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“Why, sometimes I've believed as many as  
six impossible things before breakfast.” 

Through the Looking Glass and What 

Alice Found There – Lewis Carroll 
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Abstract 
Proteins are key components of any living organism and an essential part 

of life itself. They can provide cells with structure and perform life-

sustaining intracellular reactions. As organisms grow more complex, this 

task expands even further. The proteins’ areas of responsibility suddenly 

also include communication and coordination between cells and 

throughout entire organisms, such as the human body. Everything that can 

be touched and felt on a living organism is composed of millions and 

millions of proteins tightly packed together. They are even the molecules 

responsible for propagating the signals that make up the sense of feeling. 

Understanding the role of proteins in the complex system of life is essential 

for understanding what makes up a healthy human and what causes 

disease. This knowledge makes up the foundation of modern medicine, and 

to further this knowledge, allowing for new treatments and preventative 

interventions, the study of proteins is crucial. The large-scale study of 

proteins, proteomics, is an extensive field of research where a vast toolbox 

of technologies has been implemented. The foundation for this toolbox is 

made up of mass spectrometry- and affinity-based technologies. 

In this thesis, both mass spectrometry-based proteomics and affinity-based 

proteomics will be explored. The first part, Paper I and Paper II, describe 

the use of selected reaction monitoring for measuring proteins of clinical 

relevance in human blood plasma. The second part, Paper III and 

Paper IV, highlight the importance of validating reagents used for affinity-

based proteomics and how this can be achieved in a high throughput 

manner. Lastly, Paper V showcases how a combined strategy, relying on 

both affinity-based proteomics and mass spectrometry-based proteomics, 

can capitalize on the best properties of each technology and how this 

combined strategy can even be utilized for diagnostic purposes. 

 

Keywords: proteomics, mass spectrometry, selected reaction monitoring, 

absolute quantification, antibody validation, precision medicine  
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Sammanfattning 
Proteiner är livsviktiga molekyler som både förser celler med struktur och 

utför diverse reaktioner och uppgifter som håller cellerna vid liv. Ju mer 

komplex en organism är, desto svårare blir proteinernas uppgifter. I en 

organism som består av flera celler, såsom människor och djur, räcker det 

inte längre att varje cell sköter sina reaktioner och undertaganden separat, 

utan alla sådana processer måste koordineras. Denna koordinering utförs 

också av proteinerna. Proteinerna utgör en så stor del av livet att om du rör 

vid något levande så är det i regel proteiner som bygger upp den yta du 

känner. De är till och med så tätt ordnade att varje liten cell består av 

miljoner och åter miljoner proteiner. Inte nog med detta. Att du ens kan 

känna att du tar på en annan varelse eller föremål är också något som 

proteiner ser till. De ansvarar för att föra vidare signalerna från handen till 

hjärnan och att du sedan uppfattar detta som ett föremål. Det är därför inte 

förvånande att man måste förstå proteinernas uppgifter i alla möjliga 

situationer för att kunna veta hur en frisk människa fungerar och därmed 

avgöra när någon är sjuk. Detta ligger till grund för hela medicinfältet. För 

att kunna komma på nya behandlingar och för att rentav kunna förebygga 

sjukdomar är det nödvändigt att ha så mycket kunskap som möjligt om hur 

proteiner fungerar. Att studera proteiner i stor skala brukar kallas för 

proteomik och detta område har utvecklats något oerhört de senaste 

årtionden och det finns en mängd olika tekniker för att undersöka proteiner 

på. De flesta av dessa tekniker bygger dock på två huvudområden: 

masspektrometri och affinitetsreagens. 

I den här avhandlingen har båda dessa områden utforskats. Den första 

delen av avhandlingen, som utgörs av Artikel I och Artikel II, bygger på 

masspektrometri. Här används så kallad riktad proteomik för att mäta 

proteinnivåerna av kliniska markörer i blodplasma. I del två, som utgörs 

av Artikel III och Artikel IV, undersöks istället affinitetsreagens och hur 

man kan försäkra sig om att de binder till de protein som man tror att de 

binder till i en stor skala. Slutligen kombineras båda dessa två områden i 

Artikel V och används för att undersöka förekomsten av SARS-CoV-2 i 

en asymtomatisk grupp människor. 
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Chapter 1 – Precision medicine 

Background 
Medicine has been practiced since ancient times to diagnose, treat and 

prevent disease. Already 2,600 BC, in ancient Egypt, Imhotep described 

the diagnosis and treatment of several diseases. Despite being early, using 

what could be considered medical treatments goes even further back. Fossil 

records show that humans have used plants as far back as 60,000 years to 

treat ailments. The era of preventative medicine, however, did not start 

until much later. For preventive medicine to be possible, it is first necessary 

to understand disease onset [1-3]. The methodology and practices of 

medicine have evolved in parallel with human civilization, as more in-

depth knowledge was gained about diseases and the human body. There 

has always been a strive to improve the health outcome by adapting and 

fine-tuning the treatments within medicine. When the scientific method 

started impacting medical practices, dramatic leaps were made. Eventually, 

an evidence-based strategy was established during the 1700s, which made 

statistical methods for evaluating the results of interventions one of the 

tools at the disposal of physicians [4]. 

As the field evolved and more knowledge was gained, strategies for 

alleviating symptoms and even treating diseases were developed. This was 

centered around understanding pathogens causing illness, the symptom 

characteristics, and how to address them. As both the human body and 

diseases are complex, novel treatments were often devised in a trial-and-

error-based approach. New ideas were tried out, and once proven 

successful, they were added to the arsenal of tools to treat different 

conditions. One of the more critical aspects for bringing about reliable and 

robust treatments was the first randomized controlled clinical trial, 

performed by Austin Bradford Hill in 1946 [4]. This paved the way for 

evidence-based medicine and treatments could be evaluated thoroughly in 

a non-biased manner at a population level. These strategies have led to 

many of the treatments and drugs that are used on a daily basis in medical 

practice. One of the issues with evaluating drugs in a randomized clinical 

trial is that they have to perform well despite the heterogeneity of the study 

participants. This rendered the drugs that performed successfully able to 
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treat diseases and symptoms despite this heterogeneity. However, they 

might not always be successful in all individuals [4]. 

It was not until the end of the 1900s that this heterogeneity within 

populations was seen as an essential aspect of the clinical evaluation and 

that treatments might need to be tailored to the individual [5]. In light of 

this heterogeneity, it was noted that addressing issues at a patient level 

using evidence at a population level might not always be the best approach. 

The differences caused by this patient heterogeneity could be expanded to 

the risk of disease, vulnerability to adverse effects, responsiveness to 

treatment, and utility for different outcomes, shedding even more light on 

the importance of making clinical decisions based on the individual [6]. 

This paved the way for the establishment of precision medicine as a 

concept, where patient heterogeneity is tackled through data-driven 

strategies. Ideally, this will make it possible to provide each patient with 

the proper treatment in a timely manner and even take preventative 

measures to stop diseases before symptom onset [4, 7]. 

The primary foundation for precision medicine is the availability of data 

describing the momentary health state of individuals. This data consists of 

genetic markers, physiological measurements, patient preference, 

demographic and lifestyle etc., commonly described as biomarkers [4]. 

 

Biomarkers 
Biomarkers, a term derived from biological marker, are used in basic and 

clinical research and clinical practice. Biomarkers can be considered a 

broad category of signs that can be reproducibly and accurately measured 

[8]. In 2001 the Biomarkers Definitions Working Group published the 

following definition of a biomarker: “A characteristic that is objectively 

measured and evaluated as an indicator of normal biological processes, 

pathogenic processes, or pharmacologic responses to a therapeutic 

intervention.” [9]. 

Common biomarkers include body temperature, pulse and blood pressure, 

genetic markers, and the presence and levels of specific proteins and 

metabolites [4, 8, 10]. 
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Biomarkers can broadly be divided into biomarkers measured as single 

data points and biomarkers measured longitudinally. The former includes 

genetic markers that, due to their static nature, don’t change over time. 

Examples of such markers are BRCA1 and BRCA2, which are associated 

with breast cancer [11], CFTR, as a marker for cystic fibrosis [12], and 

trisomy of the whole, or parts, of chromosome 21, causing Down syndrome 

[13]. Longitudinal biomarkers, instead of providing a definitive answer 

based on a single measurement point, rely on continuous monitoring or 

repetitive measurements over time, where the trajectories of the 

biomarkers serve as the foundation for the decisions. Examples of these 

markers are the glucose level for monitoring diabetes [10] and cholesterol 

levels in the blood and their association with increased risk for 

cardiovascular diseases [14]. With the promises of omics strategies, large-

scale studies of biological molecules, complete and longitudinal 

monitoring of an individual’s epigenome, proteome, metabolome and 

transcriptome would not only provide insight into specific biomarkers but 

create a real-time snapshot of an individual’s physiological state, which 

could lead to early detection of risk markers and aid preventative measures 

[7]. 

 

Sample specimen 
There is a large variety of different sample types that can be used for 

precision medicine. In the following section, a few common sample types 

will be described in detail. 

Tissue samples are commonly obtained through surgical excision or 

biopsies and are therefore obtained relatively invasively [15]. This 

approach is widely used in pathology as it is a good way of studying 

potential tumors and distinguishing healthy tissues from cancer tissues. 

Tissue samples are, however, not readily obtainable for some areas of the 

body in living humans, such as internal organs. Since they are obtained in 

an invasive way, they are generally not appropriate for longitudinal 

assessment of an individual’s health state [7]. As tissue samples contain 

ribonucleic acid (RNA) and deoxyribonucleic acid (DNA), the samples are 

easily assessed with genomics and transcriptomics approaches. As most of 
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the alterations leading to cancer development are manifested already at a 

DNA level, this provides for an efficient way of assessing the tissue [16]. 

Immunohistochemistry is frequently used for the protein-based evaluation 

and diagnosis of cancer tissue samples in clinics. Still, for other proteomics 

approaches, the complexity of the sample can pose some issues in terms of 

how deeply characterized the proteome can be [17, 18]. 

An option for tissue samples is liquid biopsies. These include urine, 

commonly used for assessment of kidney-related diseases, cerebrospinal 

fluid (CSF), which is of specific interest in neurological and neuromuscular 

disorders, saliva, which can be used to assess diseases related to the mouth 

and respiratory tract, and last but not least, blood. A benefit of liquid 

biopsies is that most of them, excluding CSF, can be obtained in less 

invasive manners than tissue samples. This is a huge benefit regarding the 

prospect of preventative medicine, where routine invasive sample 

collection would be a significant hurdle [19-24]. Blood tests are routinely 

used in clinics to assess biomarkers as it is a systemic fluid and therefore 

contains information about processes throughout the human body. Thus, 

changes in blood protein levels are routinely used for diagnostic purposes 

[25]. When used in clinical settings, it is generally the liquid component of 

blood, plasma, that is analyzed rather than whole blood, which includes 

blood cells. The proteins present in plasma reflect the overall physiological 

state to a high degree, and when larger perturbations happen, these can be 

observed through assessment of the plasma proteome. In a healthy state, 

the plasma proteome is mainly made up of secreted proteins destined for 

the bloodstream, but as perturbations happen, changes in levels of these 

proteins or tissue leakage proteins can be observed. Examples of such are 

prostate-specific antigen, associated with prostate cancer, and B-type 

natriuretic peptide (BNP), as a marker for heart dysfunction [26, 27]. The 

lack of sufficient amounts of RNA and DNA has made protein analysis the 

main tool for the assessment of plasma [25, 28]. Despite being a resource 

of immense information about an individual’s health, some analytical 

obstacles must be considered. The main issue is the dynamic range of 

protein concentrations. Only a few proteins account for 50-60% of the 

entire protein content in plasma, while other proteins of clinical interest 

might be present in small to virtually no amounts [28-30]. 
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Tools for precision medicine 
In order to make as well-informed medical decisions as possible, we need 

data to base these decisions on. For the implementation of precision 

medicine in practice, this data is not only made up of the traditional data 

collected in a health screening but also of omics data. The most established 

omics data in implementation nowadays is genomics data [31], and several 

hundred different genetic tests are available for confirming or ruling out 

genetic disorders. By characterizing a patient’s genome through single 

nucleotide polymorphism identification or sequencing, hereditary diseases 

can be identified early on, before the manifestation through symptoms. 

These efforts make it possible to take preventative measures rather than 

wait for symptoms to manifest before beginning treatment [32]. The 

preventive measures do not have to be medical intervention but can also 

rely on strategies such as adaptations of diet and exercise to minimize the 

risk of disease manifestation [33]. As an individual’s genome is stable at a 

systemic level, genomic evaluation is an all-covering strategy that, in 

theory, only needs to be done once, save for genomic alterations such as 

cancer development. The downside of the genomic strategies is that they 

are not as good at characterizing dynamic changes in the body [7]. 

Dynamics changes can, to an extent, be addressed through transcriptomics 

and the measurement of RNA, which mediates the information encoded in 

the genome into the actuating molecules, the proteins. RNA sequencing 

has become a fast and sensitive method and is an excellent way of 

capturing dynamic changes in a cell or tissue. It can also be a great way of 

detecting fusion genes and upregulation of genes associated with specific 

cancer types, such as in the case of erbB2 in breast cancers [34-37]. 

Proteomics is the strategy used for measuring and characterizing the 

actuator molecules and the main building blocks of the body. Despite 

suffering from lower sensitivity and higher complexity than the sequencing 

technologies, diagnostic and prognostic tests targeting proteins are among 

the most common tests performed routinely in clinics. One significant 

benefit of proteomics approaches is that they can target systemic fluids, 

such as blood, lymph and cerebrospinal fluid, which has minimal 

accessibility to RNA and DNA [25]. 
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Lastly, there is metabolomics, where small molecules and other output 

materials from the cellular processes performed in the body are studied. 

This is, not surprisingly, the best way of detecting and diagnosing 

metabolic diseases. It is routinely used in clinics to screen for metabolic 

disorders. The field also boasts one of the most well-known precision 

treatment and monitoring technologies; glucose monitoring and insulin 

dosing for diabetes [10, 38]. 
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Chapter 2 – Proteins 

Biosynthesis 
Proteins are the building blocks of all cells and are created through what is 

referred to as the central dogma (figure 1a). Within almost all cells is 

DNA, which holds all the information used for the production of 

biomolecules used within organisms. In eukaryotes, such as humans, the 

DNA is enclosed within the nucleus of the cells. In humans, the DNA is 

estimated to contain 20,000 protein-coding genes that hold all of the 

relevant information for the production of proteins. The DNA within the 

nucleus is transcribed into messenger RNA (mRNA) molecules based on 

the requirements of the cell. These are thereafter processed and transported 

to the ribosomes in the cytoplasm, which translate the mRNA molecules 

into proteins [39, 40]. 

Proteins are translated from mRNA into a long continuous string of amino 

acids. There are 20 different amino acids that can be encoded by RNA. The 

amino acids are constructed similarly and have a backbone, which consists 

of an amine group connected to a hydrocarbon with a side chain and a 

carboxyl group. The side chain is what gives the different amino acids their 

inherent properties. These can be grouped based on their properties as 

either polar, charged or hydrophobic. The amino acids are fused from the 

amine group, referred to as the N-terminus, to the carboxyl group, referred 

to as the C-terminus. When the amino acids are fused into longer strings of 

amino acids by the ribosomes, the carboxyl group of the first amino acid is 

connected to the amine group of the second amino acid, forming a peptide 

bond. This addition of amino acids eventually makes up a polypeptide 

chain which ultimately makes up the entire protein sequence. This is what 

is known as the protein’s primary structure. Amino acids of the peptide 

chain eventually coordinate with each other and start to make up the 

secondary structure of the proteins, such as alpha-helices, beta-sheets and 

loops. When these secondary structures begin to organize themselves into 

larger motifs they can even form covalent bonds, such as disulfide bridges. 

This gives rise to domains, which is the protein’s tertiary structure and 

renders the proteins functional in many cases. These proteins are referred 

to as monomeric. Some proteins, however, are made up of multiple 
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polypeptide chains, so-called multimeric proteins. The final structural level 

of these proteins is their quaternary structure. This is the result of several 

polypeptide chains organizing themselves together into complexes 

(figure 1b) [40, 41]. 

 

Functions 
The proteins are the main actuators of the cells and perform all of the 

metabolic reactions and functional processes within the cells and the body, 

save for some reactions performed by RNA molecules, such as the 

catalysis of mRNA splicing [42]. Thanks to the proteins’ vast selection of 

DNA mRNA Polypeptide

transcription translation

Primary
structure

Secondary
structure

Tertiary
structure

Quarternary
structure

a)

b)

Figure 1 – a) The central dogma of molecular biology: DNA enclosed within the 
nucleus is transcribed into mRNA. The mRNA is subsequently translated into 
polypeptide chains, forming proteins. b) The different orders of structure for 
proteins. 
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substrates and interactors, they are highly active molecules within the cells 

and the body and interact with molecules of a wide variety, such as DNA, 

RNA and proteins, organic molecules, such as sugars and fatty acids, as 

well as inorganic molecules [43-47]. The interactions of the proteins are, 

in general, very specific and integral to their function. Proteins can have 

several different roles, including catalyzing reactions, binding specific 

ligands, providing structural support and responding to and conveying 

signaling between and within cells [48-51]. Proteins, however, do not 

solely have to perform one function. There are even examples of proteins 

with properties from multiple categories mentioned above. A single 

protein's ability to perform various functions is referred to as protein 

moonlighting. This is usually a property attributed to evolution, where a 

protein started with a single function and then, over time, obtained 

additional functions. Most proteins exhibiting moonlighting are enzymes, 

and one of the reasons proteins have evolved new functions is attributed to 

their large size yet small active site, meaning that there is still a large 

fraction of the proteins that can hold additional sites for performing other 

reactions. This is also a property utilized in protein engineering, where 

surfaces not actively used on proteins are engineered to provide them with 

additional properties [52-54]. 

The different functions of proteins and their interplay to make up 

functional organisms becomes more and more advanced with the increase 

in genome and organism size. In humans and other multicellular 

organisms, some proteins only serve a purpose at a cellular level, but 

proteins are also responsible for coordinating responses between cells. This 

becomes abundantly clear when looking at the protein composition of 

blood. The purpose of proteins actively secreted into the blood is to 

perform reactions and mediate signaling outside the cells. This results in 

an intricate mix of proteins expressed in different tissues and cells working 

together to coordinate metabolism, intra-organism communications, and 

protection from invasive pathogens and cellular damage. This is just a brief 

showcase of the complex networks that these molecules form. The fact that 

we walk around and do our daily chores without experiencing any issues 

with these advanced systems shows how well-tuned and intricately evolved 

these interactions are [28, 55]. 
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Proteoforms 
Proteins have higher complexity, composition-wise, compared to DNA 

and RNA due to the fact that proteins have 20 amino acids that make up 

their sequence. This is, however, not the only reason for variation among 

proteins. When different proteoforms are considered, an additional level of 

complexity is added. When the human genome project produced the first 

draft of the human genome, one of the more surprising findings was the 

much lower than anticipated number of protein-coding genes discovered. 

Instead of the estimated well over 100,000 genes, a list of ~20,300 protein-

coding genes was produced [56]. So how could this enormous discrepancy 

be described? 

Instead of being regulated at a genome level, the complexity was 

introduced when moving on to the RNA and protein levels. A proteoform 

is defined to account for all sources of combinatorial variation making up 

different proteins, including molecularly different versions of the very 

same protein. Protein variation is first introduced at a genomic level 

through allelic variation, meaning that different versions of the same 

protein may exist on the two different chromosomes in a chromosome pair 

(for diploid species). The next level of variation is introduced at an RNA 

level during the alternative splicing. This is where introns are excised from 

the pre-mRNA, and the exons are fused to form the final protein-encoding 

mRNA. During this process, different combinations of exons from the 

same gene will render different proteoforms. The last and final level at 

which protein variants are produced is at the protein levels. These 

modifications are referred to as post-translational modifications (PTMs) 

and include a vast array of covalent modifications of the translated protein 

(figure 2). This includes cleavage of pro-peptides and the addition of 

functional groups, such as phosphorylations, acetylations, glycosylations 

and ubiquitinations, to name a few. The sites at which these modifications 

are introduced can vary a lot, and all different combinations of the 

modifications of a specific protein make for individual proteoforms [56]. 
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splice variants

canonical sequence

Transcription and translation

Post-translational modifications

acetylation phosphorylation methylation
Proteoforms

DNA

Figure 2 – A schematic illustration of the level of complexity introduced at a 
proteome level. A single gene can give rise to multiple protein variants through 
the splicing of mRNA. To complicate things further, proteins can be modified after 
translation, post-translational modifications (PTMs), giving rise to an enormous 
variability. Each protein variant with its unique set of PTMs is referred to as a 
proteoform. 
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Proteoforms can serve different purposes, and some PTMs can trigger 

protein activation or inactivation, such as phosphorylation or the cleavage 

of a pro-peptide. Other times it can be a way of tagging the protein for 

destruction, such as with ubiquitination. The presence of different 

proteoforms may not always be beneficial, and sometimes it might be 

indicative of a disease and used for decisions on medical interventions 

[57]. 

BNP is an example where distinguishing between different proteoforms is 

important for diagnosing and assessing heart dysfunction. In heart failure 

patients, the levels of cleavage products produced from BNP, proBNP and 

N-terminal-proBNP (NT-proBNP) are abnormally increased due to relapse 

from cardiomyocytes under severe strain [57]. All different proteoforms 

are produced from the same gene, yet only the BNP version is biologically 

active. BNP is produced from proBNP and corresponds to the last 32 

residues of the protein, while NT-proBNP makes up the remainder of 

proBNP and is biologically inactive. The initial strategy for measuring the 

different cleavage products of the proteins was based on immunoassays. 

However, the measurements showed a poor correlation with biologically 

active BNP due to cross-reactivity between the different proteoforms. By 

addressing the measurement bias through a combined immunoassay mass 

spectrometry (MS) approach, a lower level of biologically active BNP 

could be observed in heart failure patients [58, 59]. 

The presence of different proteoforms and their significantly different 

functionality within organisms highlights the importance of 

acknowledging their presence when performing quantitative biological 

experiments. For many purposes, the total protein amount of a certain 

protein at a gene level can be very useful, whereas in other cases, where 

the measurements have to distinguish between absolute molar amounts or 

different biological functions of proteoforms, a quantitative measure of the 

gene products might prove less useful. 
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The proteome 
As has already been described, proteins are the main actuators of cells and, 

therefore, inevitably make up a considerable fraction of their entire 

composition. In an average human, the total protein mass makes up roughly 

15% of the entire body weight [60]. This can be compared to water, which 

makes up 45-75% of the total body weight [61]. The proteome, as a term, 

was first coined by Marc Wilkins in the mid-90s and was defined as the 

entire protein repertoire that could be expressed by one genome. 

Interestingly it was initially stated that it conceptually differed significantly 

from that of a genome due to its dynamic state and that despite having a 

single genome, the proteome of an organism can change under different 

conditions and even be different in different cell types of a larger organism 

[62]. Elucidating this has been the task of proteomics. This has led to the 

formation of several different consortia and organizations over time, trying 

to explain and map the entire proteome of different species. [63-67] The 

first attempt to publish a comprehensive draft of the human proteome was 

made by the team behind ProteomicsDB in 2014. The strategy used to 

compile the draft was based on data from multiple MS experiments 

deposited in public repositories. The study provided coverage of over 90% 

of the protein-coding genes for all chromosomes except three [68]. In 

parallel, a separate group, The Human Proteome Map, carried out MS-

based characterization of multiple human tissues, reporting 84% coverage 

of the entire human proteome [69]. However, technical shortcomings of 

the studies were quickly highlighted. As the studies appeared to 

overestimate the coverages produced substantially, it was advised that the 

data should be used with caution [70]. 

When studying the human proteome, one of the first organizations to be 

established was the Human Proteome Organization (HUPO). HUPO was 

founded in 2001 and sought to form a foundation for cooperation between 

regional and national proteomics efforts into a world-spanning 

organization to facilitate educational efforts and engage both private and 

public sectors to further the community’s knowledge of the human 

proteome. As a part of this effort, HUPO hosts an annual congress, which 

has grown into the largest proteomics conference in the world [65]. In 2010 

HUPO launched the Human Proteome Project (HPP) with the intention of 



Chapter 2 – Proteins 

 15 

creating a framework for global collaborations that would facilitate data 

sharing and annotation of the entire genome-encoded proteome in a 

manner that would assure high quality. This led to the establishment of 

guidelines and metrics for data collection and, to a large extent, reanalyzed 

data deposited by the community. As of its tenth anniversary, in 2020, the 

HPP presented a blueprint of the human proteome with a 90.4% coverage 

of all protein-coding genes [71]. 

Another significant initiative for the entire proteomics community is 

UniProt. UniProt is a huge resource of protein sequences with 

accompanying detailed data annotation. The database contains around 190 

million sequences despite ongoing efforts to reduce redundancies in the 

database at a proteome level. Over half a million of these sequences have 

been rigorously reviewed by experts to create a sub-database, referred to 

as Swiss-Prot. Experimental and predicted data are manually reviewed for 

each entry into Swiss-Prot, whereas the remainder of the data is 

automatically annotated and makes up the sub-database TrEMBL [64, 72]. 

As mentioned earlier, a significant aspect of the proteome and the functions 

of the proteins are where the proteins are present and at what time [62]. 

Efforts to locate and annotate the human proteome have relied heavily on 

the use of affinity reagents, in particular antibodies. The main driving force 

behind this has been the Swedish project the Human Protein Atlas (HPA, 

www.proteinatlas.org). The project was initiated in 2003 as a collaborative 

effort between the Royal Institute of Technology and Uppsala University 

and sought to create an extensive comparison of healthy and cancer tissues 

through the use of immunohistochemistry staining [73]. In 2015 the project 

managed to create an extensive map of the entire human proteome across 

32 different tissues and organs that covered roughly 90% of the protein-

coding genes [74]. The project has since expanded beyond the initial goal 

of mapping the proteins in healthy and cancer tissue. In recent years, 

several different atlases have been launched, focusing on distinct aspects 

of the human proteome. These include sub-cellular localization, presence 

in brain tissues in multiple species, the secreted proteome and cancer-

specific, immune cell-specific and single-cell type expression data [28, 75-

79]. 
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Except for the initiatives seeking to curate and distribute annotated 

databases, a few efforts are seeking to make proteomics data sharing easier 

by hosting repositories for submission of proteomics data, such as PRIDE, 

PeptideAtlas, Panorama and Tranche [80-84]. 
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Chapter 3 – Affinity proteomics 

The main principle of affinity proteomics 
There are a few different approaches to studying the proteome. One of the 

main approaches, that has been around since before the coining of the term 

proteome, is the use of affinity reagents for the detection and quantification 

of proteins [62, 85]. Affinity reagents rely on specific interactions between 

the target protein and the reagent used for detection. One of the most 

frequently used reagents for detection in this regard is the antibody, a 

protein produced by the immune system. Antibodies have been widely 

used in research to survey samples for the presence of their target protein 

despite the sometimes very high complexity exhibited by the sample. As 

of June 2022, more than 4.5 million commercially available antibodies, 

covering 94% of the human proteome, are reported by Antibodypedia 

(www.antibodypedia.org). Antibodies are also being used for diagnostics 

and therapeutic purposes due to their ability to efficiently distinguish their 

target protein from other molecules [86-88]. 

Antibodies are made up of four polypeptide chains, two identical heavy 

chains and two identical light chains, which form a Y-shaped molecule. 

The two arms of the molecule are known as fragment antigen binding 

(Fab), and the stem is known as fragment crystallizable (Fc) (figure 3). 

The two Fabs hold the antigen binding domains, that interact with the 

antibody’s target protein, and the Fc region provides the antibody with its 

effector properties, allowing it to interact with the different components of 

the immune system [89]. Antibodies are an integral part of the immune 

system and are raised to detect and fight off potentially harmful pathogens 

encountered by their host. This is done through neutralization, 

agglutination, opsonization, activation of the complement system or 

antibody-dependent cell-mediated cytotoxicity. All these processes trigger 

dramatic changes in the body and rely on the antibodies’ specificity, so that 

excess reactions to non-harmful molecules can be avoided [89, 90]. The 

antibodies’ ability to specifically bind to virtually any target molecule is 

generated in multiple steps through their development. The first step 

already happens in the somatic recombination of the gene segments 

making up the antibody's heavy and light chain in the B-cells, responsible 
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for the production of antibodies. During this process, a wide variety of 

antibodies can be created with the ability to interact with a myriad of 

different molecules. The next step at which an even more considerable 

diversity of antibodies is introduced is during the affinity maturation step. 

This is initiated once a foreign molecule is detected by the B-cell using its 

B-cell receptor, a membrane-anchored version of the not yet fully 

developed antibody. Once this detection is made, the B-cell will start to 

proliferate. During this process, a high rate of point mutations will occur 

in the region of the antibody gene encoding for the antigen binding site, 

known as somatic hypermutation. During this process, only the most 

specific B-cells with a high enough affinity will be allowed to survive, 

leading to a highly specific population of plasma cells (fully mature 

B-cells) dedicated to producing antibodies. This careful selection process 

produces highly specific antibodies with a high affinity [89, 90]. 

This process was something that researchers quickly realized could be 

utilized to their benefit. By immunizing host animals with a specific 

protein of interest, the immune system of that host animal can be triggered 

to produce an antibody population targeting that particular protein of 

Fc

Fab

Antigen binding
site

Figure 3 – A graphical representation of an antibody with its four polypeptide 
chains. The light chains can be seen in green and the heavy chains in blue. The 
fragment antigen binding (Fab) region holds the antigen binding site, which 
specifically binds to the antibody’s target antigen. The fragment crystallizable (Fc) 
region provides the antibody with its effector capabilities. 
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interest. This tends to result in a so-called polyclonal population of 

antibodies, where multiple different antibodies produced within the host 

organism bind to the same target. From the host organism, antiserum can 

then be harvested and purified to generate a clean analytical reagent that 

can be used to survey samples for the target of interest. As polyclonal 

antibodies are a mixture of antibodies potentially binding to different 

regions of the target protein, epitopes, there is a concern regarding 

specificity. One of the major concerns in this regard is cross-reactivity, 

where the antibody binds the target antigen as well as other antigens [91]. 

It has, however, been shown that a large fraction of these antibody 

populations generated through immunization can be monospecific, 

meaning that they bind only one single target, with low to no cross-

reactivity if the target antigen is chosen in a mindful way [92]. 

One of the drawbacks of working with polyclonal antibodies is that even 

if they are truly mono-specific, it is a finite resource. That is because they 

are generated in a host animal, and once the host animal is sacrificed, any 

subsequent immunization will not result in an identical batch of polyclonal 

antibodies [85, 93]. A way of overcoming this issue is through the use of 

hybridomas to produce antibodies in large quantities. In order to create 

hybridomas, a host animal is immunized. This is usually performed using 

mice. Instead of collecting antisera, the entire spleen of the host animal is 

harvested. B-lymphocytes are collected from the spleen and fused with a 

myeloma cell line, which forms an immortalized cell line of antibody-

producing cells. The major benefit of this is that once isolated, each 

different clone will produce one single antibody, which will be identical 

throughout the use of the cell line. Although the process involves a highly 

laborious process to create, isolate and characterize the clones, the benefit 

is that a highly specific homogenous antibody population can be produced. 

Since the cell lines can be cultivated, it also produces an infinite source of 

antibodies when large quantities are needed [94]. 

Other affinity reagents may also be used for specific detection of proteins, 

such as nanobodies, which are the camelid version of the antibody [95], 

antibody-derived fragments, such as Fabs and single-chain variable 

fragments (scFvs) [96], and other smaller scaffold proteins [97, 98]. These 

smaller and less complex affinity molecules have the benefit of being 
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easily engineered and are, therefore, regularly used in selection strategies, 

where a molecule with affinity for a specific target of interest can be fished 

out of a mixture of clones with different specificities. These strategies, 

which also can be applied to recombinant antibodies, can be done without 

the need to immunize a host animal. The final affinity reagent can also be 

engineered to host other functional properties, such as multi-specificity or 

chemical functionality [97, 99]. 

Another strategy that employs affinity as the mean for detection and 

proteomics investigation is target-specific tagging. These strategies do not 

rely on a specific target protein interaction for detection but can serve other 

purposes for proteomics investigation. In this case the specific interaction 

between the tag and a ligand is utilized, for example, in pull-down 

strategies for entire protein complexes and to study protein-protein 

interactions [100]. 

A few considerations must be made when working with affinity reagents 

in a complex sample. Firstly, not all antibodies are truly monospecific, and 

there is an overhanging risk that some cross-reactivity between similar 

proteins and/or molecules can happen [101]. This makes it very important 

to thoroughly validate the specificity of the affinity reagents to their targets 

[85, 102]. It has also been shown that cross-reactivity is very method 

dependent; therefore, the affinity reagent should be validated in a context-

specific manner. Thus, an antibody that works in one assay should never 

be assumed to perform as well in a different assay under different 

conditions [103, 104]. Secondly, another major disadvantage when 

working with affinity proteomics stems from the high specificity exhibited 

by the reagents; all reagents have to be produced in a target-specific 

manner. This makes proteome-wide studies a massive undertaking that 

requires a very streamlined and high throughput approach to produce the 

reagents in-house. However, today there are commercially available 

antibodies to a significant part of the human proteome [88]. 
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ELISA 
Immunoaffinity assays have long been the go-to technology for the 

measurements of single proteins, especially for targeting proteins in highly 

complex mixtures with an extensive dynamic range, such as blood plasma. 

One of the most commonly deployed technologies in a clinical setting for 

the detection of proteins is the Enzyme Linked Immunosorbent Assay 

(ELISA). The ELISA was invented in parallel by two different research 

groups, but the term ELISA stems from the Swedish publication by 

Engvall and Perlmann (sometimes incorrectly referred to as Swiss [105]) 

in 1971 [106, 107]. Engvall and Perlmann were also largely responsible 

for pioneering the technology [105]. Since its inception, the ELISA 

technology has evolved into a multi-billion-dollar industry with a vast 

array of important diagnostic tests, such as for HIV. The ELISA 

technology can be implemented in several different ways, all relying on 

the specific interactions of antibodies for the readout. The assays can be 

grouped into four categories: direct, indirect, sandwich or competitive 

ELISA [105, 108]. 

Direct ELISA was the first category developed and is the main principle of 

the two initial papers of the technology [106, 107]. Here, the surface of a 

plate is coated with antibodies towards the target of interest or the antigen 

itself and an enzyme-tagged antibody/antigen is subsequently used for the 

detection. The setup depends on if the assay is measuring the presence of 

antigen or antibody in the sample. After sample incubation, anything not 

bound is washed away, and the enzyme substrate is added and processed 

by the enzymes. The enzymatic reaction usually induces a colorimetric 

response that can be measured in a spectrophotometer [105, 108, 109]. 

Indirect ELISA was developed a few years later, in 1978 [110]. In the case 

of indirect ELISA, the wells are coated with antigen to measure antibodies 

in the sample targeting the antigen. Contrary to the direct ELISA, the 

enzyme is not bound to the antibodies themselves but rather to a secondary 

antibody specific to the antibody type that is to be measured. Once the 

antigen-antibody-antibody complex has formed, the readout principle is 

the same as for direct ELISA [105, 109, 110]. 
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The sandwich ELISA was developed in 1977, slightly ahead of the indirect 

ELISA, and relies on a paired antibody strategy [111]. Here, the plate is 

coated in antibody and subsequently incubated with the sample. After 

washing, a second antibody is added, binding a different epitope of the 

antigen. This antibody is coupled to the enzyme used for detection. After 

washing, the substrate is added to the wells, and a readout of the assay can 

be made. One of the major benefits of the sandwich ELISA is its extremely 

high specificity, which is an inherent property of the paired antibody 

approach. The paired antibody requirement makes the assay more 

cumbersome to develop, but the improved target specificity and sensitivity 

can make the labor worthwhile [105, 109, 112]. 

The last category of ELISA is the competitive ELISA. This format was 

developed in 1976 and relies on antigen-specific antibodies or antibody-

specific antigens for coating of the plate [113]. Once the wells have been 

coated, the sample is placed in the wells simultaneously as an enzyme-

tagged version of the antigen/antibody. This creates a competitive 

environment, where the presence of antibodies/antigens in the sample will 

result in a weaker signal, which can be correlated to the concentration of 

antigen/antibody in the sample [105, 109, 113]. 

Due to its simple design, fast workflow and very sensitive detection, a 

highly sensitive assay can be created where the enzymatic reaction helps 

amplify the signal. ELISA can therefore be used to detect proteins down to 

low nanograms in a quick and cost-effective manner. This has made the 

ELISA a crucial tool in both research and the clinic [109, 114-116]. 

 

Western blotting 
Western blotting is one of the most commonly used antibody-based 

technologies [88, 117]. In a Western blot (WB) analysis workflow, a 

combination of protein separation and affinity-based readout is used to 

detect and identify the protein target of interest in a complex or purified 

sample. This adds an extra dimension of specificity to the readout due to 

the initial separation step, assuming that this characteristic of the target 

protein is known [118]. The coining of the term “Western blotting” to 
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describe the blotting strategy for proteins happened in 1980 and is 

attributed to W. Neal Burnette. It was named according to the tradition in 

naming blotting strategies by geographical orientation initiated by E.M. 

Southern when inventing the Southern blotting technology for detection of 

specific DNA sequences and followed by Northern blotting for detection 

of RNA [119-121]. 

When performing a WB experiment, the first step is protein extraction, 

which is required if the sample to be analyzed is a tissue or cell line. This 

assures that the proteins are fully suspended and can be separated in the 

subsequent steps. The sample is subsequently denatured and reduced in a 

sodium dodecyl sulfate (SDS) mixture [118]. The SDS forms complexes 

with the proteins in the sample to make them soluble and to minimize the 

charge differences caused by the native charge of the protein. This provides 

the proteins with a similar charge-to-size ratio and ensures that the proteins 

become anionic [122]. The proteins are then subjected to polyacrylamide 

gel electrophoresis (PAGE), where they are efficiently separated by size 

by applying an electrical field across the gel that forces the proteins to 

migrate through the gel matrix. By adding a marker containing 

proteins/peptides of known sizes, these can be used as references to 

estimate the size of the protein of interest after migration (figure 4) [118, 

122]. 

After SDS-PAGE separation, the proteins are transferred to a membrane. 

A common material for the membrane is polyvinylidene fluoride (PVDF). 

This is accomplished by aligning the gel holding the separated proteins on 

top of the PVDF-membrane and then sandwiching the gel and membrane 

between filter papers. The gel is once again subjected to an electrical field, 

but this time the electrical field is applied perpendicularly to the gel/PVDF-

membrane sandwich. This allows the proteins to migrate from the gel to 

the PVDF-membrane without any loss in electrophoretic resolution 

(figure 4) [118, 119]. 

Once the proteins have been transferred to the PVDF-membrane, the 

membrane is blocked by incubation in a blocking solution which usually 

is made from skim milk or bovine serum albumin. This is to ensure that 

any non-protein coated areas of the membrane cannot react non-

specifically with the detection antibodies to be used [118, 119]. 
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Figure 4 – A schematic overview of a standardized Western blot workflow. 
Proteins from a sample are separated by gel electrophoresis and subsequently 
transferred to a polyvinylidene fluoride membrane on which the protein of interest 
can be visualized using antibodies. 
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The next step in the process is the use of antibodies for the detection of the 

target of interest. This is usually accomplished similarly to indirect ELISA, 

where a primary antibody is used to detect the target antibody, and a 

secondary antibody tagged with an enzyme or fluorophore is used for the 

detection. After the blocking, the PVDF-membrane is incubated in primary 

antibody and subsequently subjected to washes to remove any unbound 

antibodies. After the washing step, the PVDF-membrane is incubated in a 

secondary antibody that binds to the primary antibody. The PVDF-

membrane is once again subjected to a washing step, and the target protein 

can thereafter be detected. Traditionally horseradish peroxidase has been 

the enzyme of choice for detection, but the use of fluorophore-tagged 

antibodies can allow for some multiplexing. By using primary antibodies 

directly tagged by fluorophores or primary antibodies raised in different 

hosts paired with secondary antibodies tagged with different fluorophores, 

these can be detected in parallel [118, 119, 123]. 

 

Multiplex technologies 
As ELISA assays tend to be limited in terms of how many targets can be 

evaluated, most ELSIA assays tend to be singleplex assays. This poses 

some issues when seeking to perform proteome-wide studies using affinity 

reagents, and the process of investigating a proteome made up of hundreds 

of thousands of proteoforms could seem daunting. A solution to this issue 

was the development of microarray technologies [7, 56, 124]. 

When defining multiplexing at an experiment level, microarrays can be 

considered a highly multiplexed strategy, while some would advocate that 

it is a matter of highly parallelized lower-plex reactions [125, 126]. When 

it comes to protein microarrays, there are several different ways in which 

the experimental setup can be utilized. Therefore, three different 

approaches to this microarray will be discussed briefly: proteome 

microarrays, antibody microarrays and reverse-phase microarrays [125, 

126]. Similar to the readout of ELISA assays, the readout of microarrays 

is relatively standardized and usually done through enzymatic, 

radioisotope labeling or fluorescence based-strategies [105, 126]. 
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When using proteome microarrays, recombinant proteins corresponding to 

known protein-coding genes are produced and printed onto the slide, which 

can then be used to survey samples for the presence of antibodies targeting 

any of the proteins present on the slide [127]. The proteins are usually 

produced through recombinant protein expression or in vitro transcription 

and translation [126]. The proteome microarrays have been shown to be a 

very useful tool in detecting biomarkers associated with autoantibodies 

[128]. 

The antibody microarray works in the opposite way to the proteome array 

in the sense that antibodies are attached to the microarray rather than 

antigens. With sufficiently specific antibodies, multiple samples can be 

screened for the presence of the different target proteins. In theory, these 

microarrays can be used to survey the entire proteome, but the most 

limiting factor will be the access to high-quality antibodies in sufficient 

amounts [126, 129]. 

Last but not least, the reverse-phase microarrays aim to detect a limited 

number of targets in a large number of samples. This is done by spotting 

the complex samples on the array rather than antigens or antibodies. These 

are then probed with antibodies towards a certain number of targets, and 

multiplexing is achieved through the use of several different antibodies 

labeled with different fluorophores. One of the major benefits of the 

reverse-phase microarrays is that a very small amount of sample is required 

for the detection of proteins in the picogram to attogram range [126, 130]. 

The suspension bead arrays were developed to further evolve these 

strategies into even more streamlined methods with higher throughput. The 

suspension bead arrays for proteomics workflows rely on the same basic 

principles as the ELISA and microarrays, but to achieve higher 

multiplexing capabilities, optically encoded microbeads are used as the 

surface for adsorption. These can be coupled to different antibodies or 

antigens, and due to their distinct optical properties, they can even be 

mixed before being added to the sample of interest. The analysis process 

is then performed in flow cytometry machines, where the distinct 

microbeads can be identified and analyzed for interactions [131-133]. 
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Emerging technologies 
With the high sensitivity of affinity proteomics approaches, the main 

limiting factor for improving the multiplexability of the technologies has 

rapidly become the strategies used for the readout of the assays. An 

approach to tackle this issue has been to turn to DNA detection strategies. 

By basing the readout on DNA-tags, a large set of target proteins can be 

detected in parallel with the additional benefit of DNA being amplifiable 

through polymerase chain reaction (PCR), thereby increasing the 

sensitivity [134, 135]. 

One technology that implements this approach is the proximity ligation 

assay (PLA). PLA was initially developed targeting the homodimer of the 

platelet-derived growth factor B-chain. The initial assay relied on 

aptamers, which can be single-stranded RNA or DNA molecules which 

have been selected for affinity against a target of interest. The assay 

successfully detected the target protein down to 40 zeptomoles 

(40x10
-21

 moles) [134, 136]. The assay employed a so-called proximity 

ligation strategy, where two aptamers targeting different epitopes of the 

molecule were extended with complementary oligonucleotide sequences. 

These sequences could then hybridize upon binding the target molecule, 

and by adding connector oligonucleotides, a circular sequence could be 

formed through enzymatic ligation. The ligation products can later be 

amplified through PCR, while binders that have not encountered their 

target remain unamplified [134]. This technology has since been applied 

to antibodies as well, rather than aptamers, and by tagging antibodies from 

a polyclonal population or from paired sets of monoclonal antibodies with 

such proximity probes, sensitivities down to femtomolar concentrations 

could be achieved [137]. 

Additionally, these proximity probes can be used to form multiple different 

DNA motifs while multiplexed, where each target-specific pair has a 

unique identifier sequence. These motifs can later be amplified and 

identified through standardized DNA analysis strategies, for example, 

through sequencing [138]. The methodology was further refined, and the 

ligation step was replaced with a DNA polymerization step to address 

recovery issues with PLA. This resulted in the proximity extension assay 

(PEA) [139, 140]. 
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Another approach that utilizes DNA for the specific readout is the Slow 

Off-rate Modified Aptamer (SOMAmer) technology. SOMAmers are 

aptamers that have been provided with additional functional groups to 

further expand their diversity. When implemented in a multiplex assay, all 

SOMAmers are tagged with biotin coupled through a photocleavable group 

and a fluorescent tag. A mixture of SOMAmers with different specificities 

is added to the sample and subsequently captured on streptavidin-coated 

beads. The beads are thereafter washed, and the bound proteins are tagged 

with biotin. After the tagging, the mixture is exposed to UV light, and the 

photocleavable group is decomposed, releasing the SOMAmers. Now, the 

proteins are captured on beads, and any non-bound SOMAmer is washed 

away. The bound SOMAmers are eluted at high pH and can be identified 

and quantified by in situ hybridization on a microarray with specific 

complementary sequences [141]. 
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Chapter 4 – Mass spectrometry-based 
proteomics 

What is mass spectrometry? 
MS is an analytical technique capable of measuring the mass of a molecule 

in relation to its charge. This might seem inconvenient, but the masses are 

too small to be measurable with a traditional scale, relying on gravity, due 

to the small nature of molecules. However, by ionizing the molecules and 

recording how they are deflected in an electric or magnetic field, the mass 

related to the molecule’s charge can be determined. The first recording of 

such a measurement, the first mass spectrum, was done by J.J. Thomson in 

1910, thanks to his invention of what essentially was the first MS 

instrument [142-144]. 

As MS instruments rely on ions for the measurement, due to the need for 

the analyte to respond to electric/magnetic forces, no neutral molecules or 

radicals can be measured by MS. The measurement obtained by an MS 

instrument is called mass-to-charge ratio (m/z) [145]. MS is a very 

powerful tool for molecular analysis and, despite being referred to as one 

technology, can be performed in a myriad of ways. Already at an 

instrument level, there are several different ways in which an MS 

instrument can be constructed. Still, they are generally made up of three 

main components: The ion source, the mass analyzer and the detector [142, 

145]. 

As the MS instrument measures ions, it is a technology that spans multiple 

fields of research and can be used for the analysis of organic as well as 

inorganic compounds. MS instruments have readily been used for the 

characterization and quantification of molecules due to their ability to 

resolve isotopes of the same compound and to determine the exact 

molecular weight of analytes. It was even the MS instrument that was used 

to perform the analysis of isotopic separations of U-235 used in the first 

atomic bombs of World War II due to its capability of identifying isotopes 

of the same element. Thanks to later developments, the MS instruments 

rapidly became even more versatile. With the advent of soft ionization 

techniques, the mass spectrometer became a staple tool for the analysis of 
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biomolecules, opening up the possibilities for MS-based proteomics [71, 

143]. 

As already described, there are quite a few ways in which a mass 

spectrometer can be designed. The following sections will describe the 

most frequently used designs of instruments used for MS-based 

proteomics. 

 

Ionization 
As recently mentioned, an MS instrument can only measure ions. 

Consequently, a critical step in the analysis is the actual ionization of the 

analytes. Once the analytes have been ionized, they are transported into the 

MS and the mass analyzer. In the early days of MS, electron ionization 

(EI), also known as electron impact ionization, was used to ionize the 

molecules to be analyzed by the MS instrument. Dempster developed the 

EI technology in 1918, and Bleakney further refined it in 1929. EI is a hard 

ionization technology that produces ions by hitting the analyte with 

electrons. This usually produces extensive amounts of fragments of the 

analytes, which are ionized together with intact molecules. This did not 

lend itself well to the analysis of bigger and more complex molecules, such 

as proteins or peptides, as the fragmentation made the analysis very 

difficult. The breakthrough that made protein and peptide analysis feasible 

was the invention of the matrix-assisted laser desorption/ionization 

(MALDI) and the electrospray ionization (ESI), which are both considered 

soft ionization methods [143, 145-147]. 

Laser desorption/ionization, the foundation for MALDI, was established in 

the 1970s and was used for ionizing non-volatile organic salts. In 1985 the 

first biomolecules (oligosaccharides) were reported to have been 

successfully ionized and their mass spectra recorded. The technology, 

however, had limitations and proved challenging to use on molecules over 

1,000 Da without mainly producing fragment ions. This meant that 

proteins were still too big to be successfully ionized [145, 148]. In 1988 

the revolutionizing introduction of matrices to the ionization was made. 

The strategy was introduced using two different sample preparation 
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strategies, co-crystallization of the analytes with a small organic molecule, 

known as chemical matrices, and addition of a suspension of ultrafine 

metal powder in glycerol, known as suspension matrices. The latter was 

pioneered by Koichi Tanaka, and the discovery eventually granted him the 

Nobel Prize in Chemistry in 2002 [145, 149-151]. However, as the 

chemical matrices exhibited higher sensitivity and generated less analyte 

fragmentation than suspension matrices, they became more popular and 

widespread [145]. 

The MALDI ionization is achieved by mixing the analyte with the matrix 

of choice, depositing the analyte/matrix mixture on a MALDI plate, and 

allowing it to dry. This mixture is made with a surplus of matrix molecules, 

resulting in the formation of matrix crystals doped with analyte molecules. 

The MALDI plate is then placed in the MS and bombarded with an intense 

laser in short pulses, usually while kept in a vacuum. This leads to swift 

heating of the crystals leading to sublimation of the matrix. The sudden 

expansion of the matrix pulls analytes into the matrix gas, and during this 

process, charges are transferred from the matrix molecules to the analytes. 

The limited energy transfer between the matrix and the analytes leads to 

little or no fragmentation. An additional feature of MALDI ionization is 

that, depending on the choice of matrix, it primarily produces singly 

charged ions, which makes for less complex mass spectra and can be very 

useful when analyzing analytes of lower molecular weights. However, this 

also limits the mass range that can be evaluated [145, 152] 

ESI relies on a different approach to transform the analytes into ions. In 

the case of MALDI, the analyte is transformed from a solid state into 

gaseous ions. In contrast, in the case of ESI, the analytes are converted 

from a solution into gaseous ions. The first use of ESI as an ionization 

strategy was in the 1960s when Dole implemented the strategy to ionize 

polystyrenes [153]. The implementation that would revolutionize the ESI 

and make it a reliable tool for studying biomolecules came about with John 

Fenn. In 1984 Fenn used the same strategy for electrospray as had been 

used for polystyrenes but instead applied the technology to ionize salts and 

small molecules in solutions. He also proved that ESI was a useful strategy 

for ionizing large biomolecules without fragmenting them. This finding 
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resulted in him being awarded the Nobel Prize in Chemistry 2002 [145, 

151, 154, 155]. 

ESI boasts quite a few advantages that have rendered it the most frequently 

used ionization strategy for biochemical analysis; it can be directly 

interfaced with a liquid chromatography (LC) system for upfront 

separation of analytes, as the ions are produced from a liquid phase, it 

produces very stable ions, it has no limitations in mass range, and it has a 

very high ionization efficiency [156]. The principle of the ESI can be 

described as an initial generation of charged droplets of analytes, produced 

by the ESI capillary tip, that experience solvent evaporation and droplet 

disintegration, eventually leading to charged gas phase ions (figure 5) 

[145]. 

 

Figure 5 – A schematic representation of how ions are produced in an electrospray 
ionization (ESI) experiment. By applying a high voltage to the spray needle, an 
excess of positive charges is collected at the surface of the Taylor cone. As charged 
droplets with analytes are expelled from the spray needle, they will form smaller 
and smaller droplets until gaseous analyte ions are formed. 

During the droplet generation step, the solution of analytes enters the 

capillary tip/spray needle made from silica or stainless steel. The needle is 

kept at a high voltage and atmospheric pressure. While the solvent is 

passed through the needle, it forms a Taylor cone leading to the formation 

of a fine mist of charged droplets. The droplets expelled by the spray needle 

are transported towards the opening of the MS by an electrical field 

directed from the spray needle to the opening, as well as a pressure gradient 

produced by the vacuum inside the MS. The decrease in pressure, together 

Taylor cone
Spray needle



Chapter 4 – Mass spectrometry-based proteomics 

 34 

with the electrical field, and usually also a drying gas and heated ESI 

source, promotes the evaporation of the solvent in the droplets. The 

decreasing droplet size leads to an accumulation of charges on the droplets’ 

surface. When the charge density becomes high enough, the coulombic 

repulsions will lead to droplet fission, producing even smaller droplets 

(figure 5). The last step of the ionization process is less established, but 

there are two models to describe the generation of gaseous ions from the 

droplets. The first model, called the Evaporation Model, proposes that the 

decreasing droplet size eventually leads to a high enough charge density at 

the surface of the droplets to eject charged solvated analytes from the 

droplets, leading to gaseous analyte ions. The second model, called the 

Charge Residual Model, describes a scenario where the increasingly 

smaller droplets eventually only include one analyte per droplet. Once the 

last solvent molecules evaporate, a gaseous analyte ion is produced. The 

ions produced from ESI ionization tend to be multiply charged, and the 

number of charges tends to correlate with the size of the molecule ionized 

[145, 156]. 

 

Mass analyzers 
The mass analyzer has the important task of separating the ions based on 

size and is eventually what is used to determine the m/z of the analyte of 

interest. This makes the mass analyzer central to the entire field of mass 

spectrometry. Usually, most MS instruments are referred to by the type of 

mass analyzer they are equipped with. Several different mass analyzers are 

used in MS instruments. This section will discuss the main principles of 

three common mass analyzers: the triple quadrupole, the time-of-flight 

(TOF) analyzer and the orbitrap, which employ quite different approaches 

to the analysis of ions [145, 157]. 

The quadrupole mass analyzer is one of the most widely used mass 

analyzers and is commonly paired with other mass analyzers. The 

quadrupole was first described in 1953 but is still frequently used, thanks 

to several advantages provided by its design [145, 158]. Firstly, the size of 

the quadrupole is very attractive as it has a very small footprint and is very 

light. Secondly, its ion handling capabilities include very high scan speeds, 
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down to sub milliseconds, and efficient ion transmission. The quadrupole 

is made up of four rods arranged in parallel, as a box, that allows the ions 

to pass between the rods. The opposing rods in the configuration are 

connected electronically, creating an electric field where the adjacent rods 

have opposite polarities. This creates an electric field through which the 

ions move. By applying an AC voltage to the rods, a radio frequency (rf) 

electric field is created, and this will only allow ions through in a manner 

that is directly dependent on the m/z of the ion. The rf electrical field will 

displace the ions entering the quadrupole, making them oscillate back and 

forth. The electrical field will have a greater impact on a lower m/z ion 

than on a higher m/z ion due to its lower momentum. If the trajectory of an 

ion is displaced too much, it either hits the rods and becomes neutral or 

slips out between the rods. This filtering is referred to as a high mass pass 

filter and only allows ions above a certain m/z, with more stable 

trajectories, to pass through. The higher the voltage applied, the higher the 

m/z of the ions allowed to pass through. Larger ions can instead be filtered 

out by applying a DC voltage to the rods. This creates an attracting force 

in the rods that tries to pull the ions closer while the rf electric field tries to 

confine the ions radially. An ion with a higher m/z will have a higher 

degree of inertia, making it difficult for the rf electric field to push the ions 

back into the central path of the quadrupole and will be displaced further 

and further away from the central path until they eventually hit the rods or 

slip between them. This results in the DC voltage creating a low mass pass 

filter, where a higher voltage applied results in lower m/z ions being 

allowed to pass through. By specifically setting the ratio between the AC 

voltage and DC voltage, the quadrupole only allows ions of a certain m/z 

to pass through. This can also decide how narrow the m/z range allowed 

through the quadrupole is. As the filtering only relies on the AC and DC 

voltage, the quadrupole filtering can be adjusted rapidly, allowing for its 

high scan speeds [142, 145]. In later years, multipole mass analyzers have 

also been implemented to concentrate the ion beam further than in a 

quadrupole, allowing for an even more efficient ion transmission [159]. 

The first instance of an MS with a TOF detector was reported by Stephens, 

who filed a patent for the invention in 1947. He sought to address issues 

with previously used detectors that relied on ion beam deflection [160]. 

The TOF detector is a high-resolution detector with a theoretically 
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unlimited mass range, limited by the need for long separation times, 

instrument size and ion transport. The TOF detector is quite simple by 

design and relies on a field-free separation of the ions, i.e., no magnetic 

field or electric field is used for the separation. Instead, the ions are 

accelerated in a magnetic field, where ions of the same charge will obtain 

the same kinetic energy, meaning that a bigger ion will move slower than 

a smaller ion. When the ions have been accelerated, they are ejected into 

the flight tube and separated by m/z. This separation occurs as the ions with 

low m/z traverse the flight tube in a shorter time than ions with a larger 

m/z. It is thereby possible to determine the m/z of the ion precisely by 

measuring the time it takes for the ion to travel through the flight tube and 

hit the detector [145, 161]. 

The orbitrap is a mass analyzer that utilizes Fourier transformation to 

determine the m/z of the ions and was introduced much more recently than 

the TOF and quadrupole [162]. The orbitrap is composed of a spindle-

shaped electrode surrounded by two concave outer electrodes. A linear 

magnetic field is created between the inner and outer electrodes, and as 

ions enter the orbitrap, they are diverted into a spiral path around the inner 

electrode. Thanks to the shape of the inner electrode, the ions will arrange 

themselves along the spindle and are induced into a harmonic axial 

oscillation while orbiting the central spindle. The outer electrodes can 

detect the motion of the ions, and this motion is transformed into 

frequencies through the use of the Fourier transform. These harmonic 

frequencies are proportional to the m/z of the ions populating the orbitrap; 

thereby, the m/z of the ions in the orbitrap can be determined [142, 145, 

162]. 

 

Instrumentation 
As described earlier, MS instruments are usually named based on the mass 

analyzer they are equipped with. In most modern MS instruments capable 

of tandem mass spectrometry (MS/MS), additional fragmentation of ions 

entering the instrument rely on more than one mass analyzer. 

Combinations of the mass analyzers above make up the common types of 

MS instruments that are mainly used within proteomics research. A few 
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common configurations are the triple quadrupole instruments, TOF-TOF 

instruments, quadrupole time-of-flight (qTOF) instruments and the 

quadrupole orbitrap instruments [157]. 

In general, the use of MALDI as an ion source is linked to the use of TOF 

detectors. One of the main reasons for this is the pulsed nature of the ions 

produced by the MALDI and the process in which the TOF detector 

analyzes them. The MALDI TOF, however, has one downside when it 

comes to the analysis of complex samples: upfront separation is required 

and has to be performed offline. This issue is circumvented by the ESI, as 

it produces ions from a solution phase and can be coupled online to LC 

systems, which allow for the separation of complex samples during the MS 

analysis [157]. 

All of the aforementioned instruments can be coupled to LC-systems and 

ESI, which is the most common route for MS-based proteomics. In the case 

of the triple quadrupole, the instrument is made up of three quadrupoles, 

as the name implies, where the first and third quadrupole are used as mass 

analyzers, whereas the second quadrupole is used as a collision cell. The 

collision cell is where fragmentation of the ions is performed and what 

allows for MS/MS to be analyzed. The setup with two quadrupoles for the 

initial mass analyzer and the collision cell is also implemented in most 

qTOF setups, where what would be the third quadrupole in a triple 

quadrupole is replaced with a TOF analyzer. This allows the qTOF to 

acquire high-resolution spectra. In the case of the TOF-TOF instrument, 

the first mass analyzer is also a TOF and both analyzers are separated by a 

collision cell. Last but not least, the orbitrap instruments also tend to be 

equipped with a quadrupole, or a multipole, as the first mass analyzer and 

a collision cell. As an additional feature, they are usually also equipped 

with a trap, capable of collecting ions until they are released into the 

orbitrap analyzer. The TOF-based and quadrupole-based MS instruments 

are regularly equipped with electron multiplier detectors, the most widely 

used detectors. In contrast, the orbitrap relies on the Fourier transformation 

for the detection [142, 145, 157, 163]. 
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Different strategies for MS-based proteomics 
When it comes to MS-based proteomics experiments, the field can be 

divided into two major approaches to MS analysis. The first approach is 

top-down proteomics, where proteins are identified directly by MS. The 

second approach is bottom-up proteomics, where instead of detecting the 

native proteins, peptides that are unique to the protein/proteoforms are 

detected and thereby used to identify the proteins of interest in a sample. 

Top-down proteomics was for a long time inaccessible due to limitations 

in the instrumentation, and injecting intact proteins into the MS is a non-

trivial task that usually requires one or more steps of separation prior to 

analysis. This has made proteome-wide top-down proteomics difficult and 

caused it to lag behind bottom-up proteomics in terms of coverage, 

sensitivity and throughput. In recent years, much progress has been made 

on the method and instrumentation side, making top-down proteomics a 

valuable tool for thorough analysis of protein complexes, identification of 

distinct proteoforms and detailed characterization of their PTMs [163]. 

Bottom-up proteomics was developed to avoid some of the challenges 

associated with intact protein analysis. In a bottom-up proteomics 

approach, proteolytic digestion of the samples is a crucial step before MS 

analysis. This can seem a bit counterintuitive, as it significantly increases 

the complexity of the sample compared to its non-digested state. However, 

there are several analytical benefits to this approach that aids in detecting 

the proteins of interest. Firstly, peptides can be more easily fractionated, 

ionized and fragmented than intact proteins and secondly, even though the 

complexity increases, the number of peptides of each type increases due to 

the presence of proteoforms and the increased number of identical 

molecules (peptides) increases the probability of detecting them in an MS-

experiment [164]. 

The sample preparation strategy for a bottom-up proteomics experiment 

can be generalized to a large extent and broken down into a standardized 

workflow. The first step of the sample preparation usually entails the 

extraction of proteins from the sample of interest. A lysis step is required 

if the sample is a tissue or cells. This step is unnecessary when working 

with liquid biopsies, where the proteins are already freely suspended. 
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Subsequently, depending on the scientific question and nature of the 

sample, an enrichment or depletion step can be included to remove 

unwanted analytes. Notably, when performing a depletion, it is important 

to be mindful of any protein-protein interactions that might rid your sample 

of other proteins than the protein for which the depletion was intended 

[165-167]. To achieve complete proteolytic digestion, most bottom-up 

proteomics workflows rely on denaturation of the proteins to make the 

cleavage sites accessible to the proteases used. This is commonly done by 

using strong denaturants, such as urea or guanidine, or surfactants, such as 

sodium deoxycholate or SDS. Additionally, many proteins also have 

disulfide bonds, which prevents them from unfolding entirely. These are 

usually removed through reduction by the addition of dithiothreitol, 

2-mercaptoethanol, tris(2-carboxyethyl)phosphine or tris(3-hydroxy-

propyl)phosphine. To prevent the disulfide bonds from reforming, the 

samples are alkylated by the addition of alkylating reagents such as 

iodoacetamide or 2-chloroacetamide [167-170]. After the initial unfolding 

of the proteins, the sample is subjected to proteolytic digestion. This can 

be performed using a vast array of different proteases, but trypsin is 

undoubtedly the most commonly used protease for bottom-up proteomics. 

Trypsin has become the golden standard protease due to its proteolytic 

efficiency and ability to generate peptides ending with arginine or lysine, 

which are ideal for generating good fragmentation spectra for the 

subsequent analysis. However, the extensive use of trypsin has created a 

bias in the field, where most analytical tools developed are based on data 

generated with trypsin. This can make the exploration of other proteases a 

challenging task [164, 167]. 

 

Peptide identification 
In bottom-up proteomics, the identification of peptides is the foundation of 

the subsequent protein identification. To identify peptides in a typical 

proteomics experiment, MS/MS is required once the peptide mixture 

becomes complex. In a relatively simple sample, the m/z of a peptide might 

be sufficient for identification, but for more complex samples, the 

identification relies on the determination of the sequence of the peptide 
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measured. This is where MS/MS is required. When an MS/MS 

measurement is performed, a peptide ion is isolated in the first mass 

analyzer and transported into the collision cell. When performing a 

standardized MS/MS experiment, collision-induced dissociation (CID) is 

used as the strategy for fragmenting the ions. Once the peptide ions reach 

the collision cell, they are collided with an inert gas, usually nitrogen or 

argon, to produce fragment ions, also known as product ions. The 

acceleration of the ions, which leads to the impact with the gas molecules, 

is referred to as collision energy (CE). The CE can be tuned to promote a 

higher or lower degree of fragmentation. When the peptide ion fragments, 

the fragments are formed by breaking the peptide bond along the peptide 

backbone. This causes the formation of what is known as b-ions, the 

fragment generated on the N-terminal side of the breakage, and y-ions, the 

fragment generated on the C-terminal side of the breakage. This 

dissociation happens along the entire peptide chain, producing several 

product ions of different amounts. The product ions are then passed 

through the second mass analyzer, and by recording the MS-spectrum 

produced through the fragmentation, the peptide can be identified by 

mapping against pre-recorded or predicted mass spectra or through de novo 

readout of the peptide sequence from the mass spectrum [171-175]. 

 

Acquisition strategies for peptide quantification 
When performing a bottom-up proteomics experiment, there are a few 

different ways in which the MS instrument can be operated. This is affected 

by what kind of mass analyzers the MS instrument to be used is equipped 

with. Depending on the resolution and operation principle of the mass 

analyzers, different strategies for bottom-up proteomics can be used [176]. 

High-resolution strategies 

For high-resolution mass spectrometers, there are three main strategies of 

operation: data-dependent acquisition (DDA), parallel reaction monitoring 

(PRM) and data-independent acquisition (DIA). All strategies are quite 

different on the analytical side, but they share their reliance on the high-
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resolution mass analyzers for simultaneous measurement of ions across the 

entire mass range of the instrument [167, 175, 177, 178]. 

DDA is the most commonly used strategy for bottom-up proteomics 

workflows and relies on an intensity-based selection of ions for 

fragmentation. In a typical DDA experiment, ions entering the MS 

instrument are first evaluated without being subjected to CID. This first 

evaluation is called a survey scan and aims to record the intensities and m/z 

of all ions entering the MS instrument. The MS instrument is configured 

to detect the peptide ions of high enough intensity in the survey scan and 

uses this information to create an isolation list. Subsequently, the selected 

ions, referred to as precursor ions, are isolated in the first mass analyzer 

one-by-one, and subjected to CID, after which the product ions that are 

produced are analyzed by the second mass analyzer, producing an MS/MS 

spectrum (figure 6a). Modern MS instruments have reached very high 

acquisition rates, but this is still dwarfed by the number of peptides present 

in a complex tryptic digest. This leads to some difficulties in terms of 

reproducibility. As the measurement of peptides is somewhat stochastic, 

some peptides will be detected and fragmented in some samples but fail to 

be detected in others. This issue can, however, be limited by repeated 

measurements or pre-fractionation of the samples [175]. 

PRM is a strategy that is a part of the umbrella term targeted proteomics. 

It was first established by Joshua Coon and his group in 2012 and 

developed as a high-resolution MS response to the low-resolution 

methodology that was gaining popularity. The aim was also to address the 

shortcomings of DDA in terms of reproducibility and sensitivity. When 

performing a PRM experiment, there is a striking difference from that of a 

traditional DDA experiment, only a predefined selection of precursors is 

sent for CID and MS/MS. Additionally, when performing a PRM 

experiment, the measurement of the target peptides is regularly scheduled 

so that the target peptide only is measured while it is eluting from the LC-

system and reaching the MS instrument. This assures that the target 

peptides are measured despite having a low intensity and that no time is 

spent looking for peptides that are not interesting for the study. This also 

guarantees that the peptides are measured throughout their entire elution 
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profile, making quantitative measurements of the peptides more robust 

(figure 6b) [177, 179]. 

Another attempt to solve the issues with sensitivity and reproducible 

sampling of the precursor ions was proposed in 2004 by Venable et al. The 

DIA strategy circumvented the reliance on the survey scan for selecting 

which ions to fragment by sequentially isolating all peptides within a 

precursor window of 10 m/z until the entire mass range of interest had been 

surveyed. Once the entire mass range had been covered, the procedure was 

repeated. This resulted in a complete MS/MS coverage of the entire mass 

range, but without the direct link to a precursor m/z. However, it also brings 

about the main hurdle when working with DIA: the co-isolation of 
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Figure 6 – a) An illustration of how peptide ions are isolated and fragmented in a 
high-resolution mass spectrometer for analysis by tandem mass spectrometry. 
Peptide ions are isolated in mass analyzer 1 and fragmented through collision-
induced dissociation in the collision cell. The subsequent mass spectrum is 
collected by mass analyzer 2. b) An illustration of how the stacking of tandem 
mass spectra over time can be used to create peptide ion chromatograms. These 
chromatograms are regularly used for quantification in targeted proteomics 
experiments. 
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precursor ions. This leads to very complicated MS/MS spectra that require 

substantial data processing compared to PRM or DDA. Even though the 

approach is more than 15 years old, it took quite some time to gain 

popularity due to instrument and analysis limitations. Recent 

developments in strategies for the data collection and processing of DIA 

data have allowed for straightforward analysis pipelines. This progress has 

made DIA an accessible tool for collecting MS data that requires very little 

a priori knowledge to set up but has a more complicated data analysis. DIA 

also has a benefit in the non-biased way the entire mass range is sampled, 

allowing for the data to be re-evaluated for targets that were not considered 

at first [178, 180-186]. 

Low-resolution strategies 

When it comes to low-resolution strategies for MS, they are generally 

outperformed by the corresponding high-resolution method, as the lack in 

resolving power makes it difficult to query databases of theoretical or pre-

recorded spectra and impacts the certainty of identification significantly. 

However, one strategy for targeted proteomics still excels in sensitivity, 

reproducibility and quantitative precision while maintaining high 

specificity: selected reaction monitoring (SRM), sometimes also known as 

multiple reaction monitoring [179, 187, 188]. 

SRM strategies were developed to complement DDA proteomics when the 

analytes of interest were known. SRM utilizes the unique capability of the 

triple quadrupole to selectively measure both the precursor ion and a 

selection of its specific fragment ions rather than monitoring the entire 

mass range of product ions. The SRM was developed before the PRM and 

thus was the first method that sought to overcome the stochastic issues with 

DDA. By selectively measuring only the peptides of interest, the SRM 

ensured that the target peptides were measured despite sample 

complexities that would cause the peptide to not always be fragmented in 

a DDA experiment. However, a caveat with SRM compared to PRM is that 

no MS/MS spectrum is recorded. Therefore, the product ions giving rise to 

robust signal intensities must be known beforehand. In a typical SRM 

experiment, the first quadrupole has to be set to filter the specific m/z for 

the target precursor ion. This ion is allowed to pass through the collision 
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cell, quadrupole two, and the third quadrupole is set to filter for specific 

fragment ions from the precursor (figure 7). Each precursor-product ion 

pair is known as a transition. The primary benefit of sampling specific 

transitions with an SRM compared to running a PRM experiment is how 

quickly the quadrupole can be changed to monitor the different transitions, 

compared to the time it takes to acquire a complete product ion scan in a 

high-resolution instrument. This allows the SRM to, in general, achieve a 

higher resolution of the chromatographic peak of each transition, which 

makes it excel in quantitative precision in complex sample matrices [177, 

179, 188, 189]. 

 

Figure 7 – A visualization of how isolation and fragmentation of peptide ions 
occur in a triple quadrupole instrument. The precursor ions are isolated by 
quadrupole 1, and subsequently fragmented in quadrupole 2 through collision-
induced dissociation. Quadrupole 3 is then used to isolate the product ions to 
record their intensities. This can then be used to create chromatograms for the 
different transitions (precursor-product ion pairs). 

As the SRM lacks m/z precision, there is significantly more cumbersome 

upfront work than with the other methods discussed, as it has to be verified 

that the correct molecule is measured. The initial step of the assay 

development needed to run an SRM experiment is determining which 

transitions to monitor for the peptides of interest. This can be determined 

through a few different strategies, but the most common are based on 

previous experiments, literature queries and through prediction or 

evaluation of purified peptides of interest. It is essential to keep in mind 

that if any PTMs are to be monitored, this has to be accounted for already 

at this stage. Once a target peptide has been selected and its transitions 
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evaluated, the transitions generating the highest intensities without 

interference are chosen for the assay. Commonly, this results in a selection 

of 2-5 transitions per peptide. It is good to keep in mind that the transitions 

that perform the best in a DDA experiment do not necessarily perform the 

best in the SRM experiment. Therefore, the most reliable way of finding 

the best transitions is through screening of transitions using SRM, which 

is a time-consuming process [179, 189, 190]. 

Once the best transitions have been selected, an additional step can be 

performed to improve the signal intensity of the selected transitions 

further: CE optimization. The CE can be optimized on a precursor level to 

produce a higher total product ion intensity, but it can also be performed at 

a transition level. The theory behind this approach is that different CEs will 

be optimal for different precursor ions and produce more efficient 

fragmentation and higher intensity transitions. This can even be achieved 

at a transition level, where different collision energies can promote other 

product ions to a greater extent. By gradually ramping the CE while 

acquiring data for each transition, an optimal CE for each transition of 

interest can be obtained, resulting in a higher intensity for each measured 

transition. This increases not only the signal intensity but also the 

sensitivity of the assay [171, 172]. 

Once all the target transitions, their corresponding CE, and the retention 

time at which they elute have been determined, the assay can be readily 

used to measure the peptides of interest in a very reproducible manner as 

long as the sample type remains the same. As soon as the sample type 

changes or other circumstances significantly alter the sample matrix 

composition, interference in the MS instrument or changes in retention 

time of the peptides of interest might occur, leading to a need for selection 

of other transitions and revisions of retention times [191]. 

 

Quantification 
An essential aspect of MS-based proteomics is the quantitative assessment 

of the proteins present in the sample. Once a peptide identification has been 

successful, the MS data can be further investigated to determine the 
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amount present of that particular peptide. This information can 

subsequently be used as a proxy for the target protein amount present. As 

long as proteoforms are kept in mind and the chosen peptide is unique to 

the proteoform(s) for which quantification is sought, this proxy can be very 

accurate. An important aspect, however, is that the peptide in question is 

thoroughly investigated in terms of quantitative precision and accuracy 

[189, 192-194]. 

There are a few approaches to MS-based quantification, and in this section, 

three strategies will be discussed: label-free quantification, isobaric 

labeling and stable isotope-labeled (SIL) standards [195]. 

The most fundamental forms of MS-based quantification are the label-free 

strategies for quantification. These methods do not require any alterations 

to standardized sample preparation strategies, and the quantitative 

measurement is obtained by assessing the spectra for all peptides directly. 

There are two main routes of operation in label-free quantification: spectral 

counting (SC) and feature-based quantification [196]. 

SC is a straightforward approach to quantification that relies on DDA for 

the data collection. In SC, the number of MS/MS occurrences of a peptide 

is used to determine its abundance. The higher the peptide abundance, the 

more MS/MS spectra are collected. Due to the simplicity of the method, 

approaches to further refine the strategy have been made to allow for 

differential protein quantifications. These methods include protein 

abundance index, which takes into account that longer proteins produce 

more peptides, normalized spectral abundance factor and absolute protein 

expression measurements, which uses the learned probabilities for peptide 

identifications [196-199]. 

Despite the development of several different strategies to improve the 

accuracy of SC, it still falls short compared to feature-based quantification 

due to the stochastic sampling of the data inherent to DDA. In feature-

based quantification, the survey scans are instead used for the 

quantification, i.e., the MS peaks produced by the non-fragmented 

peptides. Each peptide is identified by its MS/MS spectrum and mapped to 

its peak in the survey scan. By stacking all survey scans, side-by-side 

across time, a three-dimensional map of the peptides’ elution profile can 
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be created. The area under the curve (AUC) can be extracted from these 

elution profiles and used for quantification. This AUC-based 

quantification is also the underlying principle for quantification in targeted 

proteomics experiments. As with SC, normalization is imperative to 

achieve accurate quantification. There are a lot of different proposed 

strategies for normalization with various advantages and disadvantages. 

Still, studies have shown that the choice of normalization is not a clear-cut 

case [177, 196, 200]. 

An approach introduced to ensure precise relative quantification in DDA 

experiments was the isobaric labeling of peptides. The principle behind 

isobaric labeling is that a specific mass tag designed to break off during 

CID is attached to the peptides of the sample of interest. The isobaric mass 

tags are constructed so that, despite having the same total mass, reporter 

ions of different m/z are produced when subjected to fragmentation, based 

on how isotopes have been incorporated into the tags. This makes it 

possible to resolve multiple mass tags in the same MS/MS spectrum, 

arising from identical peptides tagged with different versions of the 

isobaric label. This technology allows multiple samples to be compared by 

being digested and tagged with different isobaric mass tags. The samples 

can subsequently be pooled together and analyzed in the same MS 

experiment. During each MS/MS event, the isobaric labels of the different 

samples can be resolved, and by comparing their intensities, the relative 

abundance of the peptides can be determined. The workflow makes the 

sample preparation more cumbersome, but this can be made up for by the 

parallelization achieved in the MS analysis. There are, however, some 

drawbacks with isobaric labels that cause distortion of the signals from the 

reporter ions. One such example is the co-isolation of reporter ions from 

other peptides, which impacts the precision and accuracy of the 

quantification. The most common reagents for isobaric labeling are tandem 

mass tags (TMT) and isobaric tags for relative and absolute quantification 

(iTRAQ) [194, 201-204]. 

The last quantification strategy to be discussed is the use of SIL standards. 

SIL standards are peptides, polypeptides or full-length proteins that have 

been labeled with versions of amino acids that have had stable isotopes of 

typically nitrogen, 
15

N, or carbon, 
13

C, incorporated. The incorporation is 
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regularly made in lysine and arginine, as these are the residues at which 

trypsin cleaves. One such implementation is the metabolic incorporation 

of isotope-labeled amino acids into entire organisms, known as stable 

isotope labeling by amino acids in cell culture (SILAC). In this approach, 

the samples of interest are cultivated in a “light” medium with regular 

amino acids. In contrast, a reference sample, or the sample of comparison, 

is cultivated in a “heavy” medium, where amino acids have been replaced 

with isotopically labeled versions. This approach allows for very robust 

and precise relative quantification of the protein abundances in the 

samples, as the proteins chemically and biologically will behave 

identically yet readily can be distinguished in the MS analysis [194, 205-

207]. 

Relative quantification might, however, not be sufficient. Sometimes, there 

is a need to quantify proteins at an absolute scale. This is also achieved 

through SIL standards, but in this case, the peptides, polypeptides or full-

length proteins are quantified before spike-in to the sample of interest. This 

allows for a known amount of standard being spiked to the sample of 

interest. The subsequent quantification can be anchored to this known 

amount, assigning an absolute concentration to the protein of interest. This 

type of quantification is generally performed using a targeted proteomics 

approach, where ion chromatograms are extracted and where the ratio 

between the AUC of the endogenous peptide and the SIL peptide is used 

for the quantification (figure 8) [208-211]. 

SIL peptides for absolute quantification (AQUA peptides) are synthesized 

peptides with heavy versions of arginine and lysine that can be introduced 

during or after the digestion of the sample. This provides for a relatively 

straightforward process but has one major drawback. The peptides are 

synthesized as fully digested peptides, meaning that complete digestion of 

the sample is required for precise and accurate quantification. A way of 

addressing this issue was the introduction of winged SIL (WiSIL) peptides, 

which are SIL peptides flanked by amino acids corresponding to the 

surrounding sequence of the protein. This allows the tryptic peptide to be 

released upon digestion, and the WiSIL peptides can therefore be spiked to 

the sample before the digestion is initiated. This increases the quantitative 

performance compared to regular SIL peptides [208, 210]. Another 
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approach to using digestion as the means for releasing the tryptic peptides 

is the use of quantification concatemers (QconCATs). The QconCATs are 

artificial proteins made up of several different tryptic peptides that can 

belong to multiple different proteins. This allows a single spiked-in 

standard to be used for quantification of up to 20-30 proteins. It is, 

however, important to note that the QconCAT will be significantly 

different in its non-digested state from any of the target proteins [164, 212]. 

Using SIL protein fragments is an additional option for absolute 

quantification. The idea behind using protein fragments is that they firstly 

can produce multiple tryptic peptides that can be used for the quantification 

of the protein of interest upon digestion. Secondly, the high similarity 

between the protein fragment and the endogenous proteins results in the 

protein fragments exhibiting similar digestion kinetics as the endogenous 

proteins. This allows for the addition of the standard at the beginning of 

the sample preparation and results in reproducible quantifications even 

with short digestions. In this way, the SIL standards can account for all 

biases in the downstream process. One implementation of these standards 

is the stable isotope-labeled standard Protein Epitope Signature Tag (SIS 

PrEST) from the HPA. The SIS PrESTs are SIL versions of the Protein 

Epitope Signature Tags (PrESTs), which were created to be used as 

antigens for the immunizations and purification of antibodies within the 
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Figure 8 – By recording the chromatograms of both the target peptide and a 
corresponding standard, the difference in chromatogram area between the two can 
be used to determine the concentration of the measured peptide. 
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HPA project. The SIS PrESTs are therefore designed to correspond to 

homologically unique parts of the human proteome and, as an effect, can 

release target-specific tryptic peptides upon digestion. Additionally, all SIS 

PrESTs are produced as fusion proteins sharing a common tag sequence, 

consisting of a hexahistidine tag and an albumin binding domain from 

streptococcal protein G. This common tag sequence can be used for 

absolute quantification of the reagents and thereby allowing for absolute 

quantification of their corresponding target proteins. This also allows the 

absolute values to be anchored to the same quantification method, where a 

light version of the tag sequence that has been quantified through amino 

acid analysis is used as a reference sample [92, 209, 210, 213]. 

Lastly, there is protein standard absolute quantification (PSAQ). This is 

considered the gold standard for absolute quantification. PSAQ makes use 

of SIL full-length proteins, which means the digestion kinetics and the 

general behavior of the standard will be identical to the target protein to be 

quantified. This brings about benefits such as the possibility of early 

addition of standard to the sample, followed by non-biased enrichment of 

both the target protein and the standard before digestion, as well as the 

possibility of using the entire repertoire of tryptic peptides of the target 

protein for quantification. The downside of PSAQ is that the workflow for 

the production of full-length proteins can become more complex than the 

production of a single peptide or protein fragment, and sometimes it might 

even require production in mammalian systems to ensure successful 

production and correct folding of the proteins [210, 211, 214-217]. 

Assessing quantitative performance 
It is not by itself enough to utilize internal standards to achieve good 

quantitative performance. It is also crucial to determine what peptides are 

quantotypic, i.e., a peptide that can accurately quantify the sample. To 

assess this, the performance can be evaluated regarding accuracy and 

precision (figure 9). The accuracy describes how well a 

concentration/amount obtained from a specific assay reflects the actual 

concentration of the target in question. Preferably this is evaluated by 

measuring a sample with a known amount of the target of interest and 

assessing how well the quantification obtained by the assay evaluated 
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agrees with this amount. This can, however, prove difficult in proteomics 

due to the lack of reference samples with known protein amounts. A way 

around this is usually through assessing agreement between different 

analytical approaches. Precision, on the other hand, describes the 

agreement between multiple measurements of the same sample using the 

same assay. This is regularly evaluated in replicates over various days, and 

the precision is reported in terms of inter- and intra-assay variability. For 

an assay to be considered validated precision-wise, its coefficient of 

variation (CV) should not exceed 20% [192, 193, 210, 218]. 

However, the precision and accuracy relative to a reference sample is not 

the only requirement for a good quantitative assay. One of the fundamental 

reasons for quantitative proteomics is that protein levels can vary between 

samples. Therefore, evaluating the concentration range within which the 

assay reports accurate quantification is also of utmost importance. The 

range within which accurate quantitative performance is achieved is 

referred to as the linear range of the assay. Within this range, a two-fold 

dilution of the sample analyte should result in a 50% decrease in the AUC 

of the analyte. The property is best evaluated by diluting the standard used 

for quantification in the sample matrix evaluated or by diluting the sample 

matrix in a surrogate matrix, a sample of similar composition lacking the 

analyte of interest. When the analyte/standard has been diluted far enough, 

the quantitative results no longer follow a linear relationship (figure 10). 

Low accuracy
Low precision

Low accuracy
High precision

High accuracy
High precision

High accuracy
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Figure 9 – A visual representation of accuracy and precision using dartboards. A 
method with high precision manages to repeatedly report the same amount of an 
analyte, albeit it might not be the same as the true amount of the analyte. A method 
with high precision and accuracy will repeatedly report an amount similar to the 
true amount when used for quantification. 
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Once the results are too far off the known concentration, the lower limit of 

quantification (LLOQ) has been passed. This can be defined as when the 

quantitative bias or the CV is larger than 25%. Bias is defined as the 

difference between the known dilution of the analyte/standard and the 

reported quantification. In these instances, the limit of detection (LOD) is 

commonly defined as LLOQ divided by three. LLOQ can sometimes also 

be reported as ten times the standard deviation (SD) of the measurements 

obtained for a blank sample plus the average peak ratio for a blank sample. 

Similarly, the LOD in these instances is defined as three times the SD of a 

blank sample [192, 193, 219, 220]. 

 

Clinical implementation of MS-based workflows 
When it comes to clinical implementation of mass spectrometry, the 

instruments have already gained popularity in the analysis of small 

molecules. As of 2020, several MS-based in vitro diagnostic tests had been 

approved by the US Food and Drug Administration (FDA), based on both 

MALDI and ESI strategies. The areas in which MS is readily deployed 

include newborn screening, quantifying circulating therapeutic drugs and 

vitamin D, and identifying microbes [38]. 

Identification of microbes relies on MALDI strategies that use mass 

fingerprinting, identification of feature patterns in MS spectra, to identify 

the different microbes. Since its implementation in 2009, this MALDI 

TOF-based strategy has become the primary tool for microbe identification 

within clinical microbiology [38, 221, 222]. In newborn screening, the MS 

implementation mainly consists of identifying and quantifying metabolites 

to diagnose metabolic disorders. Due to the ability of the MS instruments 

to multiplex analyte quantification, compared to enzyme- and 

immunoassays, the MS-based newborn screening can diagnose up to 50 

metabolic disorders in one single experiment. This progress has caused 

drastic changes in newborn screening and has made it the method of choice 

in many countries [38, 223]. Similarly, quantification of therapeutic 

molecules and vitamin D is based on the detection of small molecules by 

MS. In the case of vitamin D, MS has replaced immunoassays as the gold 

standard due to its ability to distinguish between vitamin D2 and D3, which 
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was not possible in the corresponding immunoassay because of cross-

reactivity. As the tests above rely on quantitative measurements of their 

target analytes, the instrument of choice has been triple quadrupoles 

coupled to LC-systems [38, 224]. 

Despite the success of MS in the area of small molecules, it is yet to be 

implemented in clinical diagnostics when it comes to quantitative protein 

analysis, where ELISA is still the main workhorse. For MS to become a 

viable clinical diagnostic option, some hurdles must be overcome. These 

issues mainly pertain to the sample complexity, the presence of multiple 

proteoforms and the costs associated with setting up an MS-based 

workflow compared to an ELISA-based workflow [224, 225]. 

To promote the use of targeted MS assays in research and clinical 

laboratories, efforts to share assay parameters have been set up. The 

resource with the most extensive assay library for triple quadrupole 

instruments is the SRMatlas, which has assay parameters for 99.7% of the 

human proteome [190]. However, these assays have not been validated in 

the rigorous manner required for implementation in clinical laboratories. 

The Clinical Proteomic Tumor Analysis Consortium (CPTAC) established 

an assay portal to address this shortcoming. The CPTAC Assay Portal 
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Figure 10 – When performing quantitative analysis, it is essential to determine 
within which range a method produces reliable results. This is usually achieved 
through a dilution of the analyte to create a standard curve and assess within which 
range the response is linear, as well as the lower limit of quantification (LLOQ) 
and the limit of detection (LOD) for the method. 
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serves as a public repository for users to share and implement assays that 

have gone through a thorough validation scheme, including repeatability, 

selectivity and stability experiments, as well as characterization in terms 

of LOD and LLOQ [226]. 

One of the main issues with implementing MS-based protein analysis in a 

clinical setting is the signal-to-noise ratio observed in an MS experiment 

and how this can complicate the data analysis. As the sample grows more 

complex, as during tryptic digestion, or in the case of samples with a large 

dynamic range, such as plasma, the signal-to-noise ratio tends to impact 

the robustness of the measurements as this cannot be accounted for by the 

instrument itself. To facilitate this detection, several efforts have been 

made to either increase the signal intensity, reduce the sample complexity 

or both. One strategy for achieving both increases in intensity and 

reduction in complexity is the stable isotope standards and capture by anti-

peptide antibodies (SISCAPA) [227]. The SISCAPA methodology 

employs anti-peptide antibodies to enrich for quantotypic peptides of the 

target protein of interest as well as its corresponding SIL peptide. This both 

enriches the peptide of interest and depletes other peptides, resulting in a 

sample with high concentrations of target peptides and little to no 

background matrix. Additionally, by using multiple anti-peptide antibodies 

and SIL peptides, the method can be multiplexed. This increases the 

sensitivity and quantitative precision of the method. Additionally, with the 

less complex sample and high concentrations of target peptide, shorter LC 

methods can be used for the upfront separation, significantly reducing the 

MS analysis time required and thereby also increasing the sample 

throughput. The low sample complexity could even allow for high 

throughput systems, such as the RapidFire MS, where samples can be 

analyzed for 20 seconds [228]. As the methodology brings about a 

significant increase in sensitivity and quantitative robustness while also 

reducing the analysis time, interferences and instrument contamination, it 

is a strong candidate for overcoming the obstacles that prevent MS-based 

protein quantification from reaching the clinical laboratories [227, 229, 

230]. 
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Present investigations 
There are limitations in using mass spectrometry when measuring proteins 

in complex samples commonly attributed to the dynamic range of proteins 

present or simply the sheer amount of different proteins present. This 

results in difficulties quantifying low abundant proteins in a precise and 

reproducible manner. These proteins are, however, of significant 

importance when it comes to monitoring the health state of individuals 

since they make up a substantial fraction of the list of approved biomarkers 

curated by the FDA [25]. A way to facilitate the quantification of this low 

abundant portion of the proteome is by using affinity reagents to enrich 

these targets and thereby reduce the complexity of the sample. However, 

these affinity reagents also have to enrich for an internal standard in a 

reproducible manner in order to assure quantitative precision.s 

The Papers presented in this thesis consist of two major topics. The first 

part of this thesis revolves around the development of SRM assays for 

precise absolute quantification of proteins in plasma samples and the 

second part around exploring affinity reagents and how to thoroughly 

validate their specificity in a high-throughput manner. 

In Paper I, a rigorous validation of the SRM assay development using SIS 

PrESTs was performed, together with benchmarking of the assays to 

peptide and full-length protein standards. The methodology was thereafter 

implemented on a clinical sample cohort, showing its potential for 

capturing differences in longitudinal samples induced by different 

treatment regimens. In Paper II, a new SIS PrEST was designed in order 

to achieve a more reliable quantification and allow for further 

characterization of apolipoprotein(a) (Apo(a)). In this project, the 

previously developed assay was implemented on a sample cohort of 90 

individuals together with the newly designed and optimized SIS PrEST to 

further refine the panel from Paper I. 

In Paper III, a way forward for high-throughput validation of affinity 

reagents in a streamlined manner is presented, and the study highlights the 

importance of thoroughly validated affinity reagents. This is followed by 

Paper IV, in which the validation strategy relying on the determination of 

protein migration patterns in SDS-PAGE, proposed in the former paper, is 
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further evaluated rigorously as an alternative to using theoretical molecular 

weights as a proxy for protein separation in SDS-PAGE. 

The two different arms of the thesis come together in the last paper, where 

affinity reagents are combined with SIL standards and SRM assays to 

allow for robust quantification of low abundant protein targets. This is 

illustrated in Paper V, where the SISCAPA methodology is utilized to 

allow for reliable classification of 356 clinical samples collected from 

asymptomatic individuals during the coronavirus disease 2019 

(COVID-19) pandemic. The study showcases the advantages of SRM 

combined with affinity-based reagents as a tool for diagnostics. 
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Paper I: Absolute Quantification of Apolipoproteins 
Following Treatment with Omega-3 Carboxylic Acids and 
Fenofibrate Using a High Precision Stable Isotope-Labeled 
Recombinant Protein Fragments Based SRM Assay 
When it comes to absolute quantification of proteins using targeted 

proteomics, there are several different ways to go about this in terms of 

choice of standard and method of acquisition. The SIS PrESTs had 

previously been successfully used for robust quantification using DDA and 

PRM. Still, they had yet to be evaluated thoroughly in the most traditional 

approach to quantitative mass spectrometry, the SRM [177, 209, 231]. 

In Paper I, we set out to implement the SIS PrESTs in a clinical setting for 

the first time. The study was shaped as a post hoc analysis of a previously 

collected sample set. The samples had been collected in a clinical trial 

evaluating the effects of omega-3 carboxylic acids and fenofibrate on liver 

fats in obese individuals. The transport of triglycerides is mainly performed 

by very low-density lipoproteins and chylomicrons, which are involved in 

lipid transport and metabolism. As both treatments have also been reported 

to impact cholesterol levels, another type of lipid, we were interested in 

investigating how the different treatments affected the levels of 

apolipoproteins, a class of proteins readily involved in these processes. The 

study was designed as a multicenter, randomized, placebo-controlled, 

double-blind, double-dummy, three-armed, parallel-group phase 2 trial, 

where one group was administered omega-3 carboxylic acids. In contrast, 

a second group was administered fenofibrate, and the third group was 

administered a placebo. To assess the effects of the treatments, the 

apolipoprotein levels were evaluated in samples acquired before the 

initiation of treatment and at the end of the study [232, 233]. 

To ensure good quantitative performance, the SIS PrEST, as a standard, 

was benchmarked to the performance of SIL peptide-based quantification 

and PSAQ. The benchmarking experiment was performed through 

quantification of apolipoprotein A1 in human plasma, which was 

performed in technical replicates. In the benchmarking experiment, all 

peptides from the PSAQ and SIS PrEST-based quantification showed 

similar precision, with a median CV of 3.31% and 3.34%, respectively. In 
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contrast, the SIL peptides performed significantly worse, with a median 

CV of 13.1%. The SIS PrEST assays were also evaluated in terms of 

intraday and interday precision (figure 11). 

The final assay used for quantification was composed of SIS PrESTs 

targeting 13 apolipoproteins and was evaluated in terms of precision and 

accuracy according to the requirements of a Tier 2 assay [193]. The 

standards were subsequently spiked to the clinical non-depleted plasma 

samples and measured using an SRM method. 

In conclusion, a highly precise assay for quantification of the 

apolipoproteins was established, exhibiting an interday CV between 1.5% 

and 14.5% (median CV = 3.5%). When assessing the apolipoprotein levels 

in the samples before and after treatment, a significant increase in 

apolipoprotein A2 and decrease in apolipoprotein B, C1, C4 and E were 

observed in the subjects treated with fenofibrate, while no significant 

changes were observed in the group treated with omega-3 carboxylic acids. 

The study also highlights the capabilities of the SIS PrEST-based SRM 

assay in a clinical setting due to its high precision and robustness.  
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Figure 11 – Experimental design used to evaluate the precision of the panel for 
quantification of apolipoproteins in non-depleted human plasma. A plasma pool 
was spiked with SIS PrESTs and digested in triplicates on five consecutive days, 
whereafter, the precision for each target was determined. The interday coefficient 
of variation (CV) of the different assays, when analyzed sequentially by mass 
spectrometry, is reported in a density plot. 
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Paper II: Targeted Proteomics Using Stable Isotope 
Labeled Protein Fragment Standards Enable Precise and 
Robust Determination of Total Apolipoprotein(a) in 
Human Plasma 
Paper II builds on the knowledge amassed during Paper I, where the 

assay had one shortcoming despite its high robustness and precision. 

Apo(a) was quantified using the peptide GTYSTTVTGR, which is a 

protein-unique peptide that fails to account for the presence of different 

proteoforms in different individuals. The peptide resides in the kringle 4 

(K4) domain of Apo(a) that can be present in anything from 3 to more than 

40 copies per molecule. This creates a high molecular diversity within 

populations. Even though the peptide can be used for longitudinal 

comparisons within individuals, it measures the abundance of the repeats 

rather than the amount of the Apo(a) molecule [234-237]. In Paper II, we 

sought to overcome this issue and combine this assay with the panel for 

apolipoproteins developed in Paper I. 

As the SIS PrESTs are based on a design intended for the immunization of 

rabbits and purification of the resulting antibodies, there is room for 

improvement regarding their suitability as standards for MS in certain 

instances. One such example is the SIS PrEST used for quantification of 

Apo(a) in Paper I. As the initial design was chosen in order to produce a 

good antigen, it was not a problem that the sequence was repeated 

throughout the protein as long as the homology with other proteins was 

low [238]. To address the issue with absolute quantification, we decided to 

design a new SIS PrEST targeting Apo(a). In the new design, the presence 

of unique tryptic peptides was the primary requirement. This allowed us to 

use parts of the protein sequence previously discarded due to high degrees 

of homology. The new design was based on the plasminogen domain of 

Apo(a), which shares high sequence similarity with plasminogen, yet 

produces unique tryptic peptides. The plasminogen domain is only present 

once per Apo(a) molecule, rendering the quantification obtained from its 

peptides reflective of the total molar amount of Apo(a) in the sample. 

The new SIS PrEST went through the same Tier 2 level of validation as 

the assays developed in Paper I. Once the new assay had been thoroughly 
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validated, the standard was added to the panel of standards used for 

quantification of apolipoproteins in Paper I and the new panel was used 

to evaluate the apolipoprotein profiles of 90 individuals. 

By keeping the previously used SIS PrEST for quantification of Apo(a), 

while expanding the panel with the addition of the new SIS PrEST, we also 

made it possible to phenotypically characterize the Apo(a) population in 

the samples. The combined quantification of the K4 domain and the total 

Apo(a) level allowed for the determination of the average number of K4 

repeats (figure 12). Additionally, the new assay for quantification of 

Apo(a) exhibited a high precision with an intra-assay CV of 4.7% and an 

inter-assay CV of 7.8% that showed to be robust even after subjecting the 

standard to multiple freeze-thaw cycles.  

Apo(a)

Digestion
LC-SRM/MS

Apo(a)

PrEST 1Tag

Light
Heavy

Proteolytic digestion

LC-SRM/MS analysis

SIS PrEST peptides
Light endogenous

peptides

PrEST 2Tag

Light
Heavy

Average number
of K4 repeats

Total Apo(a)
concentration

Figure 12 – A schematic illustration of the sample workflow and the principle 
behind the quantification and characterization of apolipoprotein(a) (Apo(a)). 
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Paper III: Enhanced validation of antibodies for research 
applications 
An issue discussed as a central reason for the reproducibility crisis within 

proteomics is the poor validation of affinity reagents used for proteomics 

studies. This has been pointed out many times, and an international 

working group for antibody validation (IWGAV) was put together to 

establish guidelines for how this validation could be performed. The group 

proposed that validation should be performed in a context-dependent 

manner and proposed five pillars by which this validation should be 

performed. These pillars consisted of genetic strategies, orthogonal 

strategies, independent antibodies, tagged protein expression and immuno-

MS strategies [85, 93, 104, 239]. 

In Paper III, we aimed to put these validations into practice in a high-

throughput manner. With the vast number of antibodies available within 

the HPA, we set out to create a comprehensive validation scheme for 

antibodies in WB applications. Due to limitations in available reagents and 

resource limitations, all antibodies cannot be validated using all five 

pillars. Still, multiple pillars can be used for most antibodies, resulting in a 

comprehensive dataset that can act as a foundation for well-informed 

decisions regarding the antibodies’ specificities. 

The strategies implemented in this validation scheme included siRNA 

knockdown, protein expression evaluation by MS, independent antibodies 

and evaluation of SDS-PAGE migration patterns for different proteins 

(figure 13). In the case of the siRNA knockdown, which prevents the 

translation of mRNA through interference [177], a reduction in the 

intensity of the suspected target band after siRNA knockdown was 

considered successful. In MS-based protein expression analysis, two 

approaches were used, SIS PrEST-based quantification of the target 

protein in multiple lysates and TMT-based quantification of the target 

protein across multiple lysates. For the antibody to pass this validation 

pillar, the protein expression in the different lysates had to agree with the 

variation in band intensity observed in the WB. For the independent 

antibody validation, similar band intensities and patterns had to be 

observed for both antibodies targeting the same protein. The last strategy 
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is based on the assessment of how proteins migrate in the SDS-PAGE. This 

was performed by separating the lysates by gel electrophoresis and 

subsequently slicing the gel into thin slices mapped to their corresponding 

position along the protein ladder. The gel slices were thereafter subjected 

to digestion and analyzed by MS using DDA. 

 

Figure 13 – The different strategies used for high throughput validation of 
antibodies for Western blot (WB) applications in Paper III. 

The validation approach was used to validate more than 6,000 antibodies 

systematically with at least one of the strategies outlined. More than 1,600 

antibodies were validated based on at least two of these strategies, and 267 

passed at least three or more of the different evaluation strategies. An 

important aspect of this evaluation system is to highlight that the more 

strategies in which an antibody can be validated, the more trust one can put 

in its specificity towards the intended target protein. It is, however, 

important to note that not all antibodies could be evaluated in all strategies. 
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Paper IV: Evaluation of an enhanced antibody-validation 
strategy for Western blot applications based on migration 
pattern recognition 
In Paper IV, we did a deep dive into the antibody-validation strategy 

proposed in Paper III, where the actual migration patterns of the target 

proteins are thoroughly mapped out and used to assess the specificity of 

the antibodies. 

The principle behind the validation strategy is that instead of evaluating 

the proteins against a theoretical molecular weight established from their 

genetic sequence, assess them against the target protein’s migration pattern 

in the SDS-PAGE (figure 14). This would allow for more specific 

evaluation criteria that can account for the differences in migration from 

different proteoforms. 

Here, we expanded the data set from Paper III with nine additional cell 

lines and tissues to include more than 39,000 protein products from over 

10,500 genes. To further evaluate the performance of the method in terms 

of specificity, sensitivity and accuracy, we assessed 249 siRNA 

knockdown validated WBs. Out of these 249 antibodies, 240 could be 

successfully validated in the migration-based strategy, while nine could not 

be validated, resulting in a sensitivity of 96.4%. To assess the specificity 

of the method, we had to be certain that the antibodies did not bind to the 

target they were evaluated against. Therefore, we performed a cross-

validation where each WB was randomly assigned another target from the 

data set, excluding any target evaluated against its actual target protein. 

This procedure was repeated 249 times, resulting in an average of 217.3 

WBs correctly failing the evaluation. The cross-validation resulted in a 

specificity of 87.4%, meaning that the method has a false positive rate of 

12.6%. Importantly 91.8% of all assignments in the evaluation were 

correct. 
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Figure 14 – An outline of the steps for evaluating the migration patterns of 
proteins in a gel electrophoresis experiment. The sample is separated using gel 
electrophoresis and the gel is subsequently dissected into thin slices, which are 
analyzed through data-dependent acquisition. The data can be used to map out the 
proteins’ location in the gel. 

Despite the strategy being quite laborious, the data set can readily be shared 

among labs as long as the gel electrophoresis is performed in a 

standardized manner, making it an efficient method in the grand scheme of 

things. By using it as the first line of antibody validation, poorly 

performing antibodies can be rejected at an early stage, thereby reducing 

the time spent producing non-reliable results.  
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Paper V: Rapid and sensitive detection of SARS-CoV-2 
infection using quantitative peptide enrichment LC-MS 
analysis 
When severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

quickly started spreading across the globe, causing the COVID-19 

pandemic, large-scale molecular testing was of utmost importance for 

monitoring and containing the disease. The testing was exclusively 

performed through real-time PCR (RT-PCR), which was considered the 

gold standard for monitoring clinical samples for the presence of viruses 

[240]. The increasing demands for testing and the closing of borders 

eventually led to a shortage of reagents and supplies required for 

performing diagnostics across the globe [241]. To face the demands for 

accessible testing, antigen tests were also developed. However, they did 

not manage to reach the same levels of sensitivity as the RT-PCR tests, 

rendering the results less reliable [242, 243]. 

Despite being considered the gold standard for viral diagnostics, RT-PCR 

has some shortcomings, especially in terms of false positives. This 

becomes apparent when testing in a low prevalence setting, where the test 

results are considered the truth without considering other clinical evidence. 

Additionally, the readout in an RT-PCR experiment is fluorescence-based, 

where the probes act as a proxy for the presence of the target molecule, 

unlike the case of sequencing, where the actual sequence of the molecule 

is detected [240]. 

In Paper V, we sought to address the issues with RT-PCR-based testing 

through a quantitative proteomics approach. To achieve a highly sensitive 

method capable of high sample throughput and simple data processing to 

meet the criteria for large-scale diagnostic testing, we decided to opt for a 

SISCAPA workflow, building on the knowledge from Paper I-IV. 

To achieve high sensitivity, peptides from the nucleocapsid protein were 

evaluated in terms of MS and LC performance. Anti-peptide antibodies 

and SIL peptides were subsequently raised for the best-performing 

peptides. After a thorough evaluation of the peptides in terms of SRM 

response and immunoassay suitability AYNVTQAFGR was deemed the 
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most promising peptide and used as the foundation for subsequent sample 

classification. 

The SISCAPA assay developed achieved an LLOQ of 3 amol/µl and had 

a reproducibility with CVs below 20% for the entire interrogated range, 

3-25,000 amol/µl. In order to evaluate the performance of the method 

compared to RT-PCR, 356 samples collected from asymptomatic 

individuals were used. The assay exhibited a 94.7% positive and 100% 

negative percentage agreement. The method additionally has a high 

correlation with the RT-PCR results. Notably, the method does not produce 

any false positive results in this setting. This can be attributed to the 

specificity of the antibody in combination with the MS-based readout, 

where the peptide-specific product ions in combination with the SIL 

standard drastically decrease the risk for false positive results. 

 

  

Spike proteinNucleocapsid protein

Digestion/Extraction1
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Figure 15 – An overview of the steps in the SISCAPA workflow used to analyze 
the swab samples collected from asymptomatic individuals. 
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Concluding remarks and future prospects 
Proteins play an essential role in all biological processes happening 

throughout the human body. Understanding the role of proteins in both 

healthy and diseased states is imperative to be able to diagnose, treat and 

ultimately cure and prevent many of the ailments which humanity faces. 

Due to the dynamic nature of the proteome, it is not necessarily enough to 

only assess the presence of specific proteins. To successfully evaluate the 

physical state of an individual, it is frequently necessary to consider the 

amount of protein present. This can be used to determine if there is a need 

for intervention or if it is just a part of the normal molecular landscape. 

Sometimes this needs to be assessed longitudinally as the levels of the 

proteins can be highly individual, as in the case of the apolipoproteins 

discussed in Paper I. 

For the purposes of quantitative proteomics, antibodies have long been 

molecular biologists’ tool of choice. With sensitivities matched by very 

few methodologies, antibody assays such as ELISA have become a staple 

tool in clinical laboratories across the globe. However, antibody 

approaches are often faced with cross-reactivity issues. They need to be 

thoroughly validated for their results to be reliable, which can be 

troublesome with molecular heterogeneity and different proteoforms that 

need to be taken into account. MS has, since its invention more than 100 

years ago, grown to become a reliable tool capable of unsurpassed 

specificity in the detection of peptides and in the past 30 years, many new 

developments have transformed the field of quantitative MS for 

proteomics, making it a tool to be reckoned with as the number of target 

molecules for assessing the health and disease in individuals rapidly grows. 

In Paper I and Paper II, we describe the development and rigorous 

evaluation of a multiplexed SRM-based strategy for the absolute 

quantification of 13 apolipoproteins in non-depleted human plasma. The 

assay was validated according to the requirements of a Tier 2 assay and 

showcases the capabilities of MS as a tool for precise quantification of 

clinically relevant proteins down to low nanomolar levels in non-depleted 

plasma that can be used for assessing the response to different treatments. 
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In Paper III and Paper IV, we focused on the antibodies as reagents for 

research and how antibodies, in an accessible way, can be validated in a 

high-throughput manner using a wide array of approaches. With rigorous 

validation, the antibodies can provide highly sensitive assays for protein 

evaluation in an accessible way that often requires simple instrumentation 

and streamlined workflows. 

In Paper V, we combined affinity-based proteomics with MS-based 

proteomics through the implementation of a SISCAPA-based workflow. 

This allowed us to harness the best qualities of both worlds: the high 

specificity and sensitivity in the antibody combined with quantitative 

precision and specific readout of the MS instrument. This combined 

strategy allowed us to achieve an LLOQ in the low picomolar range and a 

method that successfully could classify the samples of SARS-CoV-2-

infected individuals. Due to the high specificity of the combined immuno-

MS assay, a high sample throughput could be achieved with a 

straightforward data analysis step. 

All five papers together show how far the proteomics field has progressed 

in what is to be expected from a validated analytical method. In terms of 

quantitative proteomics using MS, the reproducibility and precision in 

quantification have reached a place where clinical applications are closer 

than ever. The work presented here shows that an approach that combines 

both affinity- and MS-based proteomics could make it all the way to 

clinical laboratories in the near future. 

Noteworthy is that Paper V was especially well received, and Puyvelde 

and Dhaenens even stated: “the work by Hober et al. will help revolutionize 

the way mass spectrometry is approached in the clinic.” [230]. If this turns 

out to be true or not is, however, for the future to tell. 
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