases the success rate of an experiment containing
standard peptide analytes. Indeed, if they are present in a database, it means that they have
already been detected by MS and so that they ionize correctly. Theoretical approaches based
on bioinformatics tools can predict peptides detectability, retention time, proteolysis but are
generally less reliable than empirical methods. Nevertheless, in some cases where informa-
tion is missing, bioinformatics can be of great help.

For our purpose, PeptideAtlas seemed the best data repository as it comprises data from
a large set of proteomics experiments collected over several organisms and allows to apply
various research criteria. For the selection of the exogenous peptides, we selected different
human databases present in the PeptideAtlas repository and applied some filters to obtain
proteotypic peptides, namely a uniquely mapping peptide (Nprotein mappings = 1), multiple
observations (number of spectra identified to this peptide Nobs > 1), allowing to detect a pro-
tein via this peptide (relative to other peptides from the same protein) thanks to an empir-
ical observability score > 0.3 and with no missed cleavage. Only peptides with a peptide
length between 6 and 20 amino acid residues were kept and those containing methionine,
asparagine, glutamine, cysteine and histidine were systematically removed for better quanto-
typic behaviour and hence better quantification. To facilitate chemical synthesis, peptides with
successive amino acid repetition were discarded. In order to select the exogenous peptides,
one has to change at least one amino acid in the sequences from the human database. Conse-
quently, the endogenous sequences become exogenous as desired. A comparison between
these new modified peptide sequences against a database is essential to ensure the non-
equivalence in the human proteome and is done thanks to the Basic Local Alignement Search
Tool (https://blast.ncbi.nlm.nih.gov). These selected peptides were then classified according
to their hydrophobicity index using the Sequence-Specific Retention Calculator (SSRCalc) [86]
to efficiently spread the set of peptides along the elution window.

The same criteria were used in PeptideAtlas for the selection of the endogenous peptides
with the addition of specific residues prone to modifications. The choice of the modifications
to be targeted in the kit was evaluated thanks to an inter-laboratory statistical analysis that
has been conducted between ULiège and UMons on the same plasma sample. We evalu-
ated the extent of frequent modifications on our respective instrumentations. Data treatment
was homogenized to be able to compare the results. Methionine oxidation and deamidation
of asparagine or glutamine are common modifications both observed in vivo or in vitro experi-
ments and we therefore focused our analyses on thesemodifications. Oxidation of methionine-
containing peptides of 26.7% and 24.0% were detected with the instrumentations of Liège and
Mons respectively. Deamidation of asparagine and glutamine-containing peptides represents
12.2% and 6.0% in ULiège datasets and 9.0% and 2.5% in UMons datasets. These similar
results between our two laboratories shows that methionine oxidation and asparagine deami-
dation are the most prevalent modifications and have therefore an interest to be considered in
the standardization kit. One peptide with one methionine and another one with an asparagine
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were then inserted in the set of five endogenous peptides. The three other peptides being
bereft of modifiable amino acids. We first focused our research on abundant proteins present
in the threematrices of interest (plasma, urine and CSF) such as albumin (Uniprot ID: Q56G89)
or lysozyme (Uniprot ID: P61626). But these proteins are often depleted from complex ma-
trices before any other sample preparation therefore drastically reducing the number of lab-
oratories that could use the full potential of the kit. On the basis of the Kit Seppro® IgY14
commercialized by Merck (Darmstadt, Germany), we discarded these 14 proteins as potential
endogenous peptide’s candidates because of their likely possibility of being removed in many
proteomic laboratories worldwide where depletion is often part of a typical proteomics protocol.
Lists of proteins from human plasma, urine and CSF were merged and correlated with a refer-
ence source of clinically dosed proteins from the University Hospital Centre of Liège accessi-
ble online (https://www.chu.ulg.ac.be/jcms/c_355424/fr/referentiel-des-examens-realises-par-
l-unilab-lg) to have an external reference point for the quantification. Only one protein meets
all these criteria: the complement C4-A (Uniprot ID: P0C0L4). Discovery analyses were then
realized on plasma, urine and CSF to select common peptides from P0C0L4 between the
three matrices. Plasma sample from Belgian blood donors was obtained from the Belgian
Red Cross; Urine sample was a pool obtained from 6 healthy donors from the MSLab; CSF
sample from pooled donors was purchased from Tebu-Bio. Normal color of CSF should be
clear and colorless, the sample from Tebu-Bio is yellow indicating a probable blood contamina-
tion. A protein assay of the CSF sample indicated a 10- to 20-fold higher protein concentration
than normal. Blood contamination of CSF is known to be difficult to avoid during lumbar punc-
ture for collection of CSF [87]. However, PeptideAtlas search within the repositories showed
the presence of the complement C4-A in the three matrices. We matched the lists of comple-
ment C4-A peptides from the three matrices and only one peptide was found in common. The
urine list was the limiting factor. We picked the common peptides between plasma and CSF
and run a target analysis on the urine sample. We succeeded to select five peptides with pro-
teotypic and quantotypic criteria, having between 15-20 amino acids in length and which are
detectable in the three matrices. Two of them containing one methionine or one asparagine
residue to assess the methionine oxidation and the asparagine deamidation.

The structures of the chosen peptides were theoretically predicted using online available
resources (namely the SOPMA [88] and the CFSSP [89] prediction servers) and mutually cor-
related. The purpose was to replace an intrinsic peptide in the two model proteins by a peptide
with the same secondary structure to avoid structural change in the final chimeric protein. As
far as the disordered protein is concerned, inserted peptides must be characterized by non-
ordered structures region to keep this part of the chimeric protein unstructured.

A total of 11 peptides were inserted in the chimeric protein by replacing an existing pep-
tide sequence of the structured domain and by adding a non-ordered structure peptide in the
unstructured region. There was a balance between the number of peptides to add in each re-
gion to not disturb too much the structure but also to have a large panel of peptides available
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as standards and not having a protein with a mass higher than 100 kDa. Adding six exoge-
nous and 5 endogenous peptides was a good compromise. Three exogenous peptides were
replaced in the structured region and three others were added to the disordered one. The
exogenous peptides will serve as standard indicators of the digestion kinetics in terms of em-
bedded or dislodged peptides in the protein. For better release of the endogenous peptides
and to ensure reliable quantification of the endogenous protein, the 5 endogenous peptides
were included in the disordered region. The list of the 11 chosen peptides is shown in table
3.1. With the insertion of the standard peptides in the model proteins, double cleavage sites
appeared (i.e. the succession of K and R, R and K, R and R or K and K). Some of them
were already present in the sequence of the two model proteins and were removed by the
replacement of one K or R by a histidine residue. Only one double cleavage site (K450 and
K451) was kept in the disordered region to evaluate the influence of different digestion on this
peptide.

Table 3.1: List of the 11 peptides sequences inserted or replaced in the chimeric protein and their characteristics.
Themonoisotopicmass, the peptide length, the hydrophobic index calculated with the Sequence Specific Retention
Calculator [90] choosing a 100Å, C18 column with 0.1% formic acid separation system to correlate with our system,
the structure of the peptide as it was in its intrinsic protein obtain with the SOPMA online resource, the protein
domain in which each peptide is included and their endogenous or exogenous nature.

Sequence Mono. MM (Da) Peptide length H.I. Peptide structure Protein domain Endo or exo

GGVTGSPDASISGSK 1318.6365 15 N/A coil disordered exogenous
AGVTGSPEASISGSK 1346.6678 15 18.35 coil disordered exogenous
VHDPTEEATPTPFGK 1624.7733 15 21.94 coil disordered exogenous
LELSVDGAK 930.5022 9 20.46 coil disordered endogenous
EMSGSPASGIPVK 1258.6227 13 21.59 coil disordered endogenous
VDFTLSSER 1052.5138 9 24.57 coil disordered endogenous
FGLLDEDGK 992.4815 9 27.62 coil disordered endogenous
SFFPENWLWR 1380.6620 10 50.58 coil disordered endogenous
LDSDLYLELR 1235.6398 10 41.34 α-helix structured exogenous
TILWIGLAGEEGSR 1500.7636 14 44.31 β-sheet structured exogenous
ESLLVSAWSEELISK 1689.8825 15 47.51 α-helix structured exogenous

3.2.2. LC-MS response of the Kit Quanta peptides

The 11 peptides belonging to the list established to be part of the kit was synthesized before
pursuing the development of the kit to ensure the reliability of all peptides. Eurogentec pro-
vided 1 mg of each peptide in a lyophilised form. The first critical point was the solubilisation of
the peptides. Several parameters affect their solubility such as their isoelectric point, the num-
ber of charges, the nature of their amino acids or the length of the peptides. To ensure a good
solubility of the peptides and facilitate the work of the future users, the set of peptides was sol-
ubilized in the same solvent: H2O/ACN 50/50. All the peptides were soluble in this solvent and
samples of 2 mg/ml per peptide were aliquoted and stored at -80°C. The standards were first
injected in direct infusion on a Q Exactive™ Hybrid Quadrupole-Orbitrap™ mass Spectrometer
to check for impurities, exact mass and ionization. They were then injected in LC-MS alone,
altogether and then altogether in a complex matrix to evaluate the effect of the mix and the
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matrix on the retention time and on the potential ionization suppression.

The peptides were mixed together to reach 200 fmoles of each peptide in the sample for
an injection volume of 9 µL. The sample was injected using LC-MS/MS with a 150 minutes
elution gradient. As can be seen from figure 3.5, the 11 peptides ionize well and are evenly
distributed along the gradient. With the same quantity injected for each peptide, ionization
efficiency is clearly different from one peptide to another as their intensity greatly varies. Ion-
ization efficiency is dependent on multiple factors such as the sample matrix, the solvent and
the physicochemical properties of the analyte. In our case, SFFPENWLWR, LDSDLYLELR,
TILWIGLAGEEGSR and ESLLVSAWSEELISK are the peptides with less response in MS.

Figure 3.5: Chromatogram of the 11 kit quanta peptides analysed using LC-MS/MS on a Q Exactive™ Hybrid
Quadrupole-Orbitrap™ mass spectrometer equipped with a nanoLC MClass system using a 150 minutes elution
gradient. Peptides were injected at 200 fmoles in 9 µL each.

The peptides with FS were also synthesised and analysed in their current form by LC-MS.
Even though this form of the peptide will not be present as these peptides are introduced before
the enzymatic digestion in the sample preparation process, they should be detectable with their
FS to evaluate their digestion efficacy. Figure 3.6 resumes the peptides with and without their
FS injected altogether with or without matrix. In blue, the peptides are mixed altogether and
injected at a concentration of 22.2 nM each (injection of 9 µL = 200 fmoles) and in red, the mix
of peptides is spiked into a plasma digest injected at a concentration of 0.075 µg/µL (injection
of 9 µL with 0.675 µg of plasma and 200 fmoles of each peptide). Peptides with FS as well as
peptides without FS are detectable and we observe that in the presence of a matrix peptide
intensity is higher for the majority of peptides probably due to the lower propensity of peptides
adsorption on the vials due to the coating of the matrix. Signal suppression linked to a matrix
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effect is not encountered with these peptides.

Figure 3.6: Integrated area of the 11 kit quanta peptides with and without their FS. The peptides are sorted as they
are in the sequence of the chimeric protein. These peptides were injected altogether without matrix (blue dots) or
with plasma (red square).

In conclusion, the whole set of peptides (with and without FS) is easily detectable without
matrix and even more when spiked in a plasma digest. Furthermore, they span the whole
gradient range of the chromatographic separation and are thus a good set of standards for the
purpose of standardization quantification.

3.2.3. Purity of isotope-labelled internal standard

Production of the fully 15N isotopically labelled protein was obtained by expressing the pro-
tein in a 15N media nitrogen source whereas the labelled peptides where chemically synthe-
sized using 13C and 15N labelled amino acid. The 15N chimeric protein has an average mass
of 71,008.5202 Da and a monoisotopic mass of 70,966.5215 Da; the monoisotopic mass of its
peptides can be observed in table 3.2. Several factors were taken into considerations to yield
a labelling strategy. The labelling must only cover amino acids on the short peptides (not the
FS) as after digestion the short version appears and must therefore be distinguishable from
the other levels. In table 3.2, both the 2nd level with and without FS were added because the
monoisotopic mass of the peptide without FS must be taken into account for the labelling strat-
egy but it is the entire peptide (with FS) that will be synthesized. Nevertheless, the digestion
processmay not be complete and peptides with FS could be detected as well but their retention
time will be different from the other levels and will be distinguishable. The exogenous peptide
could have a level without labelling because they do not exist in the complex matrices studied.
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On the contrary, all levels of the endogenous peptides must be labelled. To avoid overlap
in their isotopic distribution between two peptides, a difference in mass of 5 Da between the
monoisotopic mass of the peptides is a strict minimum. Below that the overlapping can be
critical by representing a certain percentage of the isotopic distribution of the other peptide.
The theoretical isotopic distribution of each peptide was examined to ensure this non-overlap.
The maximum overlap was obtained for the VDFTLSSER peptide between the 1st level and
the 3rd level where 0.08% of the isotopic distribution of the 1st level peptide is common to
the isotopic distribution of the 3rd level peptide. The majority of the overlap percentage was
below 0.001% without reaching more than 0.08%. The difference in mass of 5 Da is a compul-
sory restriction for the same peptides with different levels of labelling. Some peptides (distinct
ones) are closer in mass (for example the 1st level of EMSGSPASGIPVK and the 2nd level
without FS of LDSDLYLELR with only 1.14 Da of difference) but they will be distinguishable by
their retention time. Figure A.1 exhibits the mass spectra of two experimental sets of peptides,
chosen arbitrarily.

Table 3.2: Sequences of the 11 kit quanta peptides listed as they are ordered in the chimeric protein and their
labelling. In purple, the 15N isotopically labelled amnio acid (1st level peptides coming from the chimeric protein)
and in blue, the 13C and 15N labelled amino acid (2nd, 3rd and 4th level peptides). The monoisotopic mass of
each labelled peptides was also added to have a quick overview of the succession of the peptides in the mass
spectrum: the 4th level being the lighter one, followed by the 3rd level and the 2nd level. The 1st level of peptides
being randomly placed between levels because of its fixed mass determined by the complete 15N labelling.

Sequence Peptide level Mono. MM (Da)

ESLLVSAWSEELISK 1st level 1710.8203
WGKESLLVSAWSEELISKINI 2nd level with FS 2430.3550
ESLLVSAWSEELISK 2nd level without FS 1718.9482
ESLLVSAWSEELISK 3rd level 1697.8967
ESLLVSAWSEELISK 4th level 1689.8825
TILWIGLAGEEGSR 1st level 1516.7162
LEKTILWIGLAGEEGSRHEV 2nd level with FS 2264.2538
TILWIGLAGEEGSR 2nd level without FS 1528.8323
TILWIGLAGEEGSR 3rd level 1510.7719
TILWIGLAGEEGSR 4th level 1500.7636
LDSDLYLELR 1st level 1253.5864
ESKLDSDLYLELRHGL 2nd level with FS 1925.0507
LDSDLYLELR 2nd level without FS 1273.7167
LDSDLYLELR 3rd level 1263.7084
LDSDLYLELR 4th level 1235.6398
GGVTGSPDASISGSK 1st level 1335.5861
HSKGGVTGSPDASISGSKHMQ 2nd level with FS 2094.0393
GGVTGSPDASISGSK 2nd level without FS 1345.6955
GGVTGSPDASISGSK 3rd level 1326.6507
GGVTGSPDASISGSK 4th level 1318.6365
AGVTGSPEASISGSK 1st level 1364.6144
HSKAGVTGSPEASISGSKHMQ 2nd level with FS 2122.0706
AGVTGSPEASISGSK 2nd level without FS 1373.7268
AGVTGSPEASISGSK 3rd level 1354.6820
AGVTGSPEASISGSK 4th level 1346.6678
FGLLDEDGK 1st level 1002.4518
YVRFGLLDEDGKKTF 2nd level with FS 1835.0359
FGLLDEDGK 2nd level without FS 1030.5647
FGLLDEDGK 3rd level 1020.5375
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FGLLDEDGK 4th level 1012.5233
EMSGSPASGIPVK 1st level 1272.5812
LVREMSGSPASGIPVKVSA 2nd level with FS 1922.0971
EMSGSPASGIPVK 2nd level without FS 1284.6784
EMSGSPASGIPVK 3rd level 1278.6646
EMSGSPASGIPVK 4th level 1266.6369
LELSVDGAK 1st level 940.4726
EGKLELSVDGAKQYR 2nd level with FS 1726.9574
LELSVDGAK 2nd level without FS 965.5754
LELSVDGAK 3rd level 955.5545
LELSVDGAK 4th level 947.5340
VDFTLSSER 1st level 1064.4783
SPKVDFTLSSERDFA 2nd level with FS 1720.8653
VDFTLSSER 2nd level without FS 1075.5531
VDFTLSSER 3rd level 1069.5393
VDFTLSSER 4th level 1058.5276
SFFPENWLWR 1st level 1396.6141
PVRSFFPENWLWRVET 2nd level with FS 2109.1433
SFFPENWLWR 2nd level without FS 1427.7623
SFFPENWLWR 3rd level 1407.7079
SFFPENWLWR 4th level 1387.6787
VHDPTEEATPTPFGK 1st level 1637.7348
HSKVHDPTEEATPTPFGKMQG 2nd level with FS 2319.1354
VHDPTEEATPTPFGK 2nd level without FS 1650.8289
VHDPTEEATPTPFGK 3rd level 1631.7841
VHDPTEEATPTPFGK 4th level 1624.7733

Quantification of these standards must be as accurate as possible to ensure the reliability
of the method. Exact knowledge of peptide quantity is required for the utilisation of the kit. To
date, AAA is the method of choice to quantify peptides or proteins [91]. After synthesis, all the
peptides were therefore quantified with this technique. The amino acid used for the quantifi-
cation were either unlabelled either labelled amino acid and even for some a mix of both. For
the peptides uniquely quantified using labelled amino acid, the quantification only takes into
account the labelled amino acid therefore any contribution of unlabelled peptide will not be
considered. So, for those peptides, even if the rate of isotope incorporation is not 100%, the
unlabelled percentage will not be comprised in the quantification and will not introduce bias.
On the contrary, peptides quantified using unlabelled amino acids or a mix of unlabelled and
labelled amino acid need to be analysed to evaluate the unlabelled contribution in the quan-
tification. Measuring the rate of isotope contribution is rather straightforward with peptides
containing only one labelled amino acid by comparing the area of the labelled peptide and its
labelled counterpart. In our case, the unlabelled counterpart greatly differs in mass as multiple
amino acid are labelled in a peptide. The probability to detect the completely unlabelled pep-
tide is low. This assumption is verified in each of the spectrum where no unlabelled peptide
could be observed. In addition, the isotopic purity of the 13C and 15N labelled amino acids used
for the labelled peptides synthesis is 99%, leading to a very limited bias in the quantification.

A solubilisation protocol was established between ULiège and UMons. Thanks to the AAA
quantification, the exact quantity of peptide in each tube was known. Each peptide was first
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solubilized at 0.5 mM in H2O/ACN 50/50, then aliquoted by 5 µL and 100 µL before being
finally stored at -80°C. For easier use of the kit, mix of peptides from same levels were also
realised then aliquoted and stored at -80°C.

To verify the AAA quantification as well as the solubilisation protocol, 3rd level and 4th level
peptides were injected together at the same concentration. These peptides sharing the same
amino acid sequences and having therefore the same ionization efficiency should have the
same intensity if they are injected at the same concentration. Pool of 3rd level and 4th level
peptides were mixed together and diluted to a final concentration of 11,11 nM with H2O/TFA
0.1 % to inject 9 µL (100 fmoles of each peptide) in LC-MS/MS. The dilution was done in
triplicates. Data were processed in the Skyline software [92] (MacCoss Lab Software, Uni-
versity of Washington, WA, USA) and mean of the integrated areas are reported in figure 3.7.
Comparing the 3rd and 4th level, they all have the same intensity regarding the error bars
given for the three replicates of the experiments meaning that the AAA quantification seems
correct and that the solubilisation and dilution were done properly for all the peptides. There
is, however, an exception for the peptide AGVTGSPEASISGSK. Indeed, the error bars do not
overlap between the 3rd and 4th levels for this peptide. Looking at table 3.3 containing the
mean, the standard deviation and the coefficient of variation of each peptide for both the 3rd

and 4th level, we observe tiny coefficient of variation for AGVTGSPEASISGSK. This explains
the non-overlapping error bars although the means are relatively similar between the 3rd and
the 4th level.

Figure 3.7: Integrated area of the 3rd and 4th level peptides of Kit Quanta injected at the same concentration in
triplicates. Peptides are ordered as they are in the protein.
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Table 3.3: Mean, standard deviation (SD) and coefficient of variation (CV) of the kit quanta peptides from the 3rd
and 4th levels

Peptides 3rd level 4th level
Mean SD CV [%] Mean SD CV [%]

ESLLVSAWSEELISK 1.95 ·108 9.97 ·107 51 2.26 ·108 1.17 ·108 51.5
TILWIGLAGEEGSR 2.01 ·108 8.20 ·107 40.9 1.98 ·108 8.20 ·107 41.3
LDSDLYLELR 4.63 ·108 2.04 ·108 43.9 4.49 ·108 1.95 ·108 43.4
GGVTGSPDASISGSK 1.09 ·1010 1.43 ·109 13.1 9.05 ·109 1.19 ·109 13.1
AGVTGSPEASISGSK 6.41 ·109 2.15 ·108 3.4 5.57 ·109 1.88 ·108 3.4
FGLLDEDGK 4.79 ·109 5.41 ·108 11.3 4.37 ·109 5.49 ·108 12.6
EMSGSPASGIPVK 4.96 ·109 6.26 ·108 12.6 5.55 ·109 7.34 ·108 13.2
LELSVDGAK 4.60 ·109 6.02 ·108 13.1 5.29 ·109 6.89 ·108 13
VDFTLSSER 3.14 ·109 7.86 ·108 25 2.94 ·109 7.20 ·108 24.5
SFFPENWLWR 1.36 ·108 6.00 ·107 44.1 1.46 ·108 6.48 ·107 44.5
VHDPTEEATPTPFGK 4.03 ·109 1.77 ·109 44 3.84 ·109 1.71 ·109 44.4

The 15N chimeric protein standard was carefully checked for purity using SDS-PAGE. The
stain was a Coomassie brilliant blue R-250 for which the detection limit is between 8 ng and
10 ng [93]. 5 µg of the chimeric protein were spotted on the gel and only one band appeared,
consequently resulting in 99.8% minimum purity. In figure 3.8, we observe a band slightly
above 70kDa which is the expected mass of the protein (MM = 71,008.5202 Da).

Figure 3.8: SDS-PAGE of the 15N chimeric protein.

3.2.4. Conformation analysis of the chimeric protein

The spatial assembly of secondary structure elements may not be similar as the domains
are attached together or free. Although the polypeptide backbone plays a critical role in de-
termining the conformation of a protein, interactions can also occur between elements of the
structured and disordered regions due to tertiary interactions. As a result, analysing the entire
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protein is essential to fully understand its structure. Many different approaches have been
used to comprehend the tridimensional structure of the chimeric protein and will be discussed
in the next sections.

Theoretical approaches

Based on the SOPMA and the CFSSP online software, the chimeric protein secondary
structure was theoretically predicted and can be seen in figures 3.9 and 3.10. H or h, E or e, T
or t, C or c (upper cases correspond to the CFSSP predictor, lower cases to the SOPMA one)
respectively correspond to α-helices, extended strands, β turns and non-ordered structures.
According to the SOPMA predictor, 14.91% of the chimeric protein is in an extended strand
conformational state, 30.43% in α-helices, 41.30% in non-ordered structures and 13.35% in
β turns. The non-ordered structure state is essentially found in the so-called disordered part
of the chimeric protein and the majority of the 8 standard peptides in this domain also contain
a large proportion of non-ordered structures as we build it. Concerning the three peptides
in the structured region, LDSDLYLELR and ESLLVSAWSEELISK are predicted to be in an
α-helix conformational state as expected (see table 3.1. TILWIGLAGEEGSR, even though
containing a one-half proportion of non-ordered structure, is categorized in β-sheet conforma-
tion. As for the CFSSP prediction, it matches less to the conformational domain we imagined:
the repeated motif from the CopB protein known to have no apparent structure is not recog-
nized as a non-ordered structure using this algorithm. Therefore reducing the proportion of
non-ordered structure to 12.42%. The extended strand conformational state reaches 22.05%,
the β turns 9.32% and the α-helices rises to 56.21%. Only half of the chosen coil peptides
are foreseen as non-ordered structure sequences (GGVTGSPDASISGSK, AGVTGSPEASIS-
GSK, EMSGSPASGIPVK and VHDPTEEATPTPFGK).
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Figure 3.9: Sequence of the chimeric protein and its theoretically structure predicted using SOPMA. h, e, t, c
are for α-helices, extended strands, β turns and non-ordered structures. Bold and highlighted amino acids in the
sequence are the 11 standard peptides.
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Figure 3.10: Sequence of the chimeric protein and its theoretically structure predicted using CFSSP. H, E, T, C
are for α-helices, extended strands, β turns and non-ordered structures. Bold and highlighted amino acids in the
sequence are the 11 standard peptides.

Circular dichroism

We first evaluated the secondary structure of the chimeric protein using far-UV circular
dichroism (CD) spectroscopy. CD measurements can be easily used to see at a glance the
presence of α-helices (at 222nm and 208nm) [94]. Even though CD cannot point out the
exact localization of α-helices, β strands, turns or non-ordered structures, the content of pro-
tein secondary structure can be estimated based on different algorithms. Different solvents
were tested for CD measurements, physiological as well as denatured solvents. Tris 50 mM
NaCl 150 mM pH 7.5 (solvent in which the chimeric protein is dialysed after its production),
NaH2PO4/Na2HPO4 20 mM pH 7.5 (typical solvent used in CD measurements) and NH4HCO3
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50 mM pH 7.5 (tested because this solvent is the one used in the digestion protocols in our
laboratory). Urea was also tested as a denaturant in different concentrations: 1 M, 3 M and 6
M.

Measurements were recorded on a Jasco J-810 spectropolarimeter using a 1mm path
length quartz Suprasil cell (Hellma) and scanning from 260 to 190 nm. A concentration of 0.1
mg/ml is ideal for CD recordings but due to the limited amount of chimeric protein we had, we
did not reach this concentration for all the different solvents. Data were therefore normalized
with their respective concentration afterwards to allow the comparison between the solvents.
The protein concentration was determined bymeasuring the absorbance of the samples at 280
nm. The CD parameters were set as follows: scan accumulation = 4 times, digital integration
time (DIT) = 1s, bandwidth = 1 nm, data pitch = 0.1 nm, scanning speed = 50 nm/min, measure
range = 260 - 190 nm, acquisition temperature = 20°C. Three different algorithms were used
to calculate the secondary structure content of the protein: SELCON3 [95], CDSSTR [96] and
CONTINLL [97] using the CDPro software [98]. The reference data set was chosen based on
the range of the input data and the nature of the reference proteins. Our datasets going from
260 to 190 nm brought us to the choice of the SMP56 references sets (including the SP43
datasets) containing 43 soluble proteins and 13 membrane proteins. This reference data set
well corresponds to the experimental parameters and the nature of the targeted protein. Other
reference datasets containing denatured proteins were also tested.

Tris NaCl and urea are solvents commonly not used in CD spectroscopy as it absorbs in
the far-UV region. CD spectra were recorded with these solvents and the tension signal was
checked to remove any signal arriving at saturation (tension > 600 V). In the following graph,
Tris NaCl curve begin at 195 nm because below the tension signal was saturated due to the
absorption of the solvent. The signal saturated at 204 nm, 207 nm and 209 nm respectively
for urea 1 M, 3 M and 6 M. Figure 3.11 shows the evolution of the mean residue ellipticity of
the chimeric protein in different solvents in function of the wavelength. All the solvent condi-
tions exhibit similar CD profiles characterized by very low ellipticity above 210 nm which is
typically observed in disordered protein. A protein containing 100% α-helices has a [θ]MRE

roughly equals to -35,000 deg.cm2.dmol−1.residue−1 at 222 nm. Looking at 208 and 222 nm
wavelength, [θ]MRE goes as follows: Tris NaCl < NH4HCO3 < NaH2PO4/Na2HPO4 < urea 1 M
< urea 3 M < urea 6 M suggesting a decrease in α-helices content as the ionic force decreases
and as urea concentration increases.
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Figure 3.11: Far-UV spectra of the chimeric protein showing the mean residue ellipticity [θ]MRE as a function of
the wavelength for different solvents: Tris 50 mM NaCl 150 mM, NH4HCO3 50 mM, NaH2PO4/Na2HPO4 20 mM,
urea 1 M, urea 3 M and urea 6 M.

These observations were compared with the calculated secondary structure content shown
in table 3.4. The calculations were only possible for the physiological solvents as no reference
datasets is accurate enough with narrow wavelength ranges as obtained in the denatured
conditions. The high proportion of unordered residue correlates with the low ellipticity value
of the chimeric protein and it matches to the unordered proportion obtained with the SOPMA
theoretical approach.

Table 3.4: Content of secondary structures calculated thanks to CDpro using SELCON3, CDSSTR and CONTINLL
algorithms for three different solvents. The data presented in this table are the mean of each algorithm result.

solvent α-helix β-strand Turn Unordered
Tris NaCl 9,47 ± 5,33 % 31,83 ± 6,36 % 22,10 ± 1,87 % 34,87 ± 1,62 %
NH4HCO3 17,17 ± 0,97 % 29,8 ± 7,01 % 22,80 ± 1,04 % 30,53 ± 6,96 %
NaH2PO4/Na2HPO4 3.55 ± 1.77 % 39.95 ± 0.49 % 23.80 ± 2.40 % 33.05 ± 0.35 %

For each algorithm, the secondary structure content is associated with a “goodness-of-fit”
parameter, namely the normalized standard deviation (NRMSD), that reflects the correspon-
dence between the experimental and the reference data. A NMRSD < 0.2 shows good agree-
ment between the experimental and the reference data. In our case, NMRSD lays between
0.1 and 0.5 depending on the algorithm, indicating a not so good correspondence between
the calculated and experimental spectra. This is probably because the proteins included in
the chosen reference datasets did not encompassed the range of structure of the chimeric
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protein. Other reference datasets did not result in better NMRSD and were not consistent with
the algorithm used. The results presented in table 3.4 must therefore be taken with caution
and correlated with other techniques.

Thermal denaturation

Thermal denaturation involves subjecting a protein in solution to heat, causing it to de-
nature at a specific temperature. In the case of the chimeric protein, CD spectroscopy was
used to monitor the thermal denaturation of the structured portion. The denaturation temper-
ature is characterized by a sudden jump in the curve, which indicates the loss of a 3D structure.

For thermal denaturation, protein must be in a solvent that does not absorb at the work
wavelength and that is not highly volatile. Water is the best choice as it meets these two crite-
ria. But to be in its native conformation, a protein needs some ionic forces therefore not just
water. Chloride ions strongly absorbs in the far-UV preventing the use of Tris NaCl solvent.
Sodium bicarbonate would be a good solvent for further comparison with the digestion made
in this solvent but rise in temperature using this solvent will decompose and is already volatile
at 40°C to reject CO2 and NH3. Phosphate buffer is the solvent of choice, prepared by mixing
mono- and di-sodium phosphate together to achieve the proper pH and to avoid the addition of
chloride ions for the pH adjustment. For comparison with the digestion performed in NH4HCO3

50 mM, we decided to opt for a 20 mM phosphate buffer so that similar ionic forces are present
in both solvents.

Protein concentration was 0.1 mg/ml and measurements were recorded on the Jasco J-
810 spectropolarimeter. The DIT was set to 4s, the bandwith to 1 nm and the wavelength fixed
to 222 nm. The solution was heated from 30°C to 97°C and then cooled back to 30°C at a
ramp rate of 0.5°C/min. Figure 3.12 depicts the evolution of the ellipticity measured on the
chimeric protein according to temperature. Both heating and cooling measurements show a
flat line evidencing (1) a strong thermostability of the protein or (2) a lack of structure in the
protein. The low ellipticity value obtained in the CD measurements with a range of wavelength
already indicated that a large proportion of the protein is in an unordered conformation.
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Figure 3.12: Monitoring of [θ]MRE in function of the temperature at 222 nm for the chimeric protein in solution in
NaH2PO4/Na2HPO4 20 mM.

Other techniques were then implemented to obtain concrete evidence of the structured
portion of the protein.

Tryptophan fluorescence

While CD allows to evaluate the secondary structure of proteins, fluorescence spectroscopy
helps to track down their tertiary structure. By applying a certain energy to a protein in solu-
tion, molecules known as fluorophores can re-emit this energy after excitation. In proteins,
phenylalanine, tyrosine and tryptophan have natural fluorescent properties. Tryptophan fluo-
rescence emission generally dominates because: 1) phenylalanine does not absorb at 280
nm and hence is merely not excited; 2) tyrosine i) has a lower extinction coefficient and ii) is
quenched via energy transfer to tryptophan [99]. Tryptophan fluorescence is a good probe of
folding or unfolding of a protein. Its emission spectrum changes in function of the conforma-
tional environment around it. In other words, a tryptophan buried in the core of a protein (i.e.
native state) would have a different emission spectrum than the same tryptophan exposed to
the solvent in a unfolded state.

The limitation for a protein to be studied by tryptophan fluorescence is obviously to con-
tain tryptophan. The chimeric protein holds a total of 12 tryptophans in its design: 10 are
present in the structured part and 2 in the disordered part. Tryptophan fluorescence spectra
were monitored using a Jasco FP6300 spectrofluorometer. An excitation wavelength of 280
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nm was applied while emission spectra were recorded between 300 and 450 nm. Protein
concentration was 0.05 µg/µL in NaH2PO4/Na2HPO4 20 mM. Protein solution was brought to
different temperatures to monitor the unfolding process. The emission spectra are displayed
in figure 3.13. The emission profiles show a slight red shift upon thermal unfolding. Indeed,
the emission maximum of the 97°C profile is shifted to the right in comparison to the emission
maximum from the room temperature (RT) profile. This increase in the wavelength with in-
creasing temperature indicates a change in the direct environment of the tryptophan residues.
As a reference point, tryptophan surrounded by aqueous solvent exhibits an emission maxi-
mum around 355 nm while this value is significantly blue shifted when buried into a structure
[100]. The emission peak observed at RT has a high wavelength, indicating that tryptophan
residues, which were originally exposed to the solvent in the native protein state, contribute
more to the signal even though there are more tryptophan residues located in the structured
part. The recorded spectra represent an average of all tryptophan residues in the protein, re-
gardless of their local environment. This emission maximum suggests that, in the native state,
tryptophan residues are already solvent-exposed, and that their exposure increases at higher
temperatures.

Figure 3.13: Fluorescence emission spectra recorded at RT, 50°C, 65°C, 80°C and 97°C with an excitation wave-
length of 280 nm.

Our findings indicate that certain regions of the protein are more deeply embedded in the
structure compared to others. Additionally, we observed that as the temperature is raised,
these buried regions become more exposed to the solvent, suggesting a protein unfolding
process. This implies that the protein has a three-dimensional structure. With the use of
digestion kinetics, we aim to achieve more distinct variations in the structure of both protein
domains.
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Digestion kinetics

Protease digestion kinetics were done either in native and denatured state. Both kinetic
experiments were done in triplicates in the exact same conditions each and fresh solution of
urea was prepared for each replicate. Protein aliquots were stored at -80°C in Tris 50 mM
NaCl 150 mM pH 7.5 and thawed on ice for further digestion. 15 µg of protein were dissolved
in water or in a final concentration of 6 M urea respectively for the native and the denatured ki-
netics and incubated at RT for 1 hour. Then, right before the beginning of digestion, samples
were diluted with NH4HCO3 50 mM to reach an urea concentration of 1 M (and to similarly
dilute the protein in native state). High concentration of urea and salts such as NaCl reduces
or even inhibits trypsin activity. It is therefore important to obtain a concentration of salt < 100
mM and urea concentration of maximum 1 M before tryptic digestion. Samples were digested
at a protease-protein ratio of 1/1500 and digestion was stopped at ten time points with a final
concentration of water/TFA 0.5 % to evaluate the release of peptide through this kinetics: 1
min, 2 min, 3 min, 5 min, 10 min, 15 min, 25 min, 40 min, 60 min and 120 min. Each digest was
then purified using C18 tip with a 35 % ACN elution (with 65 % water/TFA 0.1 %) preventing
the more hydrophobic peptides (the longer and miss-cleaved peptides) to further clog the LC
column. They were finally diluted to a final concentration of 0.055 µg/µL with water/TFA 0.1 %
(v/v) and 9 µL (0.5 µg) were injected on the ACQUITY UPLC M-Class System equipped with
a C18 trap and a nanoEase HSS T3 columns already described in section 3.1.4. For the sake
of comparison, a complete digestion was done in parallel in the exact same conditions as the
native and denatured kinetics except that the first digestion was done overnight with a 1/50
protease/protein ratio) and the second digestion was realised in 80 % ACN with a 1/100 pro-
tease/protein ratio for three hours. Proteome Discoverer 2.1.1.21 [101] was used for database
searches on the chimeric protein digests with a non-human database (yeast) containing 6,721
sequences (Uniprot, Swiss-Prot reviewed, Cerevisiae, downloaded on 28/05/2018) supple-
mented with the sequence of the chimeric protein. Deamidation of asparagine and glutamine
and oxidation of methionine were set as variable modifications. Trypsin was selected as the
enzyme with a maximum of 10 missed cleavage sites allowed. These data were processed
using an in-house R script [102] developed by Raphaël La Rocca.

Results are presented in figure 3.14 in a heatmap format. The intensities of the tryptic
peptides coming from the chimeric protein are represented in function of the digestion time in
the native (N-xxmin) and denatured (D-xxmin) state (y-axis) and the x-axis corresponds to the
amino acid residue number of the chimeric protein. The peptides released from the complete
digestion are also shown on the map as well as the theoretical tryptic peptides pattern with
each of the 59 R or K localisations. The horizontal line dividing the graph between residue
number 318 and 334 shows the linker separating the structural part (on the left) and the dis-
ordered part (on the right) of the protein. For a sake of clarity, only one replicate is shown in
figure 3.14, the other two show similar results. Figure 3.14 depicts clear differences between
the two domain of the protein. In both the native and the denatured kinetics, peptides are
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gradually released with the increase of the digestion time and the amount of peptides is higher
in the disordered domain (right part of the heatmap) than in the structured domain (left part of
the heatmap) evidencing a difference of conformation in the protein. Indeed, after a digestion
time of 120 minutes, the percentage of cleavage site reached in the structured part is 19.79
± 4.77 % and 18.75 ± 3.13 % respectively for the native and the denatured kinetics whereas
the percentage of cleavage sites reached in the unstructured domain is 70.37 ± 9.80 % and
65.43 ± 4.28 % respectively for the native and the denatured kinetics (values are mean of the
three replicates). After the complete digestion, these values increase to 65.63 % (structured)
and 85.19 % (unstructured). It has been demonstrated that dibasic sites (KK, RR, KR or RK)
are difficult to cleave [103] and Rodriguez and its co-workers [104] added cysteine and proline
following a lysine or an arginine to the list of residues with the least cleavage site efficiency.
However, none of these paired residues are present in the structured part of the protein. Only
one KP and one KK are found in the disordered part of the protein. These observations prove
that the primary structure of the chimeric protein cannot explain the digestion efficiency and
that the 3D structure should therefore have an influence. This affirmation is counterbalanced
by the fact that no particular discrepancy is observed between the native and the denatured
kinetics (see figure 3.14). One would have expected a higher number of peptides released
from the structured part in the early times of digestion, evidencing a loss of conformation of
this domain and therefore an improved trypsin efficiency due to the better accessibility of the
cleavage sites. However, urea does not seem to unfold the protein. The incubation time of 1h
with 6 M urea may not be sufficient for the unfolding to occur. In comparison with the complete
digestion where the second digestion takes place in ACN solvent, the percentage of cleavage
sites reached is only 65.63 % demonstrating the difficulty of cleavage in this structured part.
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Figure 3.14: Heatmap view of peptides identified in the chimeric protein in function of their release digestion
time. The vertical axis from bottom to top indicates the digestion time in the native (N-XXmin) or the denatured
(D-XXmin) state as well as the complete and theoretical digestion. The horizontal axis indicates the amino acid
residue number in the order of the chimeric protein. An horizontal line divides the heatmap in two parts: the
structural domain on the left and the disordered one on the right. The legend represents the peptide intensities
expressed in binary logarithm.

Conclusions

The tridimensional structure of the chimeric protein was evaluated using complementary
approaches: theoretical, circular dichroism, thermal denaturation, tryptophan fluorescence
and digestion kinetics followed by LC-MS analyses. The intrinsic nature of the chimeric pro-
tein being both structured and unstructured complicated the analyses. Even though there is
little evidence of a structure domain, we know that peptides are more readily released from
the disordered part than from the structured one thanks to the digestion kinetics.

In light of these results, trigger the release of the free protein domains to evaluate their
conformation separately is recommended. The linker introduced between the two connecting
functional domains is a protease-sensitive linker composed of a cleavage site receptive to a
specific protease, the enterokinase, of sequence DDDDK flanked by the linker GGGGS (men-
tioned in section 3.1) on either side of this cleavage site to bring flexibility. Different protocols
were tested to cleave the protein at this specific site but the resulting 2D gel electrophoresis
showed several bands at non-expected mass. Other attempts of separation should be tested
to understand more profoundly the structure of these two parts.
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Taking the kit in its entirety, having a structured domain and a disordered one helps to
experimentally choose a sample processing protocol that will be ideal for both configurations.
To the least structured protein from the sample under study to the most structured one, any
analytes could be digested in a controlled manner thanks to these two extreme tridimensional
configurations.

3.2.5. Analysis of all the elements on the two instrumentations

The purpose of the Kit Quanta project was to precisely evaluate the bias introduced during
the sample handling procedure before the detection by MS and to limit these bias by choos-
ing to the greatest extent a digestion procedure and a separation system that reduce these
bias. To evaluate the usefulness of the kit, the fully isotopically labelled chimeric protein stan-
dard containing the 11 standard peptides and three levels of isotopically labelled peptides are
inserted at specific moments of the digestion process in a biological sample. Four different
digestion procedures were tested and are reported in figure 3.15. The test 1 is the two-step in-
solution digestion protocol supply by Promega (Madison, WI, USA) and consists in reduction
with a final concentration of 5 mM DTT and incubation at 37°C during 30 minutes followed by
alkylation with a final concentration of 15 mM of IAA and incubation at RT during 30 minutes.
The enzymatic reaction is then carried out in denaturing conditions (8 M urea) using trypsin
and lys-c at a 1/25 enzyme/protein ratio and incubated at 37°C during 4h. Dilution of the sam-
ple to reach a final concentration of 1 M urea is achieved and incubation at 37°C overnight
follows. The digestion is stopped using a final concentration of 0.5% TFA and then purified by
zip-tip (C18 tips 10μL from Pierce) with a 50 % ACN elution (with 50 % water/TFA 0.1 %). The
test 2 is our in-house digestion protocol beginning with a reduction with a final concentration
of 10 mM DTT and incubation at 56°C during 40 minutes followed by alkylation with a final
concentration of 20 mM IAA and incubated at RT for 30 minutes. Then a second reduction is
performed with a final concentration of 21 mM DTT at RT during 10 minutes. The first diges-
tion takes place in NH4HCO3 50 mM with an enzyme/protein ratio of 1/50 at 37°C overnight.
Then a second digestion in denaturing conditions (80% volume of ACN) is performed at 37°C
during 3h. The reaction is quenched with a final concentration of 0.1% TFA and then purified
by zip-tip with a 50 % ACN elution (with 50 % water/TFA 0.1 %). The test 3 protocol is the
same as the test 2 with the addition of a purification step carried out using the 2D Clean-Up
kit from GE Healthcare before the first digestion. And finally, the test 4 is similar as the test
2 but the two-step in-solution digestion is replaced by a single step of only 2h digestion with
trypsin. All tests were carried out similarly in terms of quantity of plasma and protein digested
and quantity of the different spiked peptides and were performed in triplicates. At the end of
the procedure, 100 fmoles of each spiked peptide, 7.1 ng of protein (corresponding to 100
fmoles) and 0.71 µg of plasma are injected in LC-MS.
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The samples were processed in triplicates and each divided in two at the end of the sample
procedure to inject the same samples on both instrumentations from Liège and Mons (already
described in section 3.1.4): an ACQUITY UPLC M-Class System coupled to a Q Exactive™

Hybrid Quadrupole-Orbitrap™ mass spectrometer in Liège and an Ekspert nanoLC 425 sys-
tem coupled to a TripleTof 6600+ in Mons. The gradient method, instrumentations parameters
and injection volume were set up according to the general procedure followed in the respec-
tive laboratories. The gradient method was fixed to 180 minutes for the first setup and 30
minutes for the second setup. The eluted peptides were mass detected according to a data-
dependent acquisition method in positive electrospray ionization (ESI) mode in both setups.
For same quantity injected, the injected volume was set to 9 µL in Liège and 5 µL in Mons.
The Skyline software was used for data processing and manual integration of the standards
peptides. Data are presented in figures 3.16 and 3.17 respectively for the samples injected
on the instrumentations of Liège and Mons

Figure 3.15: Four digestion procedures tested with all the elements of the kit in plasma. The moment of the
spiked of the standards are depicted by arrows and are similar in each protocol. Level 1 (the chimeric protein) is
first spiked in plasma at the beginning of the sample process. Level 2 (peptides with FS) and 3 are inserted just
before the enzymatic digestion and level 4 is spiked as the reference standard set right before the LC-MS injection.

For all the 11 peptides, the quantity of each level is represented in fmoles in comparison to
the 4th level (yellow line at 100 fmoles in each graph of figure 3.16) which is the reference level
spiked just before the LC-MS injection. The peptides are ordered as they are in the sequence
of the chimeric protein, i.e. the three first graph correspond to the three peptides from the
structured part of the chimeric protein and the following ones come from the disordered part.
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A general and clear observation that can be picked from figure 3.16 is the stairs profiles: the
quantity of peptides decreases from fourth level to 1st level. This general remark was expected
as the sooner the peptides are introduced in the sample preparation process, the more they
can be subjected to losses during the process. Moreover, peptides embedded in the chimeric
protein (level 1) will recover less than peptides with FS (level 2) and these latter from pep-
tides without FS (level 3 and 4). For four peptides (ESLLVSAWSEELISK, TILWIGLAGEESR,
LDSDLYLELR, SFFPENWLWR), the quantity of some levels exceeds the 100 fmoles of the
reference level, which is not consistent with the spiked quantity. In most cases, the threshold
is surpassed for the 3rd level and therefore cannot be a quantification error as the quantifi-
cation of level 3 and 4 was compared in figure 3.7 and that same injection quantities gave
same intensities (within the error bars). The fact that these peptides have a smaller relative
intensity (109 order of magnitude) than the other peptides (1010−11 order of magnitude) (see
figure 3.6) may explain their peculiar response. Another general trend pulled out from these
graphs is the loss of the 1st level (peptides coming from the chimeric protein inserted at the
beginning of the sample preparation) more important in the 2h digestion conditions (test 4)
than in any other reaction conditions. The in-house conditions with the addition of clean-up
(test 3) also reduced the release of the 1st level peptides in comparison to the in-house con-
dition without clean-up (test 2) or the trypsin - lys-C digestion (test 1). These experiments
showed that none of them allows the complete release of the standard peptides but also that
depending on the experiments this release fluctuates and is affected by a short trypsin diges-
tion procedure (test 4) and a purification step (clean-up from test 3). The Promega protocol
therefore seems to be the best suited to recover a maximum of peptides from the chimeric
protein. In general, the Promega (test 1) and the in-house without purification step (test 2)
generally behave similarly for all peptides and levels with the exception of the peptide FGLLD-
EDGK. This peptide possesses a double cleavage site kept in the chimeric protein to evaluate
the influence of different digestion reactions. With a digestion procedure only involving trypsin
as the enzyme, a dibasic cleavage site, as the one encounter for this peptide, is known to be
difficult to split. These four experiments confirm this statement. Indeed, the 1st and 2nd level
of peptides, respectively the peptide within the chimeric protein and the one with FS (YVR-
FGLLDEDGKKTF), have a poor release when the digestion depends on trypsin. This quantity
largely increases with the use of the mix of enzymes from the Promega protocol. Levels 2 and
3 should not differ between the two in-house protocols (test 2 and 3) because these peptides
are introduced before the enzymatic digestion and that at this point of the protocol the following
steps are exactly the same. But depending on the peptides, either they increase from test 2 to
test 3 (EMSGSPASGIPVK, VHDPTEEATPTPFGK) or they decrease (ESLLVSAWSEELISK,
TILWIGLAGEEGSR, LDSDLYLELR, AGVTGSPEASISGSK, FGLLDEDGK, SFFPENWLWR)
or some stay constant (GGVTGSPDASISGSK, LELSVDGAK, VDFTLSSER). The zip-tip at
the end of the protocol could be a potential explanation to this behaviour as it could not be
100% reproducible. GGVTGSPDASISGSK does not seem to be a good sensor of the varia-
tion obtained with the different experiments as the signal is constant throughout all the four
experiments. Conclusion regarding the structured and the disordered part of the protein will be
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difficult to draw because the three peptides from the structured part behave quite incoherently
(levels with a quantity > 100 fmoles). One would have expected a less recovery of the protein
from peptides of the structured domain.
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Figure 3.16: Proteolysis in a plasma matrix with the whole set of standards from the kit. Plasma samples were
spiked with the standards at specific moments of the sample handling (see figure 3.15 for detailed spiked proce-
dure) and were submitted to four different digestion protocols (test 1, 2, 3 and 4). The 11 standard peptides are
each separately presented in function of the test and in function of the level where they come from. The fourth
level of peptides was spiked at 100 fmoles and is used as the reference level to measure the amount of detected
standard peptides from the other levels. Peptides are sorted as they are in the protein, the three first one being
the peptides from the structured part and the eight following peptides being from the disordered part of the protein.
Samples presented here were separated on an ACQUITY UPLC M-Class System and then analysed with a Q
Exactive™ Hybrid Quadrupole-Orbitrap™ mass spectrometer, the Liège setup. Each bar corresponds to the mean
± the standard deviation of the triplicate.
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The same samples injected on the setup fromMons are depicted in figure 3.17. They share
similar behaviour with the peptides injected on the setup from Liège. ESLLVSAWSEELISK,
TILWIGLAGEESR, LDSDLYLELR and SFFPENWLWR peptides have incoherent profiles that
can be explained by the relative intensity of these peptides. With very few exceptions, the other
peptides from the four levels have identical profiles than those of Liège. The inter-laboratory
injection shows that the same sample injected on different instrumentations gives consistent
and similar results. The same procedure applied in both laboratories by two different experi-
menters should be done to evaluate the robustness of the kit.
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Figure 3.17: Proteolysis in a plasma matrix with the whole set of standards from the kit. Plasma samples were
spiked with the standards at specific moments of the sample handling (see figure 3.15 for detailed spiked proce-
dure) and were submitted to four different digestion protocols (test 1, 2, 3 and 4). The 11 standard peptides are
each separately presented in function of the test and in function of the level where they come from. The fourth
level of peptides was spiked at 100 fmoles and is used as the reference level to measure the amount of detected
standard peptides from the other levels. Peptides are sorted as they are in the protein, the three first one being
the peptides from the structured part and the eight following peptides being from the disordered part of the protein.
Samples presented here were separated on an an Ekspert nanoLC 425 System and then analysed with a TripleTof
6600+ mass spectrometer, the Mons setup. Each bar corresponds to the mean ± the standard deviation of the
triplicate.
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As previously mentioned, the kit was tested in these four experiments in a biological matrix,
i.e. plasma. The endogenous peptides from plasma could therefore be integrated and quan-
tified using the reference level of the endogenous standard peptides. From the 11 standard
peptides, 6 are artificial and 5 are endogenous to some biological matrices but are labelled to
be distinguishable from the intrinsic endogenous peptides. These fives endogenous peptides
are represented in figure 3.18 in function of the experiments (test 1 to 4). Globally, digestion
efficiency goes as follows: test 1 > test 2 > test 3 > test 4. The peptide with a double cleavage
site is not detected in any of the experiment using only trypsin as the digestion enzyme, which
was expected. Those results demonstrate the ability of the kit to identify the ideal proteolysis
protocols for intrinsic peptides and proves its usefulness for the evaluation of the overall sam-
ple preparation process for any biological protein biomarkers. These peptides could not be
detected in the data acquired in the setup from Mons, possibly because of the short length of
the gradient used.

Figure 3.18: Endogenous peptides from plasma detected in the four experiments detailed previously. The data
were acquired on the Liège setup.

3.3. Conclusions

The purpose of this chapter was to construct a comprehensive toolkit that addresses all
possible experimental variations in the proteomic workflow, from the initial collection and stor-
age of samples to the LC-MS analysis considering 3 major biological fluids of clinical interest
(plasma, urine and CSF). The resulting kit comprises meticulously selected proteins and pep-
tides that meet the ideal standard. We created a protein, whose structure allows, upon diges-
tion, the asynchronous release of its peptides. This feature enables the evaluation of digestion
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efficiency and the selection of the most appropriate protocol accordingly. The kit also includes
a set of standard peptides that meet the requirements of proteotypicity, quantotypicity, and
cover a wide range of retention times to represent all future evaluated peptides. These pep-
tides are clearly distinguishable from each other, given the criteria of mass difference between
the different levels of labelling. We also prove the accurate AAA quantification of the 3rd and
4th levels of peptides.

All these elements were thoughtfully designed and tested to provide the highest quality set
of standard peptides and proteins to be used as a quality control for any sample processing
procedure. The efficacy of the kit was demonstrated through the testing of various protocols,
which showed different recovery rates of the levels of peptides, highlighting the main issue
in the proteomic workflow. Based on this, one can choose the best-suited protocol, such as
the PROMEGA protocol in our case, and adapt or improve it to minimize experimental bias.
The capacity of the kit to be used with different instrumentations was also demonstrated by
obtaining consistent results between two laboratories using distinct setups.

Although the usefulness of the two domains of the chimeric protein could not be clearly
demonstrated, our protocol brings a new dimension to the control and standardization of the
sample processing steps required inMS-based proteomic analysis. The combination use of ex-
ogenous and endogenous peptides makes the kit powerful to compare quantification obtained
from our MS-based sample process with the one obtained from the clinical assay, thanks to
the complement C4 protein.

Despite our efforts, we were not able to clearly demonstrate the impact of the two domains
of the chimeric protein due to the dependency of digestion efficiency on various factors such
as the protein’s structure, the location of its buried and exposed parts, and the amino acid
composition surrounding the kit quanta peptides. Additionally, we observed that the peptides
inserted in the disordered domain displayed lower ionization efficiency compared to the rest
of the set of peptides, potentially impeding their applicability.

The field of MS-based proteomics has witnessed tremendous efforts towards controlling
and standardizing the sample processing steps required for accurate protein quantification.
Several methods have been developed to monitor specific steps of the process individually
and have been already reported in section 2.4. Lebert et al. [105] developed a universal stan-
dard for the control of bottom-up proteomic experiments containing a soluble recombinant
protein flanking with a set of 11 artificial peptides. These peptides have been carefully chosen
such that their flanking amino acids promote or inhibit the digestion efficiency. This standard
allows to assess the quality of the sample preparation process in its entirety and can evaluate
the efficacy of a digestion protocol and the performance of different laboratories, instruments,
and software tools. In this context, our toolkit brings a novel approach to this field. By enabling
precise tracking of specific set of peptides through various labelling, we can identify the loss
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at each stage of the workflow. Furthermore, the use of exogenous and endogenous peptides
makes our kit powerful for comparing MS-based sample process quantification with clinical
assay measurement thanks to the complement C4 protein.

Future work will be dedicated to implementing the kit in a real cohort and validating it for
reproducibility and comparability of results across different laboratories and experiments, in-
cluding different MS platforms and operators. The kit should also be tested on different sample
types, such as plasma, urine, or CSF, for which it has been designed.

The quantotypicity of all the standard peptides was not entirely maintained due to the intro-
duction of a modified peptide in the set of peptides to evaluate the level of methionine oxidation.
The assessment of this peptide and its added value in the kit are the subjects of the following
chapter.

Overall, we believe that Kit Quanta holds significant promise as a universal standardization
kit for evaluating and improving any proteomic workflow across laboratories worldwide. Its
comprehensive design and ability to assess sample preparation quality in its entirety make it
a valuable tool for the proteomics community.



4
Methionine oxidation

The methionine-containing peptide was introduced in the chimeric protein and also as a
standard peptide in the kit to be able to quantitate this particular PTM. The behaviour of this
peptide obliged us to extensively study this standard for absolute quantitation. As a reminder,
5 peptides coming from the “C4” protein (the endogenous protein present in plasma, urine and
CSF) were inserted in the chimeric protein to allow comparison between the absolute quan-
tification obtained with mass-spectrometry analysis and the clinical quantitation of the “C4”
protein (see figure 3.1 and table 3.1 for the sake of completeness). In fact, only three of them
can help for the quantitation as the other two contain modifiable amino acids. The methionine-
containing peptide, the peptide under discussion in this chapter, is part of these two peptides.
Taking into account the bias of this non-quantotypic peptide, either during storage, sample
handling or injection, it could be used as absolute quantitative standard. Conversely, the quan-
titation of the protein “C4” can help us determine the concentration of this modifiable peptide
and deduce its actual oxidation proportion. This chapter stems from the article “Liquid chro-
matography setup-dependent artefactual methionine oxidation of peptides: the importance of
an adapted quality control process” published in the Journal of Chromatography A in July 2021
and focuses on the assessment of the oxidation of the EMSGSPASGIPVK peptide used in the
kit. Several strategies to minimize the oxidation are shared throughout this chapter.

4.1. Original scientific article

Liquid chromatography setup-dependent artefactual methionine oxidation of
peptides: the importance of an adapted quality control process
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4.1.1. Abstract

In both biologics quality control experiments and protein post-translational modification
studies, the analytical system used is not supposed to bring any artefactual modifications
which could impair the results. In this work, we investigated oxidation of methionine-containing
peptides during reversed-phase (RP) chromatographic separation. We first used a synthetic
methionine-containing peptide to evaluate this artefactual phenomenon and then considered
more complex samples (i.e., plasma and HeLa protein digests). The methionine oxidation
levels of the peptides were systematically assessed and compared for the long-term use of
the analytical column, the sample trapping time, the gradient length, the sample load and
the nature of the stationary phase (HSS T3 from Waters, YMC Triart C18 from YMC Europe
GmbH and BEH130 C18 from Waters). In addition to the oxidation of methionine in solution,
we observed on the HSS T3 and the BEH130 stationary phases an additional broad peak
corresponding to an on-column oxidised species. Considering the HSS T3 phase, our results
highlight that the on-column oxidation level significantly increases with the age of the analytical
column and the gradient length and reaches 56 % when a 1-year-old column set is used
with a 180 min-long LC method. These levels go to 0 % and 18 % for the YMC Triart C18
and the BEH130 C18 phases respectively. Interestingly, the on-column oxidation proportion
decreases as the injected sample load increases suggesting the presence of a discrete number
of oxidation sites within the stationary phase of the analytical column. Those findings observed
in different laboratories using distinct set of columns, albeit to varying degrees, strengthen the
need for a standard of methionine-containing peptide that could be used as a quality control
to appraise the status of the liquid chromatographic columns.

4.1.2. Introduction

The production of recombinant proteins for use as therapeutic agents and vaccine candi-
dates has become a major market and is expected to continue its rapid expansion in the years
to come [106, 107]. In this context, considerable efforts are made on the quality control of
the final product to carefully evaluate the properties of the proteins, including their structural
integrity and their stability. These crucial aspects are of major concerns as they directly impact
the efficacy and the safety of the therapeutic agents.
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Liquid chromatography (LC) coupled with mass spectrometry (MS) is today the gold stan-
dard of analytical tools to confirm the protein primary structure, and to identify and localize
PTMs [108]. To perform an exhaustive characterization and cover the whole protein sequence,
different proteomics methods are available, ranging from top-down [109], middle-down [110]
and bottom-up [111] strategies to combinatorial workflows [112]. As such, we recently de-
veloped a Multi-Enzymatic Limited Digestion (MELD) procedure that merges bottom-up and
middle-down ideologies, resulting in the generation of overlapping peptides that enables re-
fined and reliable characterization of proteins [113].

Nevertheless, a comprehensive protein characterization analysis relies on the adequate
combination of both sample preparation and analytical methods to produce and detect signals
free of artefactual modifications. Among the common protein modifications, methionine oxida-
tion is frequently observed either as PTM directly generated in the cell (in vivo modification)
or as an artefactual modification induced by the sample preparation process (in vitromodifica-
tion). Methionine can be oxidised to methionine sulfoxide (MetO) and, albeit less frequently
observed, to methionine sulfone (MetO2). Other amino acids can undergo in vitro oxidation
but are less common.

Although in vivo modifications of methionine are relevant for biological purposes, artefac-
tual in vitro modifications should be carefully minimized and evaluated in order to avoid mis-
interpretation of the results. Indeed, protein storage and purification, reduction and alkylation
of cysteines, proteolysis, liquid chromatography separation as well as the ionization process
[114–116] are all steps that can introduce undesired artefactual methionine oxidation and there-
fore impair the quality of the analytical results. This last decade, several new methodologies
have been developed to reliably quantify or minimize methionine oxidation during the sample
preparation process. Stable-isotope labelled reporter peptide and antioxidants that protect me-
thionine residues from oxidation were used to monitor the artefactual modifications emerging
during desalting procedures and the LC-MS separation [117]. Liu et al. [118] uses stable-
isotope labelling to generate completely oxidised methionine residues in proteins before the
sample preparation. Proteins with fully oxidised methionine residues are composed of a mix
of 16O and 18O atoms, the 16O atoms originally being associated with the in vivo oxidation
level. Shipman et al. [119] enhanced this latter work by comparing theoretical and experimen-
tal MS spectra, eliminating the need for control samples and therefore reducing by half the
protein consumption and analysis time. Rougemont [120] described the application of a triple
calibration with differently labelled standards to control the oxidation of the targeted peptide
as well as the oxidation of the labelled standards. While several articles refer to the control
of methionine oxidation on targeted peptides during sample preparation [116–127], only few
of them take the LC separation in consideration as a potential source of oxidation [117, 121]
and none of these studies systematically evaluate the potential oxidation induced by the LC
system.
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Here, we focused on the methionine oxidation arising on our specific LC system (see ma-
terials and methods for more details). We first evidenced a significant oxidation phenomenon
on methionine-containing peptides during the separation process and measured the evolution
of this oxidation over a 1-year use of the column set. We then evaluated and compared the
oxidation levels of methionine-containing peptides with different trapping times and gradient
lengths which allows us to frame the exact localization of the LC separation bias. In addition,
these results were also observed on publicly available data (PRIDE) where another RP col-
umn was used, indicating that this phenomenon is not limited to our setup. Subsequently, we
showed that sample loads affect the oxidation response. Finally, we provide recommendations
to evaluate, monitor and control this system-dependent artefact.

4.1.3. Materials and methods

Chemicals

HeLa whole-cell extract was purchased from Antibodies-online (Aachen, Cologne, Ger-
many). Standard of HeLa protein digest, MS grade trypsin protease >95% and C18 tips 10µL
were obtained from Pierce (Thermo Fisher Scientific, Pittsburgh, PA, USA). Extra pure grade
trifluoroacetic acid (TFA) 99.5% was purchased from Acros Organics (Thermo Fisher Scien-
tific, Pittsburgh, PA, USA). Plasma sample from Belgian blood donors was obtained from the
Belgian Red Cross. The reference methionine-containing peptide was synthesized by Kaneka
Eurogentec (Seraing, Liège, Belgium). Acetonitrile (ACN) was obtained from Biosolve (”ULC-
MS´´ grade) (Dieuze, Moselle, France). Water was obtained from a Milli-Q purification sys-
tem from Millipore (Burlington, MA, USA). Ammonium bicarbonate (NH4HCO3) >99.5% and
iodoacetamide (IAA) >99% were supplied by Sigma-Aldrich (St. Louis, MO, USA). Reducing
agent and detergent compatible protein assay (RC-DC Protein Assay) was purchased from
BIO-RAD (Hercules, CA, USA). 2D Clean-Up Kit was supplied by GE Healthcare (Chicago,
IL, USA). Ultra-pure grade >99.5% dithiothreitol (DTT) was obtained from Affymetrix (Thermo
Fisher Scientific, Pittsburgh, PA, USA).

Synthetic peptide EM(Mox)SGSPASGIPVK solution preparation

Stock solution of the synthetic methionine-containing peptide was prepared by resuspend-
ing the lyophilized powder in water/ACN 1:1 (v/v) to a final concentration of 2 mg/mL. The stock
solution was separated into 10 µL aliquots and stored at -80°C. Before each LC-MS analysis,
the aliquots were freshly thawed on ice and diluted to a final concentration of 55.5 nM with
water/TFA 0.1 % (v/v). For each experiment, 9µL (500 fmoles, 0.63 ng) were injected on the
column.
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Tryptic digestion of human plasma samples

Lyophilized plasma sample was resuspended with 1mL of Milli-Q water and the total protein
content was evaluated based on the RC DC protein assay kit from Bio-Rad. 20 µg of plasma
sample were diluted to 1 mg/ml with 50 mM NH4HCO3 and further processed into peptides
following a standardized procedure (reduction-alkylation, clean-up, overnight tryptic digestion,
C18 tip purification). The purified sample was divided in 0.825 µg protein aliquots and stored
at -80°C. Before each LC-MS analysis, the aliquots were freshly thawed on ice, diluted to a
final concentration of 0.075 µg/µL with water/TFA 0.1 % (v/v) and 9µL (0.675 µg) were injected
on the column.

Tryptic digestion of HeLa whole cell extract

The same digestion protocol was applied to the HeLa whole protein extract. Aliquots of
in-house HeLa digests were stored at -80°C. Before each LC-MS analysis, the aliquots were
freshly thawed on ice and diluted with water/TFA 0.1 % (v/v) to 0.056 µg/µl and 9 µL (0.5µg)
were injected on the column.

Commercial standard of HeLa protein digest preparation

Commercial HeLa protein digests were used as standards and compared with our in-house
HeLa protein digests. Before each LC-MS analysis, the aliquots were freshly thawed on ice
and diluted with water/TFA 0.1 % (v/v) to 0.056 µg/µl and 9 µL (0.5µg) were injected on the
column.

Liquid chromatography – mass spectrometry analysis

Samples were analysed on an ACQUITY UPLC M-Class System (Waters, Milford, MA,
USA) hyphenated to aQExactive™Hybrid Quadrupole-Orbitrap™Mass Spectrometer equipped
with a Nanospray Flex™ ion source (Thermo Fisher Scientific, Pittsburgh, PA, USA). The
UPLC system is composed of two successive columns: a nanoEase M/Z Symmetry C18 Trap
Column (100 Å, 5 µm, 180 µm × 20 mm) and a nanoEase M/Z HSS T3 Column (100 Å, 1.8
µm, 75 µm × 250 mm), both commercialized by Waters. The temperature of the LC column
was set to 40°C (trap column is at room temperature). Two sets of trap and analytical columns
were tested. The first set is composed of brand-new trap and analytical columns. The columns
were first conditioned with two injections of plasma sample and a quality control of the system
was performed with a commercial HeLa protein digest standard to validate its performance
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thanks to a threshold in the number of proteins detected. The second set is composed of 1-
year old trap and analytical columns used for proteomics analysis. The sample is first loaded
in a 10 µL sample loop, sent to the trap column and desalted with an eluent composition of
water/ACN 98:2 (v/v) with 0.1 % formic acid (FA) at a flow rate of 20 µL/min and subsequently
eluted thanks to an ACN gradient at a flow rate of 0.6µL/min. The trapping time was fixed to
either 3 min or 15 min, while the length of the gradient elution was fixed to either 30 min or 150
min (appendix, table S1 and S2). Three combinations of trapping-gradient times were used:
(1) a 60 min-long UPLC method made of 3 min trapping time, 30 min gradient elution and 27
min washing and re-equilibration (2) a 72 min-long UPLC method made of 15 min trapping
time, 30 min gradient elution and 27 min washing and re-equilibration, and (3) a 180 min-long
UPLC method made of 3 min trapping time, 150 min gradient elution and 27 min washing
and re-equilibration. The eluted peptides were mass detected according to a data-dependent
acquisition (DDA) method in positive electrospray ionization (ESI) mode. The mass spectrom-
eter settings were set as follows: capillary voltage and temperature are 2.30 kV and 270°C
respectively, S-lens RF level = 50.0, scan range was set from 400 to 1600 m/z. The MS scans
were acquired with resolution = 70 000 (at 200 m/z), automatic gain control (AGC) target =
1×106, maximum injection time (IT) = 50 ms. The DDA acquisition was Top12 with resolution
of 17 500 (at 200 m/z), AGC target = 1×105, maximum IT = 50 ms, isolation window = 2 m/z,
a normalized collision energy NCE = 28 and a lock mass at 445.12003 m/z.

Analyses generated with two other instrumentations were investigated for comparison with
the data created with our LC-MS setup: an Ekspert nanoLC 425 hyphenated to a TripleTOF
6600 system both from Sciex (Washington, D.C, USA) and a nanoACQUITY UPLC System
from Waters coupled to a Q Exactive Plus™ Hybrid Quadrupole-Orbitrap™ Mass Spectrome-
ter from Thermo Fisher Scientific (PRIDE data repository). The set of columns in use with the
Sciex system is as follows: a YMC Triart C18 trap column (120 Å, 3 µm, 0.3 mm x 5mm) fol-
lowed by a YMC Triart C18 column (120 Å, 3 µm, 0.3 mm x 150 mm) commercialized by YMC
Europe GmbH (Dinslaken, Düsseldorf, Germany). The set employed with the Waters/Thermo
system is a nanoEase M/Z Symmetry C18 trap column (100 Å, 5 µm, 180 µm x 20 mm) fol-
lowed by a nanoEase M/Z BEH130 C18 column (130 Å, 1.7 µm, 75 µm x 250 mm) both from
Waters.

Database search

PEAKS Studio software v.10.5 (Bioinformatics Solutions Inc., Waterloo, ON, Canada) was
used for database searches on the HeLa protein digests and the plasma samples both with
a human database containing 20 365 sequences (Uniprot, Swiss-Prot reviewed, Homo Sapi-
ens 9606, downloaded on 22/10/2019). The tolerance on the precursor and fragment masses
were fixed to 5.0 ppm and 0.015 Da respectively. Carbamidomethylation of cysteines was set
as a fixed modification, whereas deamidation of asparagine and glutamine and oxidation of
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methionine were set as variable modifications. A maximum of 3 variable PTMs per peptide
were allowed. Trypsin was selected according to a specific digest mode with a maximum of
2 missed cleavages allowed. A false discovery rate (FDR) < 0.1 % was applied to MS/MS
peptide identification.

Due to the complexity of the chromatographic profiles of methionine-containing peptides,
the data were reprocessed in the Skyline software v.20.1.0.76 [128] (MacCoss Lab Software,
University ofWashington, WA, USA) following their identification via the PEAKSStudio database
search. This step allows tomanually select and integratemulti-peaks chromatographic profiles
associated with a givenmethionine-containing identified peptide. Peptides identified in the 180
min-long UPLC run of both HeLa protein digest and plasma samples were selected to generate
two starting lists of peptides (generated from the Peaks analysis, one from the HeLa protein
digest sample and the other one from the plasma sample) as this method showed the highest
number of identified proteins/peptides. These lists were then filtered to exclusively keep pep-
tides that are characterized by a single methionine residue and imported with their respective
PEAKS results. Out of all the manually integrated peptides in the 180 min-long UPLC run,
the ten most intense peptides were considered for integration in the other elution time condi-
tions. The peak areas associated with the synthetic peptide EM(Mox)SGSPASGIPVK (peptide
injected alone) were only integrated using the Skyline software.

4.1.4. Results and discussion

Oxidation of synthetic peptide

Based on a 13 residue-long synthetic peptide, EMSGSPASGIPVK, we first evaluated the
level of methionine oxidation in solution Mox,sol by performing a direct infusion of this standard
in positive ionization mode on a Q Exactive (Thermo Fisher Scientific, Pittsburgh, PA, USA)
mass spectrometer (appendix, figure A.2). Based on the m/z intensity ratio of the oxidised
(+15.9949 m/z) to the native forms of the standard, we evaluated the oxidation level to about
2 % of the sum of the two forms. The behaviour of the standard peptide when subjected to
different LC-MS analysis setups was then probed. Otherwise stated, results are reported and
discussed for the HSS T3 column. Figure 4.1 shows the retention time (RT) profiles of the
synthetic peptide on both a brand-new set of trap and analytical columns (figure 4.1a) and a 1-
year old columns set (figure 4.1c). Figure 4.1a essentially presents a single chromatographic
peak (RT = 17.8 min) corresponding to the native form of the methionine-containing peptide
Mnative. Two smaller contributions at Mnative+15.9949 m/z are observed (relative abundance
< 1 %) with RRT = 0.93 and RRT = 1 (RRT = relative retention time with the native form taken
as reference). The latter species (figure 4.1b) is characterized by the exact same elution time
as Mnative and corresponds to in-source oxidation Mox,ESI occurring during the electrospray
process [114]. The second contribution corresponds to Mox,sol. As expected, on RP columns,
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the more hydrophilic side chain of the oxidised methionine makes this modified peptide less
retained compared to Mnative. Similar experiments performed on an old columns set (figure
4.1c) highlight an additional broad chromatographic contribution (RRT = 0.96) lying in between
the retention times of Mox,sol and Mnative and corresponding to an increment of 15.9949 m/z.
To identify the origin of this contribution, we postulated that the physical location of the oxida-
tion process may differ from both Mox,sol and Mox,ESI . First, the retention time lies between
RT(Mox,sol) and RT(Mox,ESI ) and suggests that the oxidation occurs after the injection of the
sample and before the ESI process, therefore into the LC system. Second, the chromato-
graphic peak is broader (elution time difference ΔRT = 50 sec) than the peaks associated with
Mox,sol and Mnative (ΔRT = 15-25 sec) which is compatible with a modification arising at the
stage of the chromatographic analysis. Altogether, both observations are consistent with an
on-column oxidation of methionine residues Mox,LC taking place along the chromatographic
separation. To further evidence this phenomenon, we exploited the oxidised synthetic counter-
part (EMoxSGSPASGIPVK) of our standard peptide by spiking it with the unoxidised synthetic
peptide at a 1:2 (w:w) ratio before the UPLC separation (figure 4.1d). We observed a 25-fold in-
crease in the intensity of Mox,sol, while the intensity of the broad chromatographic peak is barely
affected by the addition of the oxidised standard. This suggests that, as EMoxSGSPASGIPVK
is oxidised before entering the LC system, only little extra methionine oxidation can happen
within the LC system. These observations support our initial hypothesis stating that the addi-
tional artefactual oxidation of methionine residue is located within the LC system.

Figure 4.1: Extracted ion chromatograms corresponding to the methionine-containing peptides EMSGSPAS-
GIPVK and EMoxSGSPASGIPVK analysed with a 60 min-long UPLC method. The peptide EMSGSPASGIPVK
was analysed on (a) a brand-new set of trap and analytical columns and (c) a 1-year old trap and analytical columns
set. (b) At the same retention time of Mnative, small contribution of the in-source oxidised peptide Mox,ESI with
an increment of 15.9949 m/z. (d) Separation of EMSGSPASGIPVK spiked with EMoxSGSPASGIPVK on a 1-year
old trap and analytical columns set.
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Oxidation of complex samples

Methionine residues present in cells are referred as oxidative stress protectors [129] being
easily oxidised in the cells. Specific biological molecules, including catalases and superoxide
dismutases protect methionine residues by scavenging the free radicals responsible for oxida-
tion [127]. In plasma, the methionine sulfoxide reductases a and b are reported to inhibit oxida-
tion phenomenon by reducing oxidised methionine back to methionine [123, 130–132]. In par-
allel, previous works have demonstrated that metal-containing proteins such as haemoglobin
are well-known protagonists of methionine oxidation [132–135]. In biological samples, oxida-
tive degradation also occurs via ROS such as free radicals or peroxides [129, 136, 137]. In
contrast to pure peptide samples, complex matrix environments may therefore present antioxi-
dant properties that can be exploited to potentially prevent oxidation phenomenon during both
the sample preparation steps and, to a lesser extent, the chromatographic separation. Such
behaviours have to be considered and assessed when evaluating the methionine oxidation
level of Mox,sol in more complex samples.

Figure 4.2 shows the proportions of Mnative, Mox,sol, Mox,LC and Mox,ESI for the 10 most
abundant methionine-containing peptides of a plasma sample (Figure 4.2a), an in-house HeLa
protein digest (Figure 4.2b) and the synthetic methionine-containing peptide EMSGSPAS-
GIPVK as a reference point (Figure 4.2c). The retention time profiles of the selectedmethionine-
containing peptides are similar to the synthetic peptide presented in the previous section and
display a clear broad chromatographic peak intermediate to RT(Mox,sol) and RT(Mox,ESI ). We
observed similar levels of Mox,sol and Mox,LC in the plasma (Mox,sol = 9.7 ± 5.7 %, Mox,LC =
55.7 ± 16.5 %) and the HeLa (Mox,sol = 12.8 % ± 27.1 %, Mox,LC = 57.9 ± 26.61 %) samples. In
similar LC conditions, the synthetic peptide has a Mox,LC of 51.4 ± 1.3 % and a low formation
of Mox,sol as this peptide is not subjected to digestion. Moreover, the peptides presented in
figure 4.2a and 4.2b are sorted according to increasing retention time which shows no partic-
ular trend in Mox,LC either in the plasma or the HeLa samples. These similar levels of Mox,sol

and Mox,LC in the complex samples and for the synthetic peptide unequivocally implies that no
potential molecules naturally present in the complex samples inhibits the methionine oxidation
phenomenon. We observed that while the so-called protector effect of a complex matrix plays
a role in vivo, it does not provide oxidation protection in vitro.

Comparing the in-house HeLa digest samples with the commercial HeLa protein digest
standard (appendix, figure A.3), we observed that levels of Mox,sol and Mox,LC are higher in
the former samples than in the later. In particular, a significantly higher level of Mox,LC . is
observed for the in-house HeLa digest samples which may be attributed to our sample prepa-
ration protocol that involves 19 h tryptic digestion. As a matter of fact, the digestion incubation
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time has been proven to have a significant impact on the methionine oxidation rate [116, 125,
138]. The commercial HeLa protein digest standard was digested with LysC and trypsin to en-
sure less than 10 % methionine oxidation in solution according to the manufacturer. Although
the digestion time was not mentioned, we expect a shorter digestion time than in our protocol.
As for the significant difference of Mox,LC , it is not excluded that, to reach a peptide quality with
less than 10 % methionine oxidation, some oxidant scavengers are used in the HeLa protein
digest formulation. Scavengers which potentially protect methionine residues from important
on-column oxidation. Nevertheless, the levels of Mox,LC drops to zero in both complex matri-
ces when the LC separation is performed on a brand-new set of trap and analytical columns
(appendix, figure A.4).

Figure 4.2: Relative proportions of Mnative, Mox,sol, Mox,LC and Mox,ESI for the 10 most intense methionine-
containing peptides identified in (a) plasma samples, (b) in-house HeLa protein digest and (c) the synthetic
methionine-containing peptide EMSGSPASGIPVK following a 180 min-long UPLC method performed on a 1 year-
old columns set with the HSS T3 phase. Contribution from Mox,ESI is minor (< 1 %). Peptides are sorted accord-
ing to increasing retention time and error bars are estimated based on technical triplicates. Methionine-containing
peptides issued from complex matrix are significantly oxidised along the chromatographic separation process (red
contribution).

How do the oxidation levels evolve with the age of the columns set?

To evidence the substantial differences on the measured oxidation levels when using either
a brand-new set of columns or a 1-year old one, we studied the evolution of Mnative, Mox,sol,
Mox,LC and Mox,ESI throughout the age of the columns set by routinely injecting a commercial
HeLa protein digest standard during a whole year on the exact same set of columns. Figure
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4.3 shows the evolution of the different forms of DLTDYLMK peptide with time. Additional
trends are provided in appendix figure A.5. We observed that Mox,sol remains constant over
a year of routine injection (2.8 ± 0.6 %), while Mox,LC increases progressively from 0 % at
day-0 up to 15 % at day-365. After 10 months of injections, Mox,LC reaches a plateau value.
These results demonstrate that the use of periodic control samples to assess the quality of
the chromatographic separation should also allow the measurement of the oxidation levels in
order to operate in optimal conditions. One can therefore systematically inject a QC sample
which should include a methionine-containing peptide as an oxidation sensor.

Figure 4.3: Evolution of the percentage of Mnative, Mox,sol and Mox,LC of a HeLa protein digest peptide (DLT-
DYLMK) over a 1-year UPLC use. Brand-new trap and analytical columns set (HSS T3 phase) were fitted on an
ACQUITY UPLC M-Class system routinely used for proteomics analysis on day-0 and were removed on day-365.
Error bars are given when several HeLa were injected the same day. Mox,ESI was not detected for this peptide.
Mox,sol remains constant over the year, while Mox,LC progressively increases with the age of the column.

In the following sections, we focus our work on the methionine oxidation process taking
place within the chromatographic system and more precisely investigate how the trapping
time, the elution time, the sample load and the nature of the RP stationary phase influence the
oxidation level during a standard chromatographic analysis.

Where does the oxidation take place within the chromatographic system?

Once injected to the chromatographic system, a sample successively flows along a sam-
pling needle, an injection port, a sample loop, a trap column and an analytical column before
reaching the ESI stage, each part being coupled together by various capillary connections. All
these components may potentially contribute to oxidation during the chromatographic analysis
of a sample. Capillary connections are made of polyetheretherketone (PEEK), an inert mate-
rial known to not react with biological samples, therefore ruling out these parts as significant
oxidation places. The needle, the injection port and the sample loop are all made of stainless
steel, a material that has been proposed as a source of oxidation for methionine-containing
peptides in the LC system [121]. Only one single injection per vial was performed with a strong
needle/injection port wash (ACN with FA 0.1 %) between each injection to avoid the introduc-
tion of iron into the LC system. Although the trap column has been previously suggested as
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a potential place for methionine oxidation [117], little is known on how the residence times in
both the trap and the analytical columns influence the methionine oxidation level Mox,LC during
the chromatographic separation.

Figure 4.4a and 4.4b respectively highlight the impact of the trapping time and the gradient
length on the relative proportions of Mnative, Mox,sol and Mox,LC measured on the HSS T3 1-
year old columns set. Data are presented for the synthetic methionine-containing peptide
(EMSGSPASGIPVK), together with two arbitrarily selected methionine-containing peptides
from plasma and in-house HeLa protein digests. Additional profiles are reported in appendix
figure A.6. The trapping time was varied from 3 minutes to 15 minutes with a constant 57-min
long UPLC analytical run (figure 4.4a). We observed that the different oxidation levels of all
the methionine-containing peptides are barely affected by an increase in the trapping time,
with Mox,LC of about 7 ± 2 %, 19 ± 8 % and 12 ± 1 % for respectively the plasma peptide,
the HeLa peptide and the standard peptide. The gradient length was varied from 30 min to
150 min with a fixed trapping time of 3 min (figure 4.4b). Longer UPLC gradients significantly
affect the on-column oxidation level with a 5-fold increase in Mox,LC for the plasma peptide (43
± 8 %), a 3 fold-increase for the HeLa peptide (59 ± 17 %) and up to 4-fold for the standard
peptide (51 ± 1 %). Although there is a clear tendency to favour the on-column oxidation with
longer UPLC gradient, we observe no significant correlation between the retention time RT
and Mox,LC (see additional profiles sorted by RT in the appendix figure A.6). An identical pro-
cedure was applied to a brand-new set of trap and analytical columns for sake of comparison.
The results are reported in appendix figure A.7. In contrast to aging columns, we observed
that neither the trapping time nor the UPLC gradient length affect Mox,sol and Mox,LC .

Figure 4.4: Effect of (a) the trapping time (3 or 15 min on a 30 min-long UPLC gradient) and (b) the gradient length
(30 or 150 min with a 3 min trapping time) on the relative proportions of Mnative, Mox,sol and Mox,LC associated
with (1) a plasma peptide (SHCIAEVENDEMPADLPSLAADFVESK), (2) an in-house HeLa protein digest peptide
(DLTDYLMK), and (3) the synthetic methionine-containing peptide (EMSGSPASGIPVK). The chromatographic
analysis was performed on a HSS T3 1-year old columns set. An increase in the trapping time does not induce
significant changes in Mnative, Mox,sol and Mox,LC proportions, while an increase in the gradient length drastically
enhanced the on-column oxidation Mox,LC .

Altogether, these results highlight that the trap column is not the place of methionine oxi-
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dation, while significant oxidation of methionine-containing peptides is observed on the 1-year
old analytical column. Long UPLC gradients enhance the methionine oxidation level whereas
short UPLC gradients minimize Mox,LC . Such observations may be impeded to the nature
of the chemical function used for the stationary phase of the column. The bonding technol-
ogy of the column is called High Strength Silica (HSS) T3 and is derived from C18 ligands and
end-capping. Although the exact surface structure of the column has not been released by the
manufacturer, wemay consider that themethionine residues react with free oxidant sites within
the column and that the availability of these sites increases with the column aging. Addition-
ally, free silanols, present in all silica columns, are the place of hydrogen-bonding interactions
as well as ion-exchange interactions [139] that may play a role in methionine oxidation inside
the analytical column. In the following section, we compare the HSS T3 stationary phase with
other available technologies in order to better understand the origin of the on-column oxidation
process.

Does the on-column oxidation occur on other RP columns?

Two additional RP columns, relying on different technologies, were tested to evaluate the
exclusiveness of the artefactual oxidation of methionine to our 1-year old HSS T3 C18 column
and UPLC systems. Similarly to the previous experiments performed on a 1-year old HSS T3
C18 column, we injected a plasma sample in triplicates on a 1-year old YMC Triart C18 col-
umn with a 180 min-long method. Alongside this analysis, we considered another dataset ac-
cessible on the Proteomics Identification Database (dataset PXD006882 from PRIDE archive
https://www.ebi.ac.uk/pride/archive/). It consists of skeletal muscle biopsy samples injected
on a BEH130 C18 column following a 175-min long method, the age of the analytical col-
umn is not reported. These data are biological replicates from three different donors and not
technical replicates as the others (for more details, see [140]). Figure 4.5 displays the propor-
tions of Mnative, Mox,sol, Mox,LC and Mox,ESI for the 10 most abundant methionine-containing
peptides of the samples injected on a HSS T3 C18 column (figure 4.5a), a YMC Triart C18
column (figure 4.5b) and a BEH130 C18 column (figure 4.5c). We observe similar broad chro-
matographic peaks corresponding to Mox,LC for peptides separated on a HSS T3 C18 column
(Mox,LC = 55.7 ± 16.5 %) and a BEH130 C18 column (Mox,LC = 18.1 ± 11.4 %), whereas
no broad peak is identified on the YMC Triart column (Mox,LC = 0.0 ± 0.0 %). Although the
age of the BEH130 C18 column is unknown, we expect that the column is not brand new in
light of the Mox,LC levels. The three RP columns are based on trifunctionally C18 alkyl phase
bonding and end-capping, the T3 bonding of the HSS T3 column being an enhancement of
the trifunctional bonding characterized by a lower carbon coverage than a normal C18 trifunc-
tional column. They however differentiate by their particle technology: ethylene bridged hybrid
for the BEH column, high strength silica for the HSS T3 and silica-organic hybrid stationary
phase for the YMC Triart. This similarity of bonding phase for the latter two may explain their
analogous chromatographic profiles pattern. Furthermore, the YMC Triart columns are part of
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a so-called biocompatible system in which all the components that may come into contact with
the samples or the solvents are made of PEEK. This is different from the two other columns
where, as described before for the HSS T3, samples and solvent are in contact with some
stainless-steel parts. Even if the age and wear is unknown for the BEH column, the chro-
matographic profile anomaly is definitely present. This phenomenon observed in two different
laboratories using two distinct instrumentation setups could therefore be witnessed on other
setups.
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Figure 4.5: Relative proportions of Mnative, Mox,sol, Mox,LC and Mox,ESI for the 10 most intense methionine-
containing peptides identified in complex matrices using three different RP columns: (a) plasma sample injected
on a HSS T3 C18 column following a 180 min-long method, (b) the same plasma sample injected on a YMC Triart
C18 column following a 180 min-long method, and (c) skeletal muscle biopsy samples injected on a BEH130 C18
following a 175 min-long method. Peptides are sorted according to increasing retention time and error bars are
estimated based on technical triplicates for (a) and (b) and biological triplicates for (c).
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Does the oxidation depend on the sample load?

To assess the impact of the sample load on Mox,LC , four different quantity of commercial
HeLa protein digests were injected in technical triplicate on the 1-year old columns set: 0.10
µg/9 µL, 0.25 µg/9 µL, 0.50 µg/9 µL and 1.00 µg/9 µL. Figure 4.6 shows the evolution of Mox,LC

for a selected methionine-containing peptide (see appendix figure A.8 for more peptides). We
observed that Mox,LC decreases as the injected protein load increases. Consequently, as
Mox,sol stays constant, the evolution of Mnative increases as the injected protein load increases.
The data are fitted with a one-phase exponential decay model exhibiting a R2 of 0.9746 and
0.9752 for Mox,LC and Mnative respectively. Based on these results, we hypothesized that
there is a limited number of available oxidation sites embodied in the stationary phase of the
analytical column and that may be related to the increase in free silanols availability with the
lifetime of the column. As such, a low number of methionine-containing peptides, associated
with low sample load, results in a complete oxidation of these peptides as there are enough
oxidation sites available within the analytical column to oxidise the entire population of these
peptides, subsequently leading to higher Mox,LC . On the contrary, a high number of methionine
residues, associated with high sample load, cannot be entirely oxidised as the oxidation sites
within the analytical column are saturated. This leads to a high percentage of methionine
residues in their native form and, consequently, to the decrease of the proportion of oxidised
residues.

Figure 4.6: Evolution of Mox,LC and Mnative for DLTDYLMK peptide as function of the quantity of HeLa protein
digest injected in the LC system. Four different quantities 0.10 µg, 0.25 µg, 0.50 µg and 1.00 µg were injected in
triplicates on a 1-year old columns set using a 180 min UPLC method (3 min of trapping time and gradient length
of 150 min). The data points are fitted by a one-phase exponential decay model with a R2 of 0.9746 and 0.9752
for Mox,LC and Mnative respectively. The oxidation level reaches in the analytical column increases as the sample
load decreases evidencing the presence of limited available oxidation sites within the analytical column.
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4.1.5. Conclusions

In this work, we focused our research on the identification and the understanding of the
parameters that influence the artefactual oxidation of methionine residues during the analyt-
ical separation of biomolecules and complex samples on reversed-phase chromatographic
systems. We observed that, in addition to solution and electrospray oxidations, methionine-
containing peptides can be significantly oxidised inside the analytical column, along the chro-
matographic separation. Such phenomenon is identified based on the retention time profile
of the analytes: methionine-oxidised peptides are systematically characterized by a broad
chromatographic peak having an intermediate retention time between methionine-containing
peptide oxidised in solution and their native counterpart. Similar observation was noticed on
another setup from another laboratory based on publicly available data. With our instrumental
setup, we observed a progressive increase in on-column oxidation proportion with the age of
the columns set, the gradient length and a reduced sample load. With regards to the bonding
technology of the column (HSS T3), the observations were rationalized by the presence of a
limited number of oxidation sites within the column stationary phase, being more and more
exposed to the mobile phase and to the sample over time. Residual metal ions were pointed
out as a source of variability in methionine oxidation measurement. Traces of metal ions could
indeed potentially catalyse the oxidation of methionine residues in the chromatography. How-
ever, the fact that discrepancies are observed between old and new columns undermined this
assumption. The difference between both configurations exclusively lies in the age of the trap
and the analytical columns, while the buffers and the injection system were kept identical. Nev-
ertheless, an accumulation of metal ions in the analytical column is not excluded and could
damage the stationary phase by creating available oxidant sites in the column. The complete
on-column oxidation suppression observed on the YMC Triart C18 column, being part of a
biocompatible system, reinforces the metal ions accumulation hypothesis and suggests that
the nature of the stationary phase may not be the issue. In the future, this assumption will be
evaluated by using HSS T3 and BEH130 columns on biocompatible LC system over a year of
routine injections.

Altogether, this work highlights the necessity to implement a procedure to follow the liquid
chromatography instrumental setup status which induces undesired artefactual oxidation both
in routine analysis and in general proteomics studies. At this stage, general guidelines can be
drawn:
(1) A periodic monitoring of the on-column oxidation level based on standard methionine-
containing peptides should help to diagnose LC system failures or an early disruption of the
analytical column.
(2) Fast digestion workflows and short gradient lengths should be favoured in order to reduce
undesired methionine oxidation in solution and during the LC separation respectively.
(3) For targeted therapeutic proteins studies, labelled internal standard will allow to correct for
LC induced bias.
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These guidelines are of particular interests for quantification studies in which database searches
expect single chromatographic peak for oxidised methionine peptides. As demonstrated, sev-
eral peaks are associated with a given oxidised analyte, such multiple chromatographic signa-
tures can possibly lead to erroneous assignment and quantification.

Finally, complementary studies dedicated to the stabilization of the oxidation during the
chromatographic separation will help to prevent and to further understand the origin of on-
column methionine oxidation. Indeed, with the emergence of downscaling proteomics, anal-
ysis of peptide modifications when low quantity is injected need to be rigorously monitored
and controlled. Other experiments will be conducted to draw conclusions with regards to the
bonding technology of the stationary phase and the structure of the surface of the RP columns.

4.2. Strategies to understand the origin of on-column methionine
oxidation

The results presented above helped us to precisely localized the Mox,LC phenomenon.
Additional experiments were carried out to reach a better comprehension of this event and to
provide strategies aiming at minimizing undesired LC oxidation.

4.2.1. Comprehension of the Mox,LC phenomenon

To evaluate the capacity of dissolved metal ions to oxidise methionine-containing peptides,
the synthetic EMSGSPASGIPVK peptide was incubated with metal ions carrying different ox-
idation states, i.e. Fe2+, Fe3+ and Mn2+. We observed that the direct addition of metal ions
to the peptide solution did not promote the oxidation of the methionine-containing peptide. To
further enhanced the oxidation of methionine, the standard peptide together with metal cations
was also incubated in the presence of hydrogen peroxide. The objective of that experiment
was to generate free radicals that could potentially engage in secondary reactions such as the
oxidation of methionine residues. The experimental details and results are summarized in the
following section.

To account for residual metal ion traces released from the LC system to the mobile phase,
the standard peptide at a concentration of 5 µM was incubated with metal ions of µM to nM
concentrations. Solutions of 100 μM and 100 nM of Fe2+, Fe3+ and Mn2+ were done using
respectively iron (II) sulfate heptahydrate, amonium iron (III) sulfate dodecahydrate purchased
fromSigma-Aldrich, andmanganese sulfatemonohydrate fromVWR. Tomimic the eluent com-
position as the peptide elutes from the LC column, the peptide and metal ions were dissolved
in water/ACN 75/25 (v/v) with 0.1% of formic acid. Finally, H2O2 was added to the sample in a
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final concentration of 0.1 mM. The incubation was carried out during 1h at room temperature
before direct infusion on the Q Exactive™ mass spectrometer. Each condition was repeated
in triplicates. Direct infusion experiments were acquired using the following parameters: scan
range from 400 to 1750 m/z, resolution = 70,000, polarity = positive, lock mass = 445.12003,
AGC target = 1×106. The parameters of the ESI source were set as follows: spray voltage =
4 kV, capillary temperature = 270°C, S-lens RF level = 50.0.

Figure 4.7 depicts the proportions of Mnative and Mox,sol resulting from the incubation of
EMSGSPASGIPVK methionine-containing peptide with H2O2 and Fe2+ or Fe3+ or Mn2+ in
different concentrations. Two control experiments were run to asses our method and are
labelled as “control” and “H2O2” in figure 4.7. “Control” refers to the incubation of the standard
peptide with the solvent without metal cations or peroxide, while “H2O2” refers to the incubation
of the standard peptide with the solvent and peroxide. The incubation of the peptide with H2O2

increases the Mox,sol proportion from 1,77 % (no addition of hydrogen peroxide) to 9.49 ± 2.71
%. The introduction of metal ions, regardless of their nature or their quantity, gives similar
Mox,sol proportions than the hydrogen peroxide control: 7.01 ± 2.77 %, 10.46 ± 6.82 %, 9.55
± 2.62 %, 10.45 ± 0.22 %, 8.97 ± 0.90 %, 9.37 ± 2.12 % respectively for Fe2+ 1 nM, Fe2+ 1
µM, Fe3+ 1 nM, Fe3+ 1 µM, Mn2+ 1 nM, Mn2+ 1 µM. In light of these results, metal ions did
not seem to catalyse the oxidation reaction of the peptide.

Figure 4.7: Relative proportions of Mnative and Mox,sol of EMSGSPASGIPVK peptide following different exper-
imental conditions. Control is the standard peptide diluted like the other conditions without the addition of any
metals and hydrogen peroxide. The following condition is the peptide with only the addition of hydrogen peroxide.
This sample is used as a control of the efficacy of the metal ions. The next conditions are the peptide with hydrogen
peroxide with the different sort and quantity of metal ions. Mox,LC being absent here because sample is infused
in the mass spectrometer without previous LC separation.

Although we did not verify our former hypothesis on the methionine oxidation phenomenon
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occuring in the LC system, these experiments did not entirely ruled out the role of metal cations
in the oxidation process. Indeed, several experimental parameters remain different between
our test experiments and the LC system. Among them, the temperature of the oven in which
lies the analytical column was set at 40°C whereas the 1h incubation was done at room tem-
perature. Similarly, the pressure at which the sample is submitted in the column, whereas only
the atmospheric pressure influenced the reaction in this experiment. And finally, the main dif-
ference is the contact of the sample with the stationary phase when flowing through the column.
Other molecules, originating from the stationary phase itself or trapped on the column from
previously injected samples, might also interact with the methionine residue further leading to
their oxidation.

4.2.2. How to reduce Mox,LC ?

In this section, two strategies were implemented to reduce but also prevent the oxidation of
methionine during LC separation. The first one relies on the use of metal ion binding chemicals
to clean the column before LC-MS analysis, while the second one capitalizes on the use of
antioxidant scavengers in the sample preparation step. The outcomes of both strategies will
be presented in this section.

Column cleaning

To remove the possible metal ions from the LC column, the column was washed with a
solution able to capture metal ions and further elute them from the column. EDTA was chosen
to form water-soluble complexes with metal ions which were potentially present in the column.
A solution stock of EDTA 20 mM pH=8 was prepared and 9 µL of this solution were injected
as a sample on the column three times in a row. First, the synthetic methionine-containing
peptide, prepared as described in section 4.1.3, was injected in triplicate before washing the
column with EDTA. The column was then washed with the EDTA solution and the synthetic
peptide was injected again in triplicate under the same instrumental conditions. The percent-
ages of oxidation of the methionine-containing peptide were then compared between the two
experiments. The proportions of Mox,LC were 47.84 ± 0.95 % and 48.99 ± 3.17 % respectively
in samples injected before and after the injection of EDTA. These similar levels of Mox,LC indi-
cated that the cleaning with EDTA as a sample did not have an effect on the oxidation level of
injected peptides. Injected as a sample, EDTA may have not reached the analytical column
and was probably sent to waste after going through the trap column.

To overcome this problem, the entire tubing and columns system was then washed using
EDTA. Before washing the column and the tubing with EDTA, methionine-containing peptide
was injected in triplicates onto the column. Then, the system was flushed with water/ACN
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90:10 (v/v) for 30 minutes to remove any acid that could precipitate with the EDTA solution.
Then the column was cleaned with a solution of ACN/20 mM EDTA pH=8 10/90 (v/v) for one
hour. The system was reconditioned using water/ACN 90:10 (v/v) for 30 minutes. Finally, the
methionine-containing peptide was injected into the washed column for comparison with the
samples injected before the wash. This experiment resulted in damage of the column set
leading to unexploitable data.

Scavenger treatment

Pure methionine inserted in a sample can act as a scavenger that can be oxidised in place
of methionine-containing peptides present in a sample.

Tryptic digestion of human plasma samples was processed as described in section 4.1.3.
Aliquots of digested plasma were then stored at -80°C. To be comparable to the plasma digest
samples discussed in figure 4.2, samples of this section were processed in the exact same
way (in terms of concentration, use of ice for thawing, quantity injected onto the columns, col-
umn set and experimental timing). The only difference is the addition of pure methionine to
the plasma digest after dilution and prior to the subsequent injection. Pure methionine was
added at a 1/5 ratio protein/methionine. In the 9 µL injected, there was 0.675 µg of digested
plasma and 3,375 µg of pure methionine. L-methionine was purchased from Sigma-Aldrich.
The acquisition method and the data processing were implemented likewise the peptides from
plasma samples injected alone.

Figure 4.8(a) compares the proportions of Mnative, Mox,sol, Mox,LC and Mox,ESI for the 10
most abundant methionine-containing peptides of a digested plasma sample (plain bars) and
the same plasma digest in which pure methionine has been spiked prior to the injection (dotted
bars). Figure 4.8(b) is the proportions of only Mox,LC pulled out of from (a) to allow quick evalu-
ation of oxidation occurring during the liquid chromatography separation. In both experimental
conditions, with or without pure methionine, the proportions of Mox,LC is relatively high. Nev-
ertheless, when looking at figure 4.8(b), Mox,LC is lower in the methionine-enriched condition
for nearly all the represented peptides. This global trend encourages us to think that pure me-
thionine effectively act as a scavenger of the oxidation inside the analytical column. Another
observation from figure 4.8 is that Mox,sol slightly increases in the pure methionine enriched
sample. This could be explained by the storage time differences in the freezer. Given that the
pool of plasma has been digested in one pot and frozen at -80°C in aliquots and that plasma
without methionine has been injected one week after being frozen at -80°C while plasma in
which we added pure methionine has been injected 8 months later, this time past in the freezer
could be the explanation to this slight increase of Mox,sol.
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Figure 4.8: Relative proportions of Mnative, Mox,sol, Mox,LC and Mox,ESI for the 10 most intense methionine-
containing peptides identified in plasma samples following a 180 min-long UPLC method performed on a 1 year-
old columns set with the HSS T3 phase. For each peptide, two columns are depicted: on the left plasma sample
already presented in figure 4.2; on the right (bars patterned with dots) plasma samples with the addition of pure
methionine before injection onto the mass spectrometer. (a) represents all forms of the peptides, non-oxidised and
all the oxidised forms and (b) only represents the contribution of Mox,LC to understand at a glance the influence
of pure methionine on Mox,LC . Contribution from Mox,ESI is minor (< 1 %). Peptides are sorted according to
increasing retention time and error bars are estimated based on technical triplicates.

Digestion of plasma samples with an initial addition of pure methionine could help reducing
Mox,sol as well as Mox,LC .

4.3. Conclusions

We were able to find a scavenger that can reduce Mox,LC , but it did not significantly
decrease it. The most effective way to deal with high percentages of oxidation in analyt-
ical columns is to replace them with a new one. The experimenter should determine the
Mox,LC thresholds at which the column must be replaced based on their laboratory standards.
Methionine-containing peptides can be used as a quality control. In our laboratory, the com-
mercial HeLa protein digest standard is already used to validate the performance of the LC-MS
system based on the number of proteins detected. To assess the quality of the LC system, we
evaluated the evolution of in-column oxidation in four peptides over one year (see figures 4.3
and A.4). The threshold for Mox,LC could be set at 5%, above which Mox,LC tends to increase
more rapidly, and the LC system deteriorates quickly. Therefore, when Mox,LC reaches this
threshold, the LC columns should be changed.
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Is the in-column oxidation due to metal ions? Is it due to digestion residues that accu-
mulate in the columns throughout the injections? Investigating this phenomenon by washing
out the stationary phase of an old column set and analysing the molecules that are released
could provide insight. Comparing the molecules found in the stationary phases of an old and
new column set could also be valuable. While this phenomenon is not yet fully understood,
this discovery can be used to prevent incorrect integration of methionine oxidation and ensure
accurate quantitation.

A detailed study of EMSGSPASGIPVK has led us to understand the needs of a good stan-
dard peptide for the quantitation of potentially modified peptides. First, at the moment of the
spike, the percentage of oxidation of the methionine-containing standard must be precisely
known. Quantification of oxidised analyte peptides would be easier with completely unmodi-
fied standard peptide but this ideal view is unfortunately rarely achieved. Inmost cases, a small
percentage of oxidation is detected in the standard peptide. This problem does not exclude
the use of methionine-containing peptides as standards as long as the fraction of oxidised
molecules in solution is known. The best way of including such standard in the kit is to keep
it lyophilised and solubilized it at the very last moment of the sample preparation procedure.
From batches to batches, a quality control will be conducted, and Mox,sol will be accurately
measured. The resulting lyophilized powder will be stored under controlled conditions (which
need to be further investigated) to prevent any undesired reactions and enable accurate quan-
tification of methionine-oxidised analytes. Second, integration of methionine oxidised peptide
via automated software must be checked and corrected if needed. Indeed, we have identified
multiple chromatographic peaks associated with oxidised forms of the peptide that are not all
recognised by automatic integration, leading to imprecise quantification.

By carefully following the requirements outlined above, it is possible to achieve absolute
quantification of proteins using methionine-containing peptides. However, this method is lim-
ited to targeted proteomics with a small number of samples to analyse. For cohorts with a large
number of samples that need to be compared, relative quantification is the preferred approach.
The next chapter presents a new method for evaluating differential PTMs for biomarker dis-
covery studies.



5
Differential post-translational

modifications

In addition to the specific quantification of methionine-containing peptides introduced in
the previous chapter, the relative quantification of post-translational modifications (PTMs) in
general is of major interest for biomarker discovery studies performed on large cohorts. As
a consequence, various methodologies such as ”bottom-up” proteomics approach, the use
of DIA acquisition, the ”top-down” approach, enrichment methods were developed in recent
years to improve PTM characterization. This chapter introduces a new strategy that aims to
improve digestion efficiency and increase protein sequence coverage to further enhance PTM
characterization.

5.1. Workflow

In this context, we here describe a novel innovative strategy that combines multi-enzymatic
limited digestion (MELD) to tryptic digestion to reinforce the characterization of PTMs and fur-
ther allow their quantification.

The MELD method has already been described in 2019 by Morsa et al. [113]. It is an
enzymatic digestion that lies between the bottom-up and the middle-down strategies. Indeed,
thanks to a mix of several enzymes, the MELD can generate more various peptides than in
classic tryptic digestion due to the multiplicity of cleavages sites. This multi-enzymatic diges-
tion is limited thanks to a dilution of the enzymes used and a shorter digestion time (only 2h
of digestion). It produces many missed cleavage sites and therefore results in a broad range
of unique peptides covering common sequences (overlapping peptides). The sequence cov-
erage is then improved as well as the confidence for the detection and localization of PTMs.

91
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Thanks to overlapping peptides, if a modification site is observed multiple time in several ex-
tended residues, its confidence certainly increases due to redundancy observations and the
multiple PSMs. This method synergistically combined with the tryptic digestion will offer ro-
bust and improved detection and quantification of modified peptides. Comparatively to other
digestion methods, it offers an improved sequence coverage and characterization accuracy
of peptides and proteins. It also enables the accurate identification and localization of PTMs
and enhances the diversity of peptides in terms of length and cleavage site.

Figure 5.1 presents the schematic representation of the method’s analysis flow. The
method involves two differential analyses, one on the protein level and the other on the peptide
level, to distinguish differentially expressed modified peptides from those originating from an
already overexpressed protein. To analyse a cohort of samples using this workflow, disease
patient samples and control patient samples are pooled separately, and two MELDs are re-
quired: one for the pool of control patients and one for the pool of disease patients. These
pools undergo technical triplicates for analysis. TheMELD analyses, which are processed sep-
arately for each group, provide an overview of the number and nature of modifications in both
groups. The differential analysis of the MELD analyses generates a list of protein modification
types and localizations, detected in all the samples, based on multiple peptide detections that
result in high confidence. Next, all samples are subjected to a typical tryptic digestion for quan-
tification of the modifications after comparison with the list obtained with the MELD experiment.
This step is crucial as it provides a final list of confident peptides for which quantification results
are available. Differential peptide analysis is performed on this final list of confident peptides
using PERSEUS, thanks to the label-free quantification performed separately on the different
tryptic digest samples.
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Figure 5.1: Workflow for the analysis of PTMs in a new approach.

5.2. Applications

This new PTMs strategy analysis was applied on the samples of the Win2Wal EPINOX
(Wallonia research SPW funding) project. EPINOX stands for Erythrocyte Proteomics for Im-
muNOdetection of OXidation and aims at the identification of new epitopes from erythrocyte
modified proteins that are representative of an in vivo oxidation stress and NO metabolism
dysregulation. These epitopes will further be used to produce immunological tests for car-
diovascular disease prevention. These biomarkers will therefore be highlighted by the newly
developed proteomic approach described above.

5.2.1. Introduction

Endothelial cells form the inner layer (the endothelium) of a blood vessel and play critical
role in the cardiovascular homeostasis. The endothelium helps in producing and controlling
the synthesis of different substances that maintain cell capacity. This functional capacity may
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be altered and therefore referred as the so-called endothelial dysfunction. It is evaluated based
on the amount of nitric oxide (NO) produced and the vasodilatation effect. The increase of the
inner diameter of the blood vessels, called vasodilatation, that helps the transport of the blood
flow, is facilitated by vasodilators such as NO. The impairment of this NO-dependent vasodi-
latation leads to inflammatory processes and vascular diseases [141]. Under normal condi-
tions, concentration of NO in the vascular system is generally in the order of the nM [142].
An imbalance between reactive oxygen species (ROS) or reactive nitrogen species (RNS)
and antioxidants is the primary cause of endothelial dysfunction. This dysfunction leads to an
increase of NO (in the order of µM) that favours its reaction with ROS and RNS. The bioavail-
ability of NO is therefore drastically reduced by the creation of oxidant molecules taking part in
the oxidative stress. NO is also involved in another process: it binds to the haemoglobin of cir-
culating red blood cells (RBCs) leading to the formation of nitrosylated haemoglobin (HbNO).
In 2013, Lobysheva et al. [143] showed that HbNO levels directly correlates with vascular en-
dothelial function. These observations highlight that endothelial dysfunction is associated with
i) a decrease of NO bioavailability, ii) a decrease concentration of HbNO and iii) an increase
of the oxidative stress. The origin of the oxidative stress is still to be discovered and could end
up to new targeted treatments. The dosage of HbNO levels has been patented and can be
used as a sensor of oxidative stress.

Apart from the drop in HbNO levels, oxidative stress can cause modifications at the pro-
teome level that can be classified in two categories: reversible and irreversible modifications
[144]. These include cysteine modification products as well as nitration and carbonylation,
respectively. Nitration is the proliferation of 3-nitrotyrosine by the addition of a nitro functional
group onto a tyrosine residue (or to a lesser extent a tryptophan residue). The formation of
3-nitrotyrosine can be explained by two mechanisms involving ROS, RNS and NO. In the first
mechanism, the tyrosine residue reacts with ROS to form a tyrosyl radical quickly combining
with NO to yield the desired product. In the second one, RNS or ROS directly react with NO
to give an unstable peroxynitrite intermediate that further react with the tyrosine residue [145].
Review of the literature on this subject help us to draw a list of the most cited and common pro-
tein carbonylation which refers to the introduction of carbonyl groups (C=O) through a variety
of oxidative pathways involving ROS [146–153]. In biological samples, the generation of pro-
tein carbonylation is often metal-catalysed oxidation. At first, an extended list of modifications
was tested on our samples but resulted in the detection of only 9 of them, which were kept for
the following analyses. The nitration and the carbonylation modification types are summarised
in table 5.1.
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Table 5.1: List of the nitration and the 9 carbonylations most encountered in our data sets with the name of the
modification, its composition and its mass difference.

Amino acid Modification Composition ∆mass (Da)

Tyrosine/Tryptophan Y/W nitration -H, +N, +2O +44.98

Proline P 5-oxoproline= pyroglutamic acid -2H, +1O +13.98
Proline P glutamic semialdehyde +O +15.99
Threonine T 2-amino-3-ketobutyric acid -2H -2.02
Lysine K aminoadipic semialdehyde 3H, -1N, +1O -1.03
Arginine R glutamic semialdehyde -5H, -1C, -3N, +1O -43.05
Methionine M aspartate 4 semi-aldehyde -4H, -1C, -1S, +1O -32.01
Glutamic acid E 4-aminobutyraldehyde -2H, -1C, -1O -30.1
Aspartic acid D decarboxylation -2H, -1C, -1O -30.1
Leucine L leucine carbonyl -2H, +1O +13.98

Oxidative stress is difficult tomeasure because quick intermediates or fast-degradingmolecules
come into play. It can however promote protein modifications on RBCs protein constituent,
that can be detectable and quantitated. Looking at RBCs, instead of commonly analysed
plasma biomarkers, is a choice dictated by the lifetime of erythrocytes as well as their ab-
sence of nucleus. Indeed, a RBC approximately circulates during 120 days and, because of
the absence of nucleus, it does not regenerate itself [154, 155]. Presence of carbonylated or
nitrated proteins at the surface of erythrocytes is therefore regarded as an excess of oxidative
stress and will be, in our hypothesis, the first sign of an endothelial dysfunction. It reflects, in
a more dynamic way, relatively new and active oxidation processes, better than the plasma
products. Other risk factors such as hypertension, hypercholesterolaemia, diabetes, inflam-
mation, hyperglycaemia, alcohol, tobacco as well as ageing may increase the oxidative stress.
Endothelial dysfunction leads to cardiovascular diseases, the first cause of death worldwide
and a socio-economic burden.

Several cohorts of patients were recruited in this project, all of them correlated to control
patients: contraceptive pills consumers, diabetes patients, COVID patients, patients with high
or intermediate risk of cardiovascular diseases. Only the latter one is presented in this the-
sis because the cohort contains the highest number of patients (in comparison to the other
cohorts) and is therefore statistically more relevant than the others. At first only washed ery-
throcytes were analysed. A washing protocol was established to separate the membranes
of the erythrocytes from the matrix to produce ghost erythrocytes. Throughout the analyses
of these cohorts, we struggled finding differential modified peptides on the cohorts and we
therefore focused our research on complete RBCs. For the sake of completeness, plasma
samples of the same patients were also analysed in the same fashion. The cohort is made of
63 RBC samples (41 high or intermediate risk and 22 control) and 61 plasma samples (39 high
or intermediate risk and 22 control). The difficulty lies in the recruitment of control patients with
the same biological characteristics (i.e. age, BMI, etc.) without clinical risk of cardiovascular
disease. The control group contains individuals with a mean age of 49 ± 17 % and a mean
BMI of 24.3 ± 2.3 % whereas the mean age of the patient group is 65 ± 12.1 % and a mean
BMI of 27.0 ± 6.5 %. The same proportion of men and women constitutes the two groups:



5.2. Applications 96

59 % women and 41 % men. None of the samples comes from tobacco consumers. Other
biological and clinical characteristics of the patients can be found in table 5.2.
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5.2.2. Materials and methods

Sample preparation

Patients were recruited by the FATH research group in the University of UCLouvain. Blood
sampling were collected via venipuncture and transferred in tubes with EDTA and centrifuged.
Plasma was separated in 500 µL tubes. Platelets and white blood cells were removed through
pipetting and RBCs were finally placed in 500 µL tubes. All aliquots were stored at -80°C and
send to ULiège for further analyses. To avoid any sample preparation bias, all the samples,
either RBC or plasma were treated similarly. Each sample was thawed on ice. 950 µl of a
solution of Tris-HCl 50 mM pH=7.4 with 1 % SDS, PhosSTOP and cOmplete were added to
the 50 µL of sample as a lysis buffer. The sample was then diluted twice with Tris-HCl 50 mM
pH=7.4 with 1 % SDS. The total protein content was evaluated based on the RC DC protein
assay kit from Bio-Rad and resuspended with Tris-HCl 50 mM pH=7.4 to 1 mg/ml.

Tryptic digestion of red blood cell and plasma samples

Each sample was processed separately using the same protocol as described for the hu-
man plasma samples of the chapter 4.1.3 on 20 µg of the plasma and RBC samples. After
tryptic digestion, samples are resuspended in water/TFA 0.1 % (v/v) to a final concentration
of 0.11 µg/µL and 9 µL were injected on the column (1 µg).

Multi-enzymatic limited digestion of red blood cell and plasma samples

Each sample of the two groups was equimolarly pooled together, i.e the 41 or 39 (respec-
tively for the RBC or for the plasma) patients constitutes a pool and the 22 controls formed
another pool. 20 µg of each pool were treated in triplicate and submitted to reduction-alkylation
followed by a clean-up. The dried pellets were solubilized in 40 µL of NH4HCO3 50 mM and
further divided in two equal volumes, each of the tube containing 10 µg in 20 µL. Two multi-
enzymatic solutions containing different ratio of diluted enzymes were prepared and imme-
diately added to the samples. The first one was a mix of trypsin, chymotrypsin and Glu-c
inserted at a final enzyme-protein ratio of 1/85, 1/55 and 1/85 respectively. The second one
was a 9-fold dilution of the first mix. CaCl2 was also added to the enzymatic mix to reach a
concentration of 5 mM during digestion. One of the samples was digested with the high-ratio
mixture and the other one with the low-ratio mixture for 2 h at 37°C under stirring at 600 rpm
before quenching the digestion with a final concentration of 0.5 % TFA. The two digests are
then pooled together in equal volume. They are finally dried under vacuum and resuspended
in water/TFA 0.1 % (v/v) to a final concentration of 0.17 µg/µL and 9 µL were injected on the
column (1.5 µg).
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An overview of the treatment of each sample is represented in figure 5.2.

Figure 5.2: Overview of the samples, their group (in blue) and their preparation process applied (in orange).

Liquid chromatography - mass spectrometry analysis

Samples were injected on an ACQUITY UPLC M-Class System hyphenated to a Q Exac-
tive™ Hybrid Quadrupole-Orbitrap™ Mass Spectrometer equipped with a Nanospray Flex™
ion source already described in paragraph 4.1.3. The gradient used was a 180 min-long UPLC
method (3 min trapping time and 177 min analytical gradient).

Database search

A differential analysis at the protein level (on the tryptic digests) as well as the peptide
level was conducted (see figure 5.1). For the differential analysis of proteins, MaxQuant soft-
ware v.1.6.14 [156] was used for database searches on the tryptic digests of the RBC and
plasma samples both with a human database containing 20 365 sequences (Uniprot, Swiss-
Prot reviewed, Homo Sapiens 9606, downloaded on 22/10/2019). Carbamidomethylation of
cysteines was set as a fixed modification, whereas deamidation of asparagine and glutamine,
and oxidation of methionine were set as variable modifications. A maximum of 5 PTMs per
peptide was allowed. Trypsin was selected according to a specific digest mode with a maxi-
mum of 2missed cleavages allowed. Label-free quantification was selected based on a classic
normalization type included in the software.

PEAKS Studio software v.10.5 was used for database searches of the differential analysis
of peptides. A first global search was done on the two separated MELD to obtain modification
categories in function of the group. The twoMELDwere then treated separately with the follow-
ing parameters: human database containing 20,365 sequences (Uniprot, Swiss-Prot reviewed,
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HomoSapiens 9606, downloaded on 22/10/2019), unspecific digestionmode, tolerance on the
precursor and fragment masses = 5.0 ppm and 0.015 Da respectively, fixed modifications =
carbamidomethylation of cysteines, variable modifications = 35 commonly found modifications
(including the list presented in table 5.1), FDR < 0.1 %, maximum variable PTMs per peptide
= 5. Then, a first list of modified peptides was created thanks to the MELD analysis to obtain
a list of robust peptides. For this purpose, the MELD from the patient and the control groups
were combined for a single search with the same parameters. A second list of peptides was
obtained from the analyses of all the tryptic digests for comparison with the list of peptides
from the MELD. The parameters were the same as those described hereinabove, except for
the digestion enzyme which was trypsin in this search. Another search was done on all the
tryptic digests separately to obtain a quantification for each sample. All the results were then
grouped in one file thanks to the label-free quantification option in PEAKS that allows grouping
of pre-treated samples. For this analysis, the mass error tolerance was fixed to 5 ppm, the
retention time shift tolerance to 5 min and the FDR threshold to less than 0.1 %.

Perseus software v.1.6.10.0 [157] was used for the statistical analysis of patient groups
after database searches carried out in MaxQuant or PEAKS Studio.

5.2.3. Differential analysis on proteins

The analysis of the RBC displays a contamination by keratin. Indeed, out of the 241 de-
tected proteins, two keratins are part of the 20 most abundant proteins of the sample with a
high sequence coverage. This contamination is not encountered in the plasma samples.

241 proteins were detected in the RBC datasets, whereas 264 were detected in the plasma
datasets. After filtering to only keep the proteins that are present in each sample of the cohorts,
a Student’s T-test was performed with a threshold p-value of 0.05. The final lists of proteins
differentially expressed in one group or the other are presented in tables 5.3 and 5.4 respec-
tively for the RBC and the plasma datasets. In the RBC samples, 16 proteins are differentially
expressed and all overexpressed in the control group. Concerning the plasma samples, the
41 proteins differentially expressed are either overexpressed in one group or the other (see
overexpression factor in tables 5.3 and 5.4). The factors are barely higher than one for every
protein, indicating slight variations between the controls and the patients. These subtle varia-
tions in factors among the two groups imply that a clear distinction between the groups cannot
be established at the protein level.
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Table 5.3: List of the 16 proteins differentially expressed in the RBC datasets. Proteins are ordered by p-value.

Majority protein IDs Protein names Gene names p-value overexpressed in CVD overexpressed in CONTROL
P16157 Ankyrin-1 ANK1 3.50E-03 1.09
P30043 Flavin reductase (NADPH) BLVRB 4.86E-03 1.16
P00352 Retinal dehydrogenase 1 ALDH1A1 7.50E-03 1.15
P11171 Protein 4.1 EPB41 8.14E-03 1.12
P32119 Peroxiredoxin-2 PRDX2 9.63E-03 1.15
Q99497 Protein deglycase DJ-1 PARK7 1.08E-02 1.15
P02652 Apolipoprotein A-II APOA2 1.18E-02 1.33
P00441 Superoxide dismutase [Cu-Zn] SOD1 1.72E-02 1.11
P02549 Spectrin alpha chain, erythrocytic 1 SPTA1 2.46E-02 1.08
Q06323 Proteasome activator complex subunit 1 PSME1 2.58E-02 1.13
P11277 Spectrin beta chain, erythrocytic SPTB 2.63E-02 1.07
P00491 Purine nucleoside phosphorylase PNP 2.73E-02 1.11
P23528 Cofilin-1 CFL1 3.03E-02 1.14
P04040 Catalase CAT 3.89E-02 1.08
P30041 Peroxiredoxin-6 PRDX6 3.95E-02 1.11
P00915 Carbonic anhydrase 1 CA1 4.85E-02 1.13

Table 5.4: List of the 41 proteins differentially expressed in the plasma datasets. Proteins are ordered by p-value.

Majority protein IDs Protein names Gene names p-value overexpressed
in CVD

overexpressed
in CONTROL

P68871 Hemoglobin subunit beta HBB 1.15E-04 1.98
P69905 Hemoglobin subunit alpha HBA1 1.68E-04 1.95
P02749 Beta-2-glycoprotein 1 APOH 4.14E-04 1.32
P12259 Coagulation factor V F5 1.79E-03 1.27
P04003 C4b-binding protein alpha chain C4BPA 1.85E-03 1.20
P63261 Actin, cytoplasmic 2 ACTG1 2.82E-03 1.83
P01024 Complement C3 C3 2.88E-03 1.11
P0DJI8 Serum amyloid A-1 protein SAA1 3.13E-03 3.12
P02787 Serotransferrin TF 3.68E-03 1.19
P02647 Apolipoprotein A-I APOA1 5.44E-03 1.24
P0DOX7 Immunoglobulin kappa light chain IGK 5.67E-03 1.19
P0C0L5 Complement C4-B C4B 8.00E-03 1.27
P02748 Complement component C9 C9 8.01E-03 1.27
P06681 Complement C2 C2 8.51E-03 1.11
P02675 Fibrinogen beta chain FGB 9.72E-03 1.20
P01624 Ig kappa chain V-III region POM 1.07E-02 1.35
P02763 Alpha-1-acid glycoprotein 1 ORM1 1.10E-02 1.27
P00488 Coagulation factor XIII A chain F13A1 1.11E-02 1.37
P02765 Alpha-2-HS-glycoprotein AHSG 1.13E-02 1.19
P02760 Protein AMBP AMBP 1.15E-02 1.36
P80108 Phosphatidylinositol-glycan-specific phospholipase D GPLD1 1.22E-02 1.26
P06312 Ig kappa chain V-IV region IGKV4-1 1.41E-02 1.34
P02743 Serum amyloid P-component APCS 1.48E-02 1.25
P08603 Complement factor H CFH 1.48E-02 1.12
P01008 Antithrombin-III SERPINC1 1.64E-02 1.10
P05156 Complement factor I CFI 1.67E-02 1.15
P0DOX5 Ig gamma-1 chain C region IGHG1 1.69E-02 1.18
P00748 Coagulation factor XII F12 1.84E-02 1.30
P04406 Glyceraldehyde-3-phosphate dehydrogenase GAPDH 1.86E-02 1.56
P02679 Fibrinogen gamma chain FGG 1.92E-02 1.18
P01619 Ig kappa chain V-III region B6 1.95E-02 1.25
P01031 Complement C5 C5 2.10E-02 1.11
P02652 Apolipoprotein A-II APOA2 2.13E-02 1.31
P02750 Leucine-rich alpha-2-glycoprotein LRG1 2.33E-02 1.25
P01834 Ig kappa chain C region IGKC 2.52E-02 1.20
P08185 Corticosteroid-binding globulin SERPINA6 3.32E-02 1.18
P01780 Ig heavy chain V-III region JON IGHV3-21 3.46E-02 1.24
P02671 Fibrinogen alpha chain FGA 4.08E-02 1.14
P04433 Ig kappa chain V-III region VG IGKV3D-11 4.13E-02 1.29
P06396 Gelsolin GSN 4.23E-02 1.11
P35542 Serum amyloid A-4 protein SAA4 4.33E-02 1.19

We introduced these differentially expressed proteins in the STRING database [158] to
evaluate the protein-protein interactions and obtained biological pathway for RBC and plasma
respectively observed in figure 5.3(a) and (b). In RBC, a biological process associated with the
hydrogen peroxide metabolic process is observed ((a) in red) and a cellular component: the
spectrin-associated skeleton ((a) in blue). In plasma, biological process linked to a response
to stress ((b) in green) is monitored as well as the KEGG pathway linked to the complement
and coagulation cascades ((b) in yellow).
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Figure 5.3: Protein-protein interactions obtained thanks to the STRING database. Differentially expressed pro-
teins found in (a) RBC and (b) plasma. In red, biological process associated with hydrogen peroxide metabolic
process, in blue a cellular component: the spectrin-associated skeleton, in green biological process linked to a
response to stress and in yellow KEGG pathway linked to the complement and coagulation cascades.

In both RBC and plasma samples we found protein-protein interactions linked to the ox-
idative stress. Indeed, hydrogen peroxide metabolic process and the response to stress are
directly linked to the oxidative stress. Plasma is known to contain proteins involved in defence
mechanisms against pathogens (the complement and coagulation cascades). Spectrin-based
skeleton are a set of proteins that maintain organization inside membrane protein domains
[159]. The proteins highlighted in yellow in figure 5.3b were already detected as biomarkers
for bladder cancer by Gomez et al [160]. Others were discovered as involved in the comple-
ment and coagulation cascade [161] or else in the response and resistance to therapy of breast
cancer [162]. Proteins highlighted in figure 5.3a are associated with damage and remodelling
in RBC of COVID-19 patients [163].

5.2.4. Differential analysis on peptides

The first analysis consists in comparing the two MELD separately to obtain an overview of
the most encountered modifications in function of the group: disease or control. By compar-
ing the number of PSMs for each modification type in each group for the RBC and the plasma
samples, similar number of PSM were observed in each group for all detected modifications.
This global search did not allow to highlight modification differences from the disease or the
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control group from either the RBC or the plasma samples. A deeper analysis is then needed
to eventually observe differences between the groups.

The lists of modified peptides obtained from the MELD and tryptic digest analyses were
filtered to only keep peptides with assured modifications (Ascore = 1000, which means that
the confidence of the modification site is 100%). Looking at the number of total modified pep-
tides without duplicate from table 5.5, we observe that it is higher in the tryptic digest than in
the MELD for both RBC and plasma samples. Indeed, MELD generates a more diverse set
of peptides with varying sizes and abundances, which can result in a narrower dynamic range
compared to tryptic digestion and may lead to the identification of fewer diverse sequences,
primarily consisting of highly abundant proteins. With reduced sequence diversity, the prob-
ability of identifying modifications is also lowered. While we can achieve better coverage of
major proteins, our analysis is less in-depth with the MELD. Even though the number of iden-
tified modifications is lower in the MELD, they are more repeated. Indeed, if we compare
the number of total modifications with the total modifications without duplicate, we observe a
3.49 and 1.93 fold decrease in the MELD and a 2.38 and a 1.62 fold decrease with the tryp-
tic digest respectively for RBC and plasma samples, meaning that a unique modification site
is observed on several overlapping peptides in the MELD and to a lesser extent in the tryp-
tic digest. In definitive, MELD allows us to say that the detection of modified peptides is robust.

Table 5.5: Number of modified peptides detected in the MELD and in the tryptic digest in the RBC and plasma
samples.

Number of total
modified peptides

Number of total
modified peptides
without duplicate

Number of pep-
tides common
to MELD or TD
without duplicate

RBC Tryptic digest 3941 1657 460MELD 4384 1256

Plasma Tryptic digest 3080 1895 427MELD 2086 1078

Taking advantage of the quantification obtained for each sample thanks to PEAKS, all
modified peptides highlighted in the comparison of the MELD and the tryptic digest were label-
free quantitated. A total intensity (sum) normalization was necessary to make samples more
comparable between the different runs. The intensities of all the detected peptides in the
different samples were summed up samples by samples and a factor of normalization was
obtained for each sample by dividing the sum of a sample by the sum of another sample
(always the same) taken arbitrarily as reference. This normalization factor was then used to
correct all the intensities of each modified peptide highlighted by the method. A statistical
analysis of this list of peptides was therefore made using Perseus. From this analysis, 7
peptides were found differentially expressed in the RBC samples and 11 in the plasma samples
(see tables 5.6 and 5.7). Proteins from which these peptides originate were checked for their
eventual overexpression in the disease or the control group. Indeed, a modified peptide arising
from a protein which is overexpressed in a group may be differentially expressed because its
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protein is. In the case of the highlighted peptides, none of them came from a protein already
overexpressed in a group, therefore being well an overexpression that appears at the peptide
level and not because the protein itself is differentially expressed. Two carbonylations and
methionine, histidine and tryptophan oxidations are modified peptides differentially expressed
in the RBC samples whereas only methionine oxidation are observed in the plasma samples.
The chosen peptides are derived from the most prevalent proteins in both matrices. This
is because, since no sample enrichment was performed, modifications on high-abundance
proteins are more easily identified than those on less abundant proteins. These results are
statistically significant, however, for the development of new epitopes used as cardiovascular
biomarkers, calculated fold changes are probably too low.

Table 5.6: Lists of modified peptides differentially expressed from the RBC samples.

Peptide p-value overexpressed
in CVD

overexpressed
in CONTROL

Accession PTM

GTFATLSELH(+15.99)CDK 1.65E-03 2.14 P68871|HBB Oxidation (HW)
VIHDNFGIVEGLM(+15.99)TTVHAITATQK 2.87E-03 1.53 P04406|G3P Oxidation (M)
EFTPQM(+31.99)QAAYQK 3.39E-03 1.71 P02042|HBD Dioxidation (M)
SAVTALW(+15.99)GKVNVDEVGGEALGR 7.97E-03 1.46 P68871|HBB Oxidation (HW)
LLGNVLVC(+57.02)VLAHHFGKEFT(-2.02)PPVQAAYQK 2.40E-02 1.35 P68871|HBB Carbamidomethylation;threonine

to 2-amino-3-ketobutyric acid
DLYANTVLSGGTTM(+15.99)YPGIADR 3.17E-02 1.81 P60709|ACTB Oxidation (M)
VVAGVANAL(+13.98)AHKYH 3.18E-02 1.32 P68871|HBB Leucine carbonyl

Table 5.7: Lists of modified peptides differentially expressed from the plasma samples.

Peptide p-value overexpressed
in CVD

overexpressed
in CONTROL

Accession PTM

SHCIAEVENDEM(+31.99)PADLPSLAADFVESK 7.37E-05 1.75 P02768|ALBU Dioxidation (M)
VM(+15.99)PICLPSKDYAEVGR 3.76E-03 2.20 P00738|HPT Oxidation (M)
DYFM(+15.99)PCPGR 4.97E-03 2.48 P02790|HEMO Oxidation (M)
TVM(+15.99)VNIENPEGIPVK 5.80E-03 1.62 P01024|CO3 Oxidation (M)
YVM(+15.99)LPVADQDQC(+57.02)IR 6.33E-03 2.24 P00738|HPT Oxidation (M);Carbamidomethylation
M(+15.99)ELERPGGNEITR 7.04E-03 1.59 P02671|FIBA Oxidation (M)
DIFTGLIGPM(+15.99)K 1.72E-02 1.59 P00450|CERU Oxidation (M)
IVSSAM(+15.99)EPDR 2.23E-02 1.30 P08603|CFAH Oxidation (M)
LVRPEVDVM(+15.99)C(+57.02)TAFHDNEETFLK 2.59E-02 1.30 P02768|ALBU Oxidation (M);Carbamidomethylation
VTM(+15.99)QNLNDR 3.85E-02 1.64 Oxidation (M)
M(+15.99)KPVPDLVPGNFK 4.17E-02 1.27 P02671|FIBA Oxidation (M)

5.2.5. Conclusions

In this chapter, we presented a new strategy for quantifying post-translationally modified
peptides that combines the advantages of the MELD innovative approach with the quantifi-
cation obtained through tryptic digestion. The MELD provides improved sequence coverage
and characterization accuracy in comparison to other monoenzymatic workflow. The tryptic
digestion provides reproducible and consistent results used for quantification purposes. This
synergistic combination resulted in reliable and confident quantification of modified peptides in
a fast and high-performance method. This combination of approaches allowed us to develop
a method that is able to highlight biomarkers with PTMs.

Using this approach, we identified modified peptides with differential expression in both
plasma and RBC samples. The modifications we considered included oxidative stress-related
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modifications like nitration and common carbonylation, as well as oxidation of methionine,
tryptophan, and histidine. Among the highlighted peptides in the RBC samples, VIHDNF-
GIVEGLM(+15.99)TTVHAITATQK and EFTPQM(+31.99)QAAYQK were previously identified
in a diabetes patient cohort (although not presented in this study), so re-detecting them in
this cohort is an important finding. Concerning the plasma samples, the peptide LVRPEVDV-
M(+31.99)C(+57.02)TAFHDNEETFLK was previously highlighted in a study by Suzuki et al.
[164] as highly oxidized in patients with diabetes and renal failure. This is a promising result
and suggests the potential for this peptide to be a clinical biomarker.

One of the main limitations of this method is the complexity of the mixtures generated by
the MELD technique, which uses multiple enzymes to create a wide variety of peptides. The
combination of low enzyme concentration with low incubation time leads to an increase in
missed cleavage events, making data treatment difficult and resulting in the loss of valuable
information. However, the high volume of sequence redundancies increases the level of reli-
ability.

Another limitation is our database search restricted to known modifications of interest. Us-
ing the dependent peptide search on our samples could lead to the discovery of new in vitro
modifications that could be beneficial as potential biomarkers.

Moreover, it is worth emphasizing that relative quantification has a significant drawback, as
it relies on a value relative to another and lacks the use of quantification standards. Thus, the
error in the value of a protein from one group and the error in the value of the same protein from
the other group are unknown. Unlike absolute quantification, there is no standard to precisely
determine the value. Our new method enables the detection of biological variation with only a
single replicate, without any possibility of calculating errors in the values. Employing technical
replicates of the same samples would improve the statistical significance of the results.

To summarize, the approach proposed in this study for quantifying post-translationally mod-
ified peptides appears to be a promising method to improve PTM characterization. The future
directions of this work include conducting detailed analyses of the identified modified peptides
to determine how the modified amino acids are situated in the protein structure and how they
impact the protein’s folding and activity. Additionally, there is a need to conduct a more in-
depth dependent peptide analysis to identify new modifications and to leverage bioinformatics
tools to extract further information from the analysis.



6
Conclusion and perspectives

In conclusion, this research has contributed to the development of an innovative toolkit for
the quantification of proteins, as well as specific assays for the analysis of post-translational
modifications (PTMs) in large cohorts. By advancing the standardization of protein quantifi-
cation and enabling the analysis of PTMs at scale, this work has the potential to impact the
validation of biomarkers in clinical applications.

6.1. Summary

The research was divided in two parts, one per objective: set up an innovative standardiza-
tion methodology for the quantification of biomarkers and develop a new strategy to analyse
post-translationally modified proteins. A third part was also included in the document, namely
the methionine oxidation chapter, to cover a specific bias identified during the development of
the standardization kit.

6.1.1. Standard quantification

The efforts of this research first focused on the absolute quantification of protein with the
development of a new kit. All along the biomarker development process, spanning from the
discovery phase to the validation phase, the kit allows enhancements of the protocol and stan-
dardization processes across various laboratories, equipments and operators. To our knowl-
edge, no other laboratory has developed a strategy that encompasses all possible biases in
a single proteomic experiment.
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The newly developed kit serves as a complementary method to the conventional spiked
labelled peptide technique used for protein quantification in a given sample. While the spiked
peptide approach can be effective, it is limited by the possibility of loss of material during the
sample preparation process. Despite attempts to minimize the duration of the preparation pro-
cess, multiple steps such as handling, collection, storage, purification, reduction, alkylation,
digestion, C18 tip purification, and final LC/MS injection are still necessary. Unfortunately,
each of these stages can potentially result in experimental variations, leading to significant
deviations between the calculated protein quantity and its actual value. As such, all of these
stages can introduce potential biases into the quantification process.

Experimental variations in the studied sample can result from several factors. For instance,
during the collection, storage, and handling of a sample, transfers to different vials can lead
to adsorption of material onto the container’s surface, resulting in losses of analytes, proteins,
and peptides throughout the procedure. In addition, non-standardized pipetting can introduce
bias into the results. Incomplete digestion can also affect the quantitated result by leading to
the loss of missed-cleaved peptides that are thus not accounted for quantification. Incomplete
reactions during purification, reduction, and alkylation can also contribute to experimental vari-
ations in proteomic workflows. Another factor is the liquid chromatographic separation, which
can lead to chemical modification of peptides during ionization or LC separation, resulting in
the partial loss of their native forms and potential errors in quantification. All these sources of
errors are considered by our kit. It allows their detection and especially their precise localiza-
tion.

Two primary features of the kit can be highlighted:

1. the kit’s capability to target the experimental variations of any proteomic workflows;
2. the ability to compare quantification obtained from MS-based experiments and the one

obtained from the clinical assay thanks to the endogenous protein.

The kit was developed as follows: four levels of peptide are integrated in the experiment
workflow. All levels provide insight in the variations of the experiment. The 1st level of peptides
introduced at the beginning of the sample process considers the purification of the sample and
the whole digestion procedure. The 2nd level of peptide helps in elucidating the digestion ef-
ficiency (only considering the amino acids succession) while the 3rd level evaluates the loss
around the digestion procedure: degradation and adsorption for example. Finally, the 4th level
of peptides acts as a reference peptide set and enables the quantification of the three first lev-
els.

Additionally, the elements of the kit can serve as a quality control tool for the laboratory
instrumentations. A methionine-containing peptide allows to measure the degree of wear of
the columns. We showed that methionine-containing peptides were characterized by a broad
chromatographic peak on old column setups, having an intermediate retention time between
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the native and the oxidized peptide. This observation was understood as the peptide being
oxidized inside the analytical column. This oxidation occurring in the column, deteriorates the
analysis. In summary, by regularly analysing the chromatographic profiles of a methionine-
containing peptide standard, researchers can identify any changes in the peak shape or inten-
sity that indicates column deterioration.

6.1.2. Differential post-translational modifications

A new strategy for quantifying post-translationally modified peptides that combines the ad-
vantages of the MELD technique with tryptic digestion was presented in chapter 5. The MELD
approach provides improved sequence coverage and characterization accuracy, while tryptic
digestion provides reproducible and consistent results for quantification purposes. This com-
bination resulted in a reliable and fast method for quantifying modified peptides, which allowed
us to identify modified peptides with differential expression in both plasma and RBC samples.

We highlighted modified peptides in the RBC samples that were identified in a diabetes
patient cohort (previously studied in our laboratory), suggesting their potential as biomarkers.
In the plasma samples, we also identified a highly oxidized peptide that has been previously
linked to diabetes and renal failure as well. While we identified fewer modified peptides using
the MELDmethod compared to tryptic digestion, the number of unique modifications observed
on different overlapping peptides is greater in the MELD approach than in the tryptic digestion
for both plasma and RBC samples. This demonstrates how the MELD method can effectively
detect multiple sites susceptible to modification in a robust fashion.

In summary, this study contributes to the progress of PTM research and provides a founda-
tion for further exploration of the identified modified peptides using the new method proposed.

6.2. Significance

The significance of this thesis lies in the development of a new kit that enables absolute
quantification of proteins, which is essential for identifying potential biomarkers with improved
confidence. The kit addresses the various biases that can arise during the sample prepara-
tion process, which can significantly impact the accuracy of the quantification results. The
approach considers all possible biases in a single proteomic experiment, which is a significant
advancement. The kit allows for the detection and localization of errors, enabling researchers
to improve the protocol and minimize losses.

Furthermore, the kit can serve as a quality control tool for laboratory instrumentations, en-
abling researchers to identify any changes in peak shape or intensity that indicate column
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deterioration. The methodology, which involves the integration of four levels of peptides, pro-
vides insight into the variations of the experiment. That allows researchers to evaluate the
loss around the digestion procedure, elucidate the digestion efficiency, and consider the purifi-
cation of the sample and the whole digestion procedure. Overall, the development of this new
kit can significantly improve the accuracy and reliability of protein quantification, which is criti-
cal for advancing proteomic research and identifying potential biomarkers for various diseases.

The development of a new strategy for quantifying post-translationally modified peptides is
significant because it allows for the robust identification of potential biomarkers. The combina-
tion of the MELD technique and tryptic digestion provides improved sequence coverage and
characterization accuracy, while also ensuring reproducible and consistent results for quantifi-
cation purposes. This new method allowed to highlight promising modified peptides for use
as potential biomarkers.

6.3. Limitations & perspectives

There are still some limitations and room for improvement concerning the quantification kit.
Currently, it remains a challenge to determine whether the protein structure has an impact on
digestion, or if the peptide itself is difficult to cleave or has flanking sequences that affect the
digestion process. A possible way to improve the kit would be to design a protein with similar
peptides in both the structured and disordered regions. If we observe differences between
peptides originating from these two domains, we could conclude that the protein structure is
the main factor contributing to these differences, since the cleaved peptides have the same
sequences and flanking sequences.

We also acknowledge the limitations of the method introduced in the PTMs chapter: the
complexity of the mixtures generated by the MELD technique and the reliance on a database
search restricted to known modifications of interest.

The approach for quantifying post-translational modified peptides appears to be a promis-
ing method to improve PTMs characterization. Future directions include conducting detailed
analyses of the identified modified peptides to determine their impact on protein structure and
activity, conducting a more in-depth dependent peptide analysis to identify new modifications,
and leveraging bioinformatics tools to extract further information from the analysis. Improving
the statistical significance of the results by doing the experiments in triplicates will be a good
improvement. Overall, this study provides valuable insights into the quantification of modified
peptides and highlights their potential as clinical biomarkers.

The upcoming efforts will focus on deploying the kit in an actual cohort and verifying its
reproducibility and consistency of outcomes across diverse laboratories and experiments, as
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well as different MS platforms and operators. Based on the results, specifications for the kit
could be established, and guidelines for its usage will be developed. Performing the validation
of the kit on the cohort mentioned in chapter 5 will create a mutually beneficial scenario, as it
would allow the kit to be tested on a genuine cohort and enable the accurate quantification of
the modified proteins we identified.

The comprehensive examination of methionine-containing peptides has revealed that on-
column oxidation of methionine residues increases when low amounts of samples are injected.
This modification is expected to become more significant with the development of new tech-
nologies like single-cell proteomics and instruments that use smaller sample sizes. As a result,
it will be crucial to rigorously evaluate the LC system using quality controls. Efforts should be
invested for the definition of a threshold beyond which the column should be replaced. On-
column modifications could potentially impact other types of modifications as well, and further
investigations will be necessary to determine the extent of this phenomenon on other modifi-
cations.

In conclusion, this report highlighted two techniques for peptide quantification, one of which
has been developed into a scientific kit. We also provided recommendations for monitoring
and mitigating laboratory instrumentation degradation in chapter 4. Although limitations exist,
we hope that this research will pave the way for future advancements in the field of proteins
quantification.

6.4. Personal reflection

Reflecting on my researcher journey, it was not a long and quiet river. I faced the challenge
of working on two different projects which turned out at the end to be an opportunity. It pushed
my scientific mindset to its limits by making bridges where the river was sometimes quite wide.

I am particularly proud about my contribution to the discovery of methionine oxidation in
LC columns. It emphasized my scientist mission: exploring and discovering. I was particu-
larly glad and satisfied when I presented these findings to conferences and when peers were
intrigued and even surprised by my discovery. I felt my work useful.

At a larger scale, I firmly hope that this work will contribute to progress in medical applica-
tions. This is definitely a small step, but it invites others!

In a way, this journey stops here, after six years of university life. But I end this journey
with a hold full of new skills and knowledge which will definitely accompany me in many other
journeys. I am grateful to those, promoters, colleagues and friends who made me grow.
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A
Appendix

Figure A.1: Experimental mass spectra of standard peptides (a) VDFTLSSER: 1st level [M+2H]2+ = 533,2470;
2nd level [M+2H]2+ = 538,7844; 3rd level [M+2H]2+ = 535,7775; 4th level [M+2H]2+ = 530,2716 and (b)
VHDPTEEATPTPFGK: 1st level [M+3H]3+ = 548,5811; 2nd level [M+3H]3+ = 551,2841; 3rd level [M+3H]3+ =
544,9359; 4th level [M+3H]3+ = 542,5984.
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Table A.1: Composition of the elution solvents for the 30 minutes gradient elution.

Time (min) Water/0.1 % FA (%) ACN/0.1 % FA (%)
0 98 2
5 93 7
30 60 40
33 15 85
38 15 85
40 98 2
57 98 2

Table A.2: Composition of the elution solvent for the 150 minutes gradient elution.

Time (min) Water/0.1 % FA (%) ACN/0.1 % FA (%)
0 98 2
5 93 7
135 70 30
150 60 40
154 10 90
158 10 90
162 98 2
177 98 2
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Figure A.2: (a) Experimental mass spectrum of standard peptide, EMSGSPASGIPVK, infused on a Q Exactive
mass spectrometer showing the isotopic distribution of both the native (630.3195 m/z) and the oxidised (638.3142
m/z) form of the peptide. The oxidation level corresponds to 2 % of the total of the two forms. Theoretical isotopic
distribution of (b) the native form of the peptide and (c) its oxidised form.
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Figure A.3: Relative proportions of Mnative, Mox,sol, Mox,LC and Mox,ESI for the 10 most intense peptides identi-
fied in (a) in-house HeLa protein digest and (b) commercial HeLa protein digest standard following a 180 min-long
UPLC method performed on a 1 year-old columns set. Peptides are sorted according to their retention time and
error bars are estimated based on technical triplicates.

Figure A.4: Relative proportions of Mnative, Mox,sol, Mox,LC and Mox,ESI for the 10 most intense peptides iden-
tified in (a) plasma samples, (b) in-house HeLa protein digest and (c) the synthetic methionine-containing peptide
EMSGSPASGIPVK following a 180 min-long UPLC method performed on a brand-new set of trap and analytical
columns. Peptides are sorted according to their retention time and error bars are estimated based on technical
triplicates. Contribution of Mox,LC drops dramatically compared to the use of a 1 year-old columns set.
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Figure A.5: Evolution of the percentages of Mnative, Mox,sol and Mox,LC of three commercial HeLa protein digest
standard peptides: (a) EITALAPSTMK, (b) TVTAMDVVYALK, (c) YPIEHGIITNWDDMEK over a 1-year UPLC use.
Brand-new trap and the analytical columns set were fitted on an ACQUITY UPLC M-Class system routinely used
for proteomic analysis on day-0 and were removed on day-365. Error bars are given when several HeLa were
injected the same day. Mox,sol remains constant over the year, while Mox,LC progressively increases with column
aging.
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Figure A.6: Effect of the trapping time (3 or 15 min on a 30 min-long UPLC gradient) and the gradient length
(30 or 150 min with a 3 min trapping time) on the relative proportions of Mnative, Mox,sol and Mox,LC associated
with: (1) to (10) plasma peptides; and (11) to (20) in-house HeLa protein digest peptides. The chromatographic
analysis was performed on a 1 year-old columns set. An increase in the trapping time does not induce significant
changes in Mnative, Mox,sol and Mox,LC proportions, while an increase in the gradient length drastically enhanced
on-column oxidation Mox,LC .
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Figure A.7: Effect of the trapping time (3 or 15 min on a 30 min-long UPLC gradient) and the gradient length (30
or 150 min with a 3 min trapping time) on the relative proportions of Mnative, Mox,sol and Mox,LC associated with:
(1) to (10) plasma peptides and (11) to (20) in-house HeLa protein digest peptides. The chromatographic analysis
was performed on a brand-new columns set. Neither the trapping time nor the UPLC gradient length affect Mox,sol

and Mox,LC .
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Figure A.8: Evolution of Mox,LC for ten HeLa peptides as function of the quantity of commercial HeLa protein
digest injected. Four different quantities 0.10 µg, 0.25 µg, 0.50 µg and 1.00 µg were injected in triplicates on a
1-year old columns set using a 180 min UPLC method (3 min of trapping time and gradient length of 150 min).
The data points are fitted by a one-phase exponential decay model. The oxidation level reaches in the analytical
column increases as the sample concentration decreases evidencing the presence of limited available oxidation
sites within the analytical column.
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