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Abstract

The common concept in this thesis was to adapt and develop quantitative
mass spectrometric assays focusing on reagents originating from the Human
Protein Atlas project to quantify proteins in human cell lines, tissues and
blood. The work is based around stable isotope labeled protein fragment
standards that each represent a small part of a human protein-coding gene.
This thesis shows how they can be used in various formats to describe the pro-
tein landscape and be used to standardize mass spectrometry experiments.
The first part of the thesis describes the use of antibodies in combination with
heavy stable isotope labeled antigens to establish a semi-automated protocol
for protein quantification of complex samples with fast analysis time (Pa-
per I). Paper II introduces a semi-automated cloning protocol that can be
used to selectively clone variants of recombinant proteins, and highlights the
automation process that is necessary for large-scale proteomics endeavors.
This paper also describes the technology that was used to clone all protein
standards that are used in all of the included papers.

The second part of the thesis includes papers that focus on the generation and
application of antibody-free targeted mass spectrometry methods. Here, ab-
solute protein copy numbers were determined across human cell lines and tis-
sues (Paper III) and the protein data was correlated against transcriptomics
data. Proteins were quantified to validate antibodies in a novel method that
evaluates antibodies based on differential protein expression across multiple
cell lines (Paper IV). Finally, a large-scale study was performed to gener-
ate targeted proteomics assays (Paper V) based on protein fragments. Here,
assay coordinates were mapped for more than 10,000 human protein-coding
genes and a subset of peptides was thereafter used to determine absolute
protein levels of 49 proteins in human serum.

In conclusion, this thesis describes the development of methods for protein
quantification by targeted mass spectrometry and the use of recombinant
protein fragment standards as the common denominator.

Keywords: proteomics, mass spectrometry, protein quantification, stable
isotope standard, parallel reaction monitoring, immuno-enrichment
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Populärvetenskaplig sammanfattning

Proteiner kan beskrivas som livets byggstenar och används för att bygga upp
alla celler som finns i v̊ar kropp. Hur proteinerna ser ut bestäms av v̊ara
gener som fungerar som en ritning för alla kroppens proteiner. Ritningen är
till största del känd, men vilka proteiner som finns, hur de ser ut, fungerar
och var de finns i kroppen är i flera fall fortfarande okänt. Proteiner är väldigt
olika och vissa ansvarar för transporten av syre (hemoglobin), andra fungerar
som hormon (insulin) och vissa ger cellerna stabilitet (keratin). Att kunna
mäta och uppskatta hur många av dessa byggstenar som finns är nödvändigt
för att vi ska kunna f̊a en bättre först̊aelse för hur celler fungerar, vad som
skiljer olika organ fr̊an varandra trots att de delar samma ritning (t.ex. vad
som skiljer ett hjärta fr̊an en lever).

Det finns flera olika metoder för att studera protein och ett av de vanli-
gare sätten är med hjälp antikroppar, som utgör en del av naturens eget
försvarssystem, titta p̊a ett f̊atal utvalda proteiner. Antikropparna själva är
ocks̊a proteiner som är specialiserade p̊a att identifiera och h̊alla fast vid an-
dra molekyler. Denna egenskap kan utnyttjas för att titta p̊a olika protein
som finns i celler, vävnader eller i v̊art blod. Under optimala omständigheter
binder antikroppen endast en typ av protein, vilket gör att det behövs lika
många olika typer av antikroppar som proteiner som man vill titta p̊a. An-
tikropparna fungerar som metspön, agnade med bete som är avsett endast
för det protein man önskar studera. Det är väldigt viktigt att bara ett pro-
tein f̊angas upp av respektive antikropp eftersom det är sv̊art att urskilja vad
det är som faktiskt har bundit till kroken. Om andra protein ”nappar” p̊a
kroken kallas det för korsreaktivitet och ställer till stora problem för analy-
sen. Det finns metoder för att verifiera att det är rätt protein som sitter p̊a
kroken, och man kan till exempel använda sig av flera olika antikroppar, eller
metspön, som alla känner igen samma protein för att konfirmera att det är
rätt protein som man tror sig se.

Ett annat alternativ till antikroppar är en teknologi som kallas för masspek-
trometri. Denna metod baseras p̊a att alla protein, eller delar av dem, väger
olika mycket vilket man kan f̊a reda p̊a fr̊an ritningen (generna). Alla protein
som finns i ett prov kan jämföras med en väldigt stor parkeringsplats med
hundratusentals olika bilar. Bilarna är av olika märken och modeller, och de
kommer att väga olika mycket eftersom de best̊ar av olika komponenter som
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varierar med avseende p̊a utseende, material och vikt. För att bestämma
vilka modeller som finns representerade s̊a kan man ställa dem p̊a en v̊ag
och se vad de väger, och sedan jämföra detta mot ett referensvärde för att
komma fram till vad det är för n̊agon bil som st̊ar p̊a v̊agen. Eftersom vi inte
kan titta p̊a individuella proteiner med ögat eller under ett vanligt mikroskop
är proteinernas vikt ett väldigt bra hjälpmedel för att vi ska kunna studera
dem.

Dagens metoder till̊ater inte att vi tittar p̊a intakta proteiner i stor skala
utan vi måste bryta ner dem innan vi kan väga dem. Konceptet kan beskri-
vas som att det ocks̊a g̊ar att skruva isär bilarna fr̊an exemplet ovan ner till
deras minsta komponenter, och sedan väga varje enskild komponent var för
sig. Olika delar fr̊an olika märken och modeller kommer därför väga olika
mycket, och en ratt fr̊an en bil kommer väga annorlunda fr̊an en ratt fr̊an
ett annat märke. Om man väger många komponenter fr̊an alla bilar kommer
man kunna säga hur många av varje slag det fanns fr̊an början, enbart baserat
p̊a vilka komponenter som identifierats. Olika strategier finns för det här, och
man kan fokusera p̊a att mäta s̊a många olika delar som möjligt för att f̊a
en bra bild av vad som fanns fr̊an början, alternativt försöka mäta ett f̊atal
förutbestämda delar för att f̊a en s̊a bra uppskattning av hur många delar det
fanns av just den komponenten. Ett uppenbart problem med den här meto-
den är de mätfel som riskerar att introduceras, samt eventuella skillnader som
finns och inte hör till orginalutförandet av bilen. Det p̊averkar mätresultatet,
men desto fler delar som vägs och jämförs, desto närmare kan man komma
ursprungsantalet. Denna analogi kanske känns helt irrationell, men det är
s̊a den vanligaste formen av proteinbaserad masspektrometri fungerar idag.
Vi behöver först bryta ner alla proteinmolekyler i mindre delar och därefter
kontinuerligt identifiera och mäta dessa och med hjälp av olika modeller säga
vad vi hade för proteiner i provet fr̊an början.

För att göra mätningen ännu mer exakt kan man ocks̊a använda sig av
olika typer av standarder. I analogin till bilarna skulle detta kunna vara
en originaldel som man jämför alla mätningar mot. P̊a s̊a vis kan eventuella
mätfel uteslutas i och med att alla värden jämföras mot en referensvikt. De
metoder jag har utvecklat i min forskning har fokuserat p̊a att mäta proteiner
med masspektrometri tillsammans med standarder som utgörs av andra pro-
tein. Som följd har vi kunnat bestämma mängden av protein i b̊ade celler,
vävnader och blod för att kunna säga vad som skiljer de olika proverna fr̊an
varandra.
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Preface

Proteomics describes a rapidly growing scientific discipline that focuses on
the global analysis of proteins. The goal of any proteomics experiment is to
learn more about the state of life in a cell at the molecular level. This is
something that is shared between many omics fields, but proteomics exper-
iments can help us learn more about biology and life than the study of our
genes alone. Genes can be studied in high-throughput manner, and a com-
plete picture of a genome sequence can be constructed at relatively low cost.
However, proteins have sequences, structures, three dimensional orientation,
interaction partners, biochemical- and physiological-functions. Factors that
are important for how the proteins finally function in living systems. This
separates the field proteomics from other omics disciplines, for example ge-
nomics, that describes all possible states at once by one sequence, while
proteomics will determine the actual outcome of these possibilities.

This thesis describes targeted proteomics applications based on the unique
resource of reagents made available by the massive work performed within
the Human Protein Atlas project. My work and contributions to this field
would not have been possible without the help of all friends, colleagues and
not the least all the researchers who have taken part in the journey named
the Human Protein Atlas since it started in early 2000s. Also, it is important
to highlight all the time and effort that have been put into the production
of the many reagents that I have had the opportunity to use for assay devel-
opment. To you who have been a part of this large project and made this
possible, I’m sincerely thankful.

Fredrik Edfors
Stockholm, October 4, 2016

x



Contents

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i
Populärvetenskaplig sammanfattning . . . . . . . . . . . . . . . . . ii
Thesis defense . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
List of publications . . . . . . . . . . . . . . . . . . . . . . . . . . . v
Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii
Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

1 Introduction 1
Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

From DNA to protein . . . . . . . . . . . . . . . . . . . . . . . 3
Omics technologies . . . . . . . . . . . . . . . . . . . . . . . . 5

Defining the proteome . . . . . . . . . . . . . . . . . . . . . . . . . 6
Cells, tissues and organs . . . . . . . . . . . . . . . . . . . . . 6
The blood proteome . . . . . . . . . . . . . . . . . . . . . . . 8

2 Proteomics 10
The large scale study of proteins . . . . . . . . . . . . . . . . . . . 10

The universal method for protein analysis . . . . . . . . . . . 12
Affinity-based proteomics . . . . . . . . . . . . . . . . . . . . . . . 13

Antibodies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
Affinity, specificity and selectivity . . . . . . . . . . . . . . . . 15
The Human Protein Atlas . . . . . . . . . . . . . . . . . . . . 16

Mass spectrometry-based proteomics . . . . . . . . . . . . . . . . . 18
Mass spectrometric techniques for protein analysis . . . . . . . 19
Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . 20
Tandem mass spectrometry . . . . . . . . . . . . . . . . . . . 23
Sample preparation techniques . . . . . . . . . . . . . . . . . . 26
Discovery proteomics . . . . . . . . . . . . . . . . . . . . . . . 27

xi



Targeted proteomics . . . . . . . . . . . . . . . . . . . . . . . 31
Data-independent strategies . . . . . . . . . . . . . . . . . . . 34
Targeted proteomics by immuno-enrichment stategies . . . . . 35
Protein quantification technologies . . . . . . . . . . . . . . . 36
Relative versus absolute quantification . . . . . . . . . . . . . 42

Identifying and quantifiying proteomes . . . . . . . . . . . . . . . . 44

3 Aims of this thesis 46

4 Present investigation 48
Targeted proteomics using QPrEST-PRM (QPRM) (Paper

III, IV, V, VI) . . . . . . . . . . . . . . . . . . . . . . . 49
Generation of protein standards for targeted proteomics within

the Human Protein Atlas resource (Paper II and Paper
IV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

Protein quantification using immuno-enrichment and mass spec-
trometry (Paper I) . . . . . . . . . . . . . . . . . . . . 53

Correlation between RNA and protein levels (Paper III, IV) . 58
Antibody validation by the use of orthogonal methods (Paper

IV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Concluding remarks and future directions . . . . . . . . . . . . 64

5 Acknowledgements 67

6 Bibliography 70

xii



Chapter 1

Introduction

Proteins

Proteins are large, often very complex molecules that make up most of the vi-
tal parts of every living cell, tissue and organism. As a consequence, proteins
are considered to be the main building block of life. This distinct class of
biomolecules was initially described by Antione Fourcroy in the late 18th cen-
tury as he was the first to distinguish between different classes of proteins [1].
Half a century later, the term protein was coined by the Swedish scientist
Jöns Jacob Berzelius in response to findings made by the Dutch analytical
chemist Gerardus Johannes Mulder, who discovered that all proteins have
the same empirical formula, falsely concluding that they consist of but one
substance, which he named Grundstoff [2]. However, Emil Fischer and Franz
Hofmeister proposed in the early 20th century that proteins are products of
bonds formed between different amino acids and later coined the term pep-
tide to describe the linear structure of a protein. This was later supported by
Fredrerick Sanger who determined the protein sequence of insulin [3].

Now we know that proteins are constructed by similar, yet not identical
amino acids, which are organic molecules linked together by peptide bonds
that form long continuous polypeptide chains [4] (Figure 1). The four key
elements of amino acids are carbon, hydrogen, oxygen and nitrogen and their
chemical structure and different physiochemical properties hold the key to
how proteins have become key players in almost every chemical reaction
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Primary

nucleobases

amino acids

alpha helix

beta sheet

Secondary

Tertiary

Quaternary

GGTCGTCCCTGT
GGA

Figure 1: Proteins consists of amino acids, encoded by a three letter nu-
cleobase combination. The primary structure of the amino acid sequence is
organized into a secondary structure, which then folds into a tertiary three-
dimensional structure. Multiple subunits can thereafter associate into a qua-
ternary strucure.

within the human body [5]. Each amino acid has one C-terminal carboxyl
group (-COOH), one N-terminal amine group (-NH2) and one side chain
that can vary in size, charge and polarity [6]. The protein’s corresponding
gene, or deoxyribonucleic acid (DNA) sequence, determines the composition
and arrangement of all amino acids found within the protein’s sequence.
Proteins observed in nature today have all evolved through selective pressure,
genetic variation and recombination over time, thereby giving rise to new
molecular functions as their amino acid sequence and structure are altered
and optimized to perform one single, or only a few, very specific functions
with optimal efficiency. The expansion from proteins that consist only of
amino acids from the natural amino acid repertoire has become an important
foundation for modern biotechnology as new types of amino acids now can
be introduced into the protein sequence [7, 8]. This allows for new protein
variants that exhibit novel features, such as increased stability [9], or altered
molecular weights by the introduction of artificial isotope variants [10].
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The protein sequence and its structure can be divided into four different
structural levels; namely primary-, secondary-, tertiary- and quaternary-
structures [11] (Figure 1). The primary structure is the internal order and
organization of the linear amino acid sequence itself. The secondary structure
is the local substructure taken by each segment of the polypeptide chain, held
together by hydrogen bonds that help the protein backbone chain to stabilize
as it is twisted to form either alpha-helices or beta-sheets, as described by
Linus Pauling in 1951 [12]. The tertiary structure is the three dimensional
orientation and folding pattern of all secondary structures, as alpha-helices
and beta-sheets come together to form a three-dimensional structural con-
firmation, mainly driven by entropy as hydrophobic amino acid residues are
hidden away from water molecules inside a formed protein core [13]. This
leads to the formation of protein domains, which can be further stabilized by
crosslinks (e.g. disulfide bonds) formed between distant amino acids in the
protein backbone brought close together in the three-dimensional space by
protein folding. This processes is driven by the local minima in the energy
landscape of proteins [14], which can also be facilitated by chaperones that
make the process very challenging to predict from mathematical models and
algorithms [15]. Finally, the quaternary structure is the association between
two or multiple individual tertiary structures, held together by only weak
chemical bonds or crosslinks, which make them impossible to predict from
our genes alone.

The complex nature of proteins make them into versatile molecules that fa-
cilitate almost every molecular function inside the cell, such as catalyzing
energetically unfavorable biochemical reactions that otherwise would take
several thousand years to complete (enzymes), transportation of molecules
across otherwise impermeable membranes (ion-channels), communication be-
tween distant cells (receptors and hormones), provide structure and support
(structural proteins) and facilitate regulation of a vast repertoire of biological
functions associated with the immune system (antibodies and complement
factors).

From DNA to protein

The classical and simplified view of the central dogma of molecular biology
illustrates how information is stored inside a DNA sequence. It is thereafter
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Transcription
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Figure 2: The central dogma of molecular biology.

transcribed into an intermediate ribonucleic acid (RNA) molecule before the
information finally can be translated into a biologically functional protein [16]
(Figure 2). DNA has become the storage media of choice for long term
storage in biology as it has the unique ability to replicate itself [17]. Also,
the two anti-complementary nucleotide chains come together to form a stable
double helix that can be compressed and efficiently stored inside our cells,
wrapped around histone proteins that can be tightly packed into chromatin
and ultimately organized into chromosomes [18].

DNA consists of only four different nucleobases, namely guanine (G), adenine
(A), cytosine (C) and thymine (T), which are complementary to each other
as each purine (A or G) always faces its complementary pyrimidine (T or
C) in pairs (A:T or G:C). Enzymes involved in transcription and translation
read the four bases as DNA is transcribed into messenger RNA (mRNA). The
nucleobase sequence is thereafter decoded by the genetic code as the three
letter nucleobase combination is translated into a single letter amino acid.
The complete human genome consist of approximately 3 billion base pairs [19]
and the first draft of the human genome was announced in 2001 [20, 21],
which revealed that the number of protein coding genes in humans is close
to 20,000∗. This has since then set the rules for what proteins we can expect
to find in every cell, tissue and organ in the human body, thus excluding
proteins from foreign organisms that also occupy our bodies, such as the gut
microbiome [22].

∗20,441 coding genes, Ensembl v85.38
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RNA is very similar to its counterpart DNA as it also is made up of nucle-
obases, but can have various biological roles such as coding, decoding and
regulation of the gene expression into proteins [5]. Contrary to DNA, RNA
contains sugar ribose instead of deoxyribose and includes the base uracil (U)
instead of thymine [6]. According to the central dogma, genes that are ex-
pressed from DNA yield RNA, which ultimately determines if a protein is
going to be expressed. However, ever since the dogma originally was sug-
gested by Crick [23], several exceptions [16] have been discovered as DNA
does not always encode for proteins, but may instead encode for various types
of functional RNAs [24]. Also, the discovery of retroviruses with the abil-
ity to reversibly transcribe RNA into DNA has called for some changes [25].
This finding has been very useful for the whole field that studies RNA in cells
and tissues, as high throughput methods originally developed for DNA-based
research also could be used to study the transcriptome [26–28]. However, in
large the dogma holds true to this day as there is no know mechanism that
is able to perform reverse translation of a protein into the corresponding
nucleobase sequence.

Omics technologies

The different technology driven platforms to study different biomolecules in
systems biology is often referred to as ”-omics” technologies. This term refers
to all collective technologies used within one specific field of biology used to
describe one defined class of molecules present in cells and tissues [29]. These
technologies have a very broad application range in their respective field, but
all share one common goal; to fully understand the molecular mechanisms
to how cells function. Therefore, it has become important to investigate all
available components of living systems in order to get a complete picture of
any biological system and its processes. As a consequence, omics technologies
have evolved into high-throughput methods aiming for the universal detec-
tion of all molecules present in one biological sample at one specific time
point, for example DNA (genomics), mRNA (transcriptomics) or proteins
(proteomics).
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Defining the proteome

The proteome encompasses the entire set of proteins, their expression pat-
terns, localization, splice variants, post translational modifications (PTMs),
structures and biochemical functions combined [30]. Massive amounts of in-
formation can be obtained from the study of our genes alone, but the dynamic
events of an ever-changing proteome cannot fully be addressed. Addition-
ally, proteins and not genes are responsible for the phenotype of cells and
organisms. This can be illustrated by the life cycle of butterflies, where
the butterfly shares the genome sequence with both its pupa and larvae
stage. However, the butterfly presents highly different transcriptomes and
proteomes at specific time points throughout its life cycle (Figure 3). As a
result, it is very challenging to draw conclusions about environmental effects
solely based on the genome sequence alone [31] and the fields of proteomics
and transcriptopmics have emerged and grown rapidly in their quest to un-
derstand the underlying factors to health and disease, as the proteome and
transcriptome can provide a more complete and detailed picture of different
biological states. The amount of details available in proteomics experiments
also surpasses the information available from the analysis of mRNA expres-
sion levels, which acts as a useful bridge between genomics and proteomics.
The study of mRNA expression is thus very useful to monitor what genes
that are expressed, but do not provide information about cellular localiza-
tion, PTMs, protein interactions and lack the ability to directly describe
protein abundance as highlighted in several studies [32–39].

It is also clear that one single gene can encode for multiple protein variants in
a number of ways; (i) alternative splicing of the mRNA transcript; (ii) varia-
tion in the translation stop or start site; (iii) frame shifting or by (iv) PTMs
of the polypeptide chain, either by chemical modification or post transla-
tional processing [27]. In order to fully understand the molecular events of
biology, it is important to study the proteome that best describes differences
between diverse biological conditions.

Cells, tissues and organs

The human body consists of a variety of different organ systems that perform
specific biological functions, all of whom share the same DNA but display
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the static genome.

very different phenotypes. This is reflected both at the transcript and protein
level [40]. All organs are thus composed of a vide variety of tissue types that
are formed by several cell types of different sizes [41] with diverse special-
ization. A large number of genes and their protein products are required for
normal cell function and are present in every cell independently of their local-
ization throughout the human body [42]. These proteins have been termed
to be housekeeping, which suggests that they are crucial for the biological
system to function [43]. Examples of such proteins are RNA polymerases,
ribosomal proteins, enzymes involved in energy metabolism as well as struc-
tural proteins [44]. The classification of housekeeping genes can be defined
as being present in all cell lines and tissues, or being expressed at a constant
level across tissues [43].

A popular model system within systems biology is to investigate immortalized
cell lines [45], which are cell populations that originate from a multicellular
organism. These cells can be grown for prolonged periods of time in vitro
and they work as very simplified models for complex biological systems, and
they allow for a controlled environment and repeated experiments. They can
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Figure 4: A. The top 22 most abundant plasma proteins make up 99%
of the total protein mass. Figure adapted from Porter et al. 2006 (poster).
B. Dynamic range of the cell proteome in relation to the plasma proteome.
Figure adapted from Landegren et al. 2012 [47].

be grown under rather simple circumstances that limit potential background
in form of interfering extracellular matrix, which may pose problems for
tissue-based proteomics. The number of proteins within human cells ranges
between 108 to 1010 and it is estimated that the top 1,000 proteins account
for 95% of the total protein weight of a cell and that the top 2,500 account
for more than 99% of the weight [46].

The blood proteome

Blood is composed of different subparts and the liquid phase of blood is
called blood plasma. Additionally, blood harbors different cell types, such as
erythrocytes (red blood cells), thrombocytes (platelets) and leukocytes (white
blood cells) [48]. Red blood cells are responsible for oxygen transport, thanks
to the protein hemoglobin that binds oxygen, while white blood cells are
responsible for the immune response and white platelets control hemostasis,
the blood clotting process if wounded [49]. Blood also consists of proteins,
nutrients, gases and potentially toxic waste material. The proteins present
in the liquid phase define the plasma proteome, which is one of the most
dynamic proteomes present in the human body and spans over at least 10
orders of magnitude [50] from the most abundant protein serum albumin to
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very low abundant interleukins. As a consequence, 99% of the total protein
mass is made up by the top 22 most abundant proteins [51] (Figure 4A). This
makes the analysis of blood extremely challenging to investigate by protein-
based technologies [52]. In comparison, the protein dynamic range of blood
plasma and serum is extensive in comparison to cell lines and tissues that only
cover up to six orders of magnitude (Figure 4B) [47]. Additionally, protein
levels in plasma will undergo changes in response to the environment, and
genetic predispositions will ultimately affect the observed protein variability
[53] as well as numerous factors related to disease that together affect the
plasma protein concentration over time [54].

In summary, blood plasma is one of the most complicated biological speci-
mens to study but the information that can be gathered from this sample
type is tremendous. Therefore, protein quantification of this protein mixture
offers plenty of opportunities to detect and characterize eventual molecular
malfunctions and changes related to disease, progression and response to
treatment [55,56].
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Chapter 2

Proteomics

The large scale study of proteins

The field of proteomics is committed to the large scale analysis of proteins
and their presence in a defined biological context, which often includes the
separation and analysis of very complex protein mixtures, the identification
of their subcomponents and the systematic and quantitative analysis of their
abundance [57]. Proteins are often treated as independent molecules, sim-
ilar to transcripts of the transcriptome, but proteins operate as members
in a group of molecules that together interact in complex networks. The
amount of information available within a complete proteome of an organism
is tremendous and the complexity spans over many orders of magnitude if
compared to the variance and dynamic range observed from the correspond-
ing genome or transcriptome (Figure 5) [47]. For genomics, almost all of
our genes have been mapped and are considered to be known, at least as
a reference genome [58], and our genes can be measured all at once in one
single experiment [59]. However, in the field of proteomics, all possible pro-
teins in humans have not yet been fully characterized and they cannot be
measured in one single experiment due to technological limitations and issues
with the sensitivity of the proteomics-based technologies [60]. In contrast to
sequencing-based technologies, such as genomics, where very small amounts
of DNA selectively can be amplified with high efficiency by polymerase chain
reaction (PCR) [61]. Nucleobase sequences can thereafter be analyzed in
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a parallelized fashion thanks to the technological revolution introduced by
massively parallel sequencing, enabled by next generation sequencing (NGS)
instruments [62,63].

As a consequence to the sensitivity issue, only a fraction of the proteomic
information can be assessed within one proteomics experiment [64] as cur-
rently available methods cannot meet the high demand in throughput needed
to cover a complete proteome, nor can the analysis be sufficiently parallelized.
Aside from the limitation in the technical analysis, protein identification and
quantification is often limited by the proteolytic degradation of proteins and
by their byproducts from very complex protein samples [65].

The term proteomics was first mentioned in 1997 [66] and is defined as the
large-scale characterization of the entire protein complement of a cell, tissue,
or organism [67]. As the omics term suggests, this is the study of, if not all,
but many proteins present in the investigated proteome. In contrast to DNA,
proteins are diverse molecules with very different physiochemical properties
and must therefore be studied under various conditions. Different proteomics
experiments are thereby based on a broad range of technologies that may ad-
dress a protein’s abundance, sequence, structure, protein-protein interaction,
expression characteristics, subcellular localization, PTMs or combinations of
these [68]. As a consequence, the field of proteomics can be divided into
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multiple and intervening branches due to the broad collection of alternative
technologies available for protein-based research.

The universal method for protein analysis

As mentioned above, many aspects and the characteristics of proteins, as
well as the context where they are present, have to be considered in order to
study them. Each available proteomics technology have their own particular
advantages and disadvantages and no technology available today can claim to
be universal for analyzing every protein under any given circumstance. Also,
no protein assay is ultimately specific to every protein analyte, nor sensi-
tive enough to monitor the whole dynamic range of proteins present within
the human proteome [69]. Therefore, in order to successfully analyze and
characterize proteins from complex biological backgrounds, multiple meth-
ods have to be successfully combined into a final protein assays in order
to limit drawbacks associated with each individual technology, or directly
with the investigated protein itself (e.g. membrane proteins or very low-
abundant proteins) [70]. When it comes to both identifying and quantifying
proteins from complex mixtures, mainly two different proteomics approaches
can be used, either affinity- or mass spectrometry (MS)-based technologies.
Each methodology has its own inherited performance regarding precision,
accuracy, selectivity and limit of detection considering quantification and
identification.

On top of these two methods, historically, two-dimensional gel electrophoresis
(2D-GE) has been the most widely used method to address proteins in com-
parative studies aimed for gene expression analysis [71]. Here, two different
biological states can easily be compared by visual inspection and comparison
between two developed gel images that display the protein content of a sam-
ple separated in two dimensions, based on the protein’s molecular weight and
isoelectric point (pI) [72]. This technology allows for relative comparisons to
be made across different biological states, however, the spots also need to
be identified to verify what protein actually is responsible for the differen-
tial staining pattern observed on the gel, which called for improved protein
identification methods. Protein identification has been a complicated pro-
cess and was originally limited to available affinity reagents that were used
to specifically target a defined set of proteins [73] identified by the 2D-GE
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technology, which also is limited to relatively high abundant proteins [74].
However, the field of proteomics was revolutionized by the introduction of
mass spectrometry-based methods [75, 76], which made it possible for re-
searchers to identify proteins in high-throughput with reasonable sensitivity
and very high specificity, without the need of acquiring and validating affinity
reagents. Therefore, most proteomics experiments today are performed by
different MS technologies, but antibodies and other affinity reagents remain
as the number one choice for protein analysis in complex mixtures, such as
body fluids, as they provide high sensitivity over a vast dynamic range and
allow for high throughput analyses that can be highly parallelized [77].

Affinity-based proteomics

Affinity proteomics is centered around the binding of molecules by affin-
ity reagents, either in large scale or in singleplex to investigate the protein
content of a complex protein sample [78]. Affinity reagents, such as anti-
bodies, make up one of the most powerful repertoire of reagents available for
protein-based research as they selectively can differentiate between different
molecules.

Antibodies

Antibodies, also called immunoglobulins (Igs) are large Y-shaped proteins
(Figure 6) that consist of two heavy and two light chains linked by disulfide
bridges [79]. They play a central role in the biological function of the immune
system [80] as this class of molecules presents functions that can both iden-
tify and neutralize pathogens that are trying to breach the body’s physical
barriers [81]. The ability of antibodies to specifically recognize and discrim-
inate between different molecular patterns has made them into very useful
tools when studying proteins in complex mixtures. This, in combination with
their inherited ability to allow themselves to be recognized by the immune
system by their fragment crystallizable (Fc) region [82], which has the ability
to interact with cell surface receptors, has shown to be an attractive feature
utilized by many different proteomics assays, such as the radioimmunoassay
(RIA) [83] or enzyme-linked immunosorbent assays (ELISAs) [84] where a
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standardized assay platform can handle antibodies regardless of their speci-
ficity. This is enabled by the general antibody structure that appears to be
rather consistent across the different Ig subclasses (G, D, A, E, M) [81], where
IgG is the most common tool used for proteomics research. The specificity
of antibodies and their ability to specifically bind other molecules is medi-
ated by a highly variable tip of each of the two fragment antigen binding
(Fab)-arms, which is assembled by hypervariable loops in the protein amino
acid sequence. These regions are commonly referred to as complementary
determing regions (CDRs) where amino acids on the tip of each loop form a
cleft that has the potential to recognize near endless combinations of molec-
ular patterns. The CDR is made up by three loops from the heavy-chain
and three loops from the light-chain and the molecular diversity is generated
through specific genetic disposition events that take place in B-cells [85, 86]
after exposure to non-self antigen [81], commonly referred to as an event
of immunization. Antibodies will be secreted into the blood stream post-
immunization, which results in a polyclonal mix of antibodies (originating
from multiple B-cells) targeting the same antigen [87]. This mix of anti-
bodies will recognize similar, but slightly different epitopes, which also differ
across individual immunization events [88]. Here, linear epitopes consist of
only one single continuous stretch of amino acid residues, in contrast to con-
formational epitopes, which are formed mainly by protein folding as distant
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amino acids are brought close together [89]. Polyclonal antibodies contain
many different antibody clones, and the antibody mixture is therefore likely
to recognize a combination of both linear and conformational epitopes [90],
which makes them a great resource for many different applications over a
broad range of assay conditions. On the other hand, monoclonal antibodies
are an attractive alternative to the limited resource of polyclonal antibodies
as this type of affinity reagent in theory is derived from only one single B-
cell clone [91]. Monoclonal antibodies can be produced in vitro by multiple
myeloma cells where one B-cell clone has been fused with a cancer cell in
order to form an immortalized hybridoma cell line that works as a renewable
and unlimited resource of antibodies [92]. This is not the case for a polyclonal
mix of antibodies, which is present in a limited amount and the resource is
generally harvested once from one unique immunization event.

Affinity, specificity and selectivity

The affinity of an antibody is defined as the binding strength of the in-
teraction between the epitope surface of an antigen and the correspond-
ing paratope surface of an antibody. Antibody specificity on the other
hand addresses the affinity reagent’s ability to differentiate between different
molecules and multiple epitopes by differences in binding strength, which
makes the performance of the antibody context-dependent. However, many
proteins share amino acid sequences and some amino acids also share the
same chemical properties, which can affect the overall affinity of an interac-
tion and ultimately the selectivity for affinity reagents as similar sequences
can be found in other proteins present in the assay. This may give rise to
cross-reactivity and off-target binding, which can be defined as antibodies
that bind other proteins than the intended target. Here, selectivity of an
antibody can be considered as binary; an interaction can either be specific
(on-target), or unspecific (off-target) (Figure 7). Unspecific and off-target in-
teractions can originate from multiple reasons and be divided into numerous
subcategories. For example, the cross-reactive reaction can derive from either
identical or similar epitopes presented by different proteins. Also, even weak
interactions can be magnified as proteins are present over a broad concentra-
tion range and the antibody selectivity ultimately depends on the analyte’s
concentration [93]. Other examples of cross-reactivity can be introduced
by the technology itself. Here, unspecific signals can be the consequence
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of off-target interactions that are indistinguishable from each other in the
subsequent read-out (e.g. the intended target attracts other proteins that
contribute to the total signal). This can be solved by the introduction of
a secondary antibody to yield a signal in a sandwich format that will pro-
vide higher selectivity of the assay, but this may also introduce other types
of cross-reactivity as different detection reagents may cross-talk with each
other in a multiplex setting [94].

The Human Protein Atlas

The Human Protein Atlas (HPA) project is a large-scale initiative launched
in 2003 with the ultimate aim to map the complete human proteome by
antibody-based methods [95]. This has been carried out by combining high-
throughput generation and validation of affinity purified polyclonal antibod-
ies, raised against almost all human proteins encoded by individual genes
defined by Ensembl (www.ensembl.org) [96]. The generated resource of
antibodies has then been used for spatial localization of proteins by im-
munohistochemistry (IHC) in different human tissues and tumors [97], and
they have also been used to map the subcellular localization of proteins by
immunoflouorescence (IF) [98]. Protein localization and expression profiles
generated within the project have been stored in a publicly available knowl-
edge database (www.proteinatlas.org) that aims to work as an important
foundation for the research community and aid in any protein related re-
search [99].
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Proteins are mapped by affinity purified antibodies that are produced in a
high-throughput setting schematically illustrated in Figure 8, which involves
cloning and protein expression of protein epitope signature tag (PrEST) re-
combinant proteins [100]. These are used as antigens for immunization into
rabbits and antibodies can thereafter be affinity purified from the rabbit
sera by the use of the same recombinant PrEST antigen. This results in
a polyclonal antibody pool that consists of mono-specific antibodies [101].
All antibodies are thereafter evaluated thoroughly to ensure that they show
high specificity towards their intended target and cross-reactive antibodies
are filtered out and excluded [102]. This target validation scheme includes
PrEST antigen microarrays [103], western blot (WB) assays that include
lysates of two human cell lines, blood plasma and two whole tissue lysates
of liver and tonsil [104]. Over 40,000 antibodies have been produced within
the project, as well as 45,000 individually purified PrESTs recombinant pro-
teins that together make up a unique toolbox for protein-based research∗. In
recent years, the protein database has also been extended into the field of
transcriptomics, as mRNA expression data for 32 human tissues have been
introduced as a part of the knowledge database. This dataset provides ad-
ditional and valuable information about the transcript levels that make up
the foundation of the protein-based landscape within different tissues of the
human body [40].

Mass spectrometry-based proteomics

The identification and quantification of proteins of interest has historically
been equivalent to the availability of suitable affinity reagents. However,
contrary to antibody-based methods, MS-based methods do not require any
target specific reagents in order to successfully identify proteins with unsur-
passed specificity from a complex matrix background. As a consequence,
the number of identified proteins in proteomics experiments has increased
considerably since mass spectrometers were introduced to the field, and MS
is now the most multiplexed proteomics technology available in number of
protein targets as thousands of proteins [105] and even complete proteomes,
such as yeast, can be identified in one single experiment [106]. This, in com-
bination with highly specific measurements provided by MS and its ability to

∗Accessed September 2, 2016
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determine the exact weight and molecular composition of proteins and pep-
tides have made them to invaluable tools for any protein-based research [107].
The number of analytes is however proportional to the time spent on every
sample, which is the major bottleneck for any large-scale MS-based protein
analysis.

Analytes present in a sample are initially converted into a gaseous ion phase
in all mass spectrometric experiments, which subsequently is separated in
the mass spectrometer according to their mass-to-charge (m/z) ratio [108].
The generated mass spectrum, which includes information about the relative
abundance of each identified ion, is represented as relative ion-intensities over
the observed m/z range for each ion respectively.

Mass spectrometric techniques for protein analysis

The field of mass spectrometry-based proteomics is often divided into two
subcategories; either (i) top-down experiments where intact proteins or larger
fragments are analyzed; or (ii) bottom-up proteomics, which is based around
the analysis of shorter peptide fragments generated from proteolytic diges-
tion of proteins (Figure 9) [107]. Here, proteins present in the original sample
are initially hydrolyzed into multiple proteolytic peptides that facilitate the
MS-analysis. Proteins are thereafter inferred from the total ensemble of iden-
tified peptides detected in one experiment [109, 110]. Top-down proteomics
is a very attractive approach as it is capable of detecting and differentiating
between unique proteoforms as the protein structure remain intact in the
MS-analysis. It would therefore be the method of choice if the technology
would allow for thousands of proteins to be monitored from complex pro-
tein mixtures, which can be done by bottom-up approaches. However, the
top-down method is limited by a number of factors such as protein solubil-
ity, proteome complexity and dynamic range [111]. The work presented in
this thesis is only based on bottom-up proteomics technologies and the re-
mainder of this chapter will therefore exclusively focus on this type of mass
spectrometry-based technology.
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Instrumentation

Mass spectrometers consist of three main components; (i) an ion source; (ii) a
mass analyzer and (iii) a detector [107]. The very first step of the MS analysis
starts with the ionization of a sample, which turns the analytes into electri-
cally charged ions. This crucial step has been subjected for technical break-
throughs in the field of proteomics thanks to the development of ionization
techniques for large biomolecules, such as matrix-assisted laser desorption
ionization (MALDI) [112] and electrospray ionization (ESI) [113].

Ions can be controlled inside the mass spectrometer subsequent to ioniza-
tion by the use of magnetic- or electrical-fields [108]. Here, the basis for
the MS technology can be described as the differences in time and force it
takes to move different masses a given distance in space under vacuum, which
can be measured very accurately thanks to precise mass analyzers and sen-
sitive detectors. The ions can either be separated by the time it takes for
them to travel a defined distance [114], by their stability in their flight paths
through alternating electrical fields [115], by oscillation frequencies along a
central electrode [116] or by their angular frequencies in strong magnetic
fields [117]. Ions separated by any of the above mentioned technologies is
eventually recorded by a detector, which measures the relative abundance
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of each ion and reports them as relative signal intensities of the total ion
current (TIC).

There is a broad range of mass analyzers available and they all have differ-
ent characteristics and performance attributes. Firstly, the mass resolving
power is defined as the mass analyzers ability to distinguish between two
different peaks of slightly shifted m/z. Secondly, the mass accuracy is the
determined by the ratio versus the experimentally observed m/z in contrast
to the theoretical m/z and this error is usually reported in the parts per
million (ppm) scale. Thirdly, the functional mass range of a mass analyzer
is defined by the range of all observable m/z that can be detectable by the
mass spectrometer. Fourthly, the linear dynamic range of the mass analyzer
refers to the range over which an ion signal is linear if compared to the true
analytes abundance. Finally, the speed of the detector is limited by the time
needed for a mass spectrum to be generated [108]. This, in combination
with the sensitivity of the detector, ultimately determines the upper limit
of the total number of spectra that can be generated from one single ex-
periment. The above-mentioned characteristics are often mutually exclusive
and mass spectrometers cannot maximize one parameter without sacrificing
performance on any of the other ones ultimately depending on what type of
mass spectrometer that is used.
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The interface of liquid chromatography (LC) with ESI generated a dramatic
improvement to bottom-up proteomics as peptide ions could be generated
with a defined range of variable charges [107]. Chromatographic separation
of molecules from a complex sample greatly reduces the number of analytes
presented to the mass spectrometer at a given time point. This improves the
sensitivity of the analysis by decreasing the dynamic range of the sample,
which widely exceeds the dynamic range of the mass spectrometer itself [47,
118].

There are several different mass analyzers available for proteomics-based re-
search. They can either base their ability to differentiate between differ-
ent ion m/z by time-of-flight (TOF) separation, ion traps, quadrupole mass
filters [107] or by the use of the orbitrap mass analyzer based on Fourier
transform [119] (Figure 11). Additionally, there is also a broad range of hy-
brid instruments that are composed of different combinations of the above-
mentioned mass analyzers as they are designed to investigate specific bi-
ological questions [120, 121]. All MS experiments are thus limited by the
performance of the mass analyzer and detector with regards to quantitative
accuracy, sensitivity and resolution. Furthermore, the assay is also affected
by the systems upfront capability involved in ionization and separation of all
analytes that are included in the analysis.
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The TOF mass analyzer uses an electrical field to accelerate ions through
the same potential, and the relative time difference it takes for ions to reach
the detector is measured. Here, all ions with the same charge will have
the same kinetic energy, and their velocity will ultimately depend solely
on their masses [108]. Unlike TOF instruments, quadrupole mass filters
are made up by four parallel rods that use oscillating electrical fields to
stabilize or destabilize ions with a certain m/z. As a consequence, only
ions within a certain range of m/z are allowed to pass through the filter
once the radiofrequency of the rods is set. Quadrupoles are often used in
combination with other mass analyzers, such as in the Q-Exactive HF bench-
top mass spectrometer [122], where it provides additional specificity to the
mass analysis, but can also be used in sequence in so-called triple quadrupole
(QQQ) instruments. These instruments are constructed by three consecutive
quadrupoles that together provide great sensitivity, enough specificity and
sufficient mass accuracy for proteomics experiments and are further discussed
in the targeted proteomics section.

Ion traps, as the name trap implies, trap ions for a specific time before
they are subjected for MS analysis. One drawback with ion traps is their
limitation to handle space-to-charge effects [123], which ultimately affects the
accuracy of the mass measurement. Orbitrap mass analyzers are operating
under similar conditions as ion traps, but use the orbitrap technology enable
them to generate mass spectra with high resolution as the Fourier transform
processing is independent to the ion initial velocity [124], contrary to TOF
detectors. The orbitrap mass analyzer also operates under very high vacuum
and uses strong magnetic fields to compensate for space-to-charge effects
induced by trapping technologies. It identifies ions as they rotate around
a central electrode while oscillating and the frequency can be decoded by
Fourier transform, which finally yields the mass spectrum [125].

Tandem mass spectrometry

The molecular elementary composition of peptides can accurately be es-
timated with information based only of the total precursor ion mass and
charge. However, the internal order of amino acids can only be decoded after
a fragment spectrum has been generated [126]. This is done by the mass
spectrometer as it selectively can target ions of a defined m/z present in a
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mass spectrum and isolate them in sequence for fragmentation, either through
data-dependent acqusition (DDA) that selects ions observable in the precur-
sor spectrum, or by targeted or data-independent acqusition (DIA) where a
predefined precursor isolation scheme is used to acquire tandem mass spec-
trometry (MS/MS) spectra. In MS/MS, two mass spectrometry analyses are
carried out in sequential order with the goal to identify an unknown analyte of
a certain m/z [127]. The first stage of MS (MS1) detects precursor ions, which
depends on what charge state and total mass of all the peptides and other
molecules that are present. A peptide ion is identified by its isotopic pattern
in MS1 [128] and selectively fragmented in the subsequent second stage of
MS (MS2). The information about the precursor mass in combination with
the fragment ions is used to identify the amino acid sequence (Figure 12),
either through de-novo sequencing by Edman degradation [129] or by search
algorithms [130]. The length between fragment ions is proportional to the
mass of the amino acids incorporated in the peptide sequence [129,131], and
this information is later used to annotate each fragment spectrum with a
peptide sequence, which generates a peptide spectrum match (PSM).

The types of fragment ions observed after MS/MS depends on multiple fac-
tors, including primary amino acid sequence, what source and amount of
energy used for fragmentation, its charge state as well as the mass of the
precursor. Additionally, the produced fragment ions from one precursor can
only be detected if they can carry at least one charge. As a result, if the
charge is present at the N-terminal side of the peptide after fragmentation,
the observed ions are either classified as a-, b- or c-fragment ions. Conversely,
if the charge is present at the C-terminal, they are termed x-, y- or z-ions
(Figure 12) [131, 132]. Peptides only yield few detectable fragments after
MS/MS, which ultimately is defined by the physiochemical properties of the
amino acid sequence. However, multiple precursors of the same peptide will
generate a range of multiple fragments that can be recorded in the fragment
spectrum.

Peptide fragmentation events are very robust under controlled circumstances,
but follow a series of different competing chemical degradation pathways that
make them very hard to predict solely based on the amino acid sequence it-
self [133]. The type of ion series formed after fragmentation depends on
the amino acid sequence and the type of fragmentation energy being ap-
plied, and peptides subjected for either collison induced dissociation (CID)
or higher-energy collisional dissociation (HCD) will undergo amide bond
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breakage generating a pair of b- and y-ions. Peptides containing isobaric
amino acids such as Leucine and Isoleucine will at this stage yield y- and
b-ion series of fragment ions that are indistinguishable [134], which calls for
other fragmentation techniques to sort them out. This can be induced by
electron transfer to multiple-charged precursors that results in both c- and
z-ions. Electron-transfer dissociation (ETD) in combination with other frag-
mentation techniques will also increase the proteome coverage by improved
peptide fragmentation, as more peptide fragments will be available for the
identification [135]. Importantly, peptides undergoing MS/MS experience
stochastic fragmentation, however the breakage along the backbone is very
reproducible under the same experimental parameters [136] and experimental
data is therefore very valuable to correctly assign peptide fragment spectra
with their correct peptide annotation. This can also be solved by compu-
tational algorithms in a high throughput manner in discovery proteomics
workflows.
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Sample preparation techniques

Due to the vast complexity of the proteome, there is no universal sample
preparation method that can be applied to all protein samples subjected for
MS analysis. Therefore, sample preparation techniques are both sample and
context-dependent, and individual parameters are ultimately defined by the
goals of the study as well as by the type of mass spectrometry used. Here,
careful sample handling at both the protein and peptide level is crucial for
successful protein identification and quantification. The initial cell lysis is of
highest importance in order to extract proteins and make them available for
downstream analysis. Equally important is an efficient and robust protein
digestion protocol that generates peptides with a low percentage of missed
cleavages, and should be performed by enzymes with very high specificity
and reproducibility. This sets the rules for the statistical algorithms used
for database searches when proteins are inferred from peptides identified as
PSMs. A protein of interest is generally present in a complex background
among thousands of proteins and other biomolecules, which can cause serious
issues for the mass spectrometer when multiple of different ion clusters elute
from the upfront LC separation at the same time [64]. Protease cleavage
of complex proteomes results in hundreds of thousands of different peptide
fragments that eventually reach the mass spectrometer [65]. In order to com-
pensate for the limited speed of the mass analyzer, as well as issues regarding
the dynamic range are different types of LC-systems for peptide separation
usually used upfront of the mass spectrometry detection. Peptides are gen-
erally separated based on hydrophobicity by the use of reverse phase liquid
chromatography (RPLC) that significantly decreases the complexity [137].
Other on-line fractionation techniques include hydrophilic interaction liquid
chromatography (HILIC) strategies [138] that are used to separate the pep-
tide sample prior MS as extensive fractionation is necessary to reach a good
coverage of the investigated proteome. Other multidimensional LC tech-
niques include the combination of RPLC with HILIC [139] or other orthog-
onal off-line fractionation methods performed in another dimension, such as
isoelectric focusing or basic reverse phase [105,140–142].

As mentioned above, all proteomics experiments include different sample
preparation techniques that often are unique for one sample type, or are
specialized for one intended protein target. However, in the peptide-centered
bottom-up proteomics world, the proteolytic cleavage of proteins is generally
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equivalent to the use of one single protease for protein hydrolysis, namely
the highly specific serine protease trypsin [143,144]. The use of trypsin in an
assay may limit the number of available peptides for certain protein targets
as some proteins do not yield any tryptic peptides as Arginine and Lysine are
underrepresented in the protein sequence. Also, the majority of all peptides
that are generated by trypsin cleavage of a human proteome are relatively
short in length and the majority of all tryptic peptides are in fact too short
to even be identified by standard proteomics methods [143]. This causes that
only a fraction of the proteome is reachable by the MS-based technology [145].
Other enzymes for proteolysis can be used to resolve this issue, and will also
help to improve the overall proteome coverage [146, 147]. On the contrary,
the benefits of using one single enzyme provide standardization to the field,
with optimized search algorithms and a wide range of sample preparation
kits and quantification technologies that facilitate protein analysis.

Discovery proteomics

Discovery proteomics, commonly referred to as shotgun proteomics, named
after the method of shotgun DNA sequencing [126] that revolutionized the
genomics research community and was a key to the completion of the first
draft of the human genome [20, 21]. The concept of shotgun proteomics
experiments use peptide sequences to infer protein presence from matched
PSMs [148]. Discovery proteomics experiments are therefore considered to
be data-dependent as the generation of multiple MS/MS events is based on
what is detected at the MS1-level throughout a chromatographic separation
of a peptide sample .

The principle of discovery proteomics relies on the continuous isolation and
fragmentation of peptides as fragmentation-spectra, which thereafter are as-
signed a peptide sequence together with a statistical score used for evaluation.
However, peptide masses and sequences are often not unique and sometimes
shared between different proteins [149]. Multiple fragmentation spectra must
therefore be recorded for every protein in order to successfully and uniquely
identify them with high confidence. The instrumentation used is typically
based on advanced hybrid instruments with very fast cycle times to enable
analysis of complex sample mixtures as described above. Multiple peptides
are analyzed continuously in a bottom-up experiment and survey scans are
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performed in order to identify ions that are present in the scanned m/z
range. In reality, hundreds or even thousands of peptides elute continuously
and the mass spectrometer can only identify a small fraction of the most in-
tense peaks from MS1 by MS/MS [64]. The mass spectrometer automatically
selects one of the detected peptide precursor ions, isolates it and fragments
it. This event is performed in subsequent manner in singleplex and it takes
tens to hundreds of milliseconds to accomplish. Considering that the chro-
matographic peak width usually is in the range of 30 seconds in a standard
proteomics experimental setting, it becomes clear that only a limited fraction
of all peptides can be identified in a run (Figure 14A). Both the speed and
the mass spectrometer’s sensitivity limit the number of successfully gener-
ated fragmentation spectra, which also depends on ion abundance and time
allowed for sampling.

All mass spectra collected throughout the LC-MS run are then used to form
a statistically solid foundation over what peptides that were present and
identified in MS2. This is done upon comparison of all peptide fragment
spectra against a reference database, which is performed by a search engine
that bases the identification events on different scoring algorithms. Here,
fragment mass spectra are assigned to one peptide sequence together with
likelihood score that represents the probability of correctly assigning a frag-
ment spectrum with a peptide sequence [150]. Peaks from the mass spectrum
are matched against all theoretical fragment spectra and all matches from a
shotgun proteomics experiment are scored depending on a likelihood-scoring
algorithm [151]. Common reasons for errors that may affect the correct iden-
tifications are lack of inclusion of PTMs in the search parameters, and the
number of included PTMs will expand the search space as well as negatively
affect the false discovery rate (FDR) at the PSM level.

The assigned statistical score reflects the similarity between the measured
spectrum and its theoretically derived match, and the likelihood of this spec-
trum being randomly annotated. The scores are used to discriminate between
correct and incorrect peptide sequence assignments from the search engine
output. Such search algorithms are MASCOT [152], SEQUEST [110], MS-
GF+ [153] or Andromeda [154] among others. These search engines use
search algorithms to correlate the experimental fragment ion masses to all
calculated theoretical mass spectra defined by the input protein sequence
database [143]. Every set of identified genes, proteins or peptides are re-
ported together with a FDR that is the expected percentage of false pre-
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dictions made in the analysis. Here, spectra from one mass spectrometry
experiment is matched with its best peptide sequence given from the input
database [155]. The FDR is generally calculated from a target-decoy analysis
were a decoy database (i.e. reverse peptide sequences) has been included in
the database search [156]. The final list of PSMs is divided into correct and
incorrect matches. If the FDR is set to 1% is the final list expected to include
99% correct matches with 1% expected false annotations. The confidence of
a specific identification can be addressed by q-values, that defines the min-
imal FDR required to accept a PSM after all possible thresholds have been
considered [157, 158]. Here, it is important to note that FDR filters can be
applied at the PSM, peptide or at the protein level [159].

Peptide identification and peptide scoring also suffer from technical limita-
tions introduced by the mass spectrometer as multiple precursors can be
co-isolated and hence fragmented, thus complicating the subsequent PSM
assignment [154] as spectra of this sort will have much more complicated
peak patterns. Mass spectrum may also include peptides that can have ex-
act the same amino acid composition, but different sequences, which results
in two precursors of exactly the same m/z being isolated in the observed
survey scan, as well as the chance of detecting the same peptide multiple
times across the retention time as a result of different PTMs. This will ul-
timately affect retention time calibration and peptide quantification for the
whole experiment.

Multiple spectra from one proteomics experiments can be processed in paral-
lel, and probabilistic scores for matching spectra are used. The only way to
be ultimately sure that one protein has been observed is to identify protein
specific peptides (Figure 13). Fully tryptic peptides that are unique for one
protein are called prototypic peptides [160], which can be identified from the
genome sequence of an organism. Also, problems may occur when proteins
are constructed from the peptides observed as PSMs, since a given peptide
sequence can map to more than one protein or isoform [161]. In order to sim-
plify the complexity of all identified proteins from proteomics experiments,
methods have been generated to reduce the final set based on a number of
different rules. The protein build can either be based on only top scoring
hits (indeterminate), or the peptide can be assigned to exactly one protein
(unique), or the peptide can be assigned to more than one protein (shared).
This will ultimately affect the downstream protein identification as proteins
may be identified based on either unique peptides or only by shared peptide
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Figure 13: Peptide spectra matching after a shtogun MS/MS experiment.
Not all proteins can be successfully inferred from the identified peptides due
to overlapping and partially shared peptide sequences (non-unique).

sequences. Here, the highest confident protein identification is based on only
unique peptides. Other outcomes are proteins identified with at least one
shared peptide, but can be differentiated by unique peptides [162]. Less con-
fident identifications are made solely on shared peptides and the identified
proteins cannot be distinguished from each other.

The objective for shotgun proteomics experiments is to identify as many
proteins as possible. This often leads to sample fractionation either before or
after proteolysis, which negatively affects the sample throughput. Increased
proteome coverage and data reproducibility can also be improved by multiple
injections [163] of the same sample or by extensive sample pre-fractionation
and LC-MS/MS analysis [141]. For example, studies have reported a total of
166,420 identified peptides that mapped to 10,255 proteins (9,207 genes) by
extensive fractionation of a human cancer cell into 72 fractions, which took
288 hours to complete [164].
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Figure 14: A. Fraction of identified and quantified proteins in a proteomics
experiment. Figure adaptded from Bratscheff et al. 2007 [165] B. Discovery
proteomics methods measure different peptides based on the ion intensity.
Targeted proteomics methods focus on a set of peptides and aim to measure
them in every run.

The strength of shotgun proteomics experiments is to identify new pep-
tide features (Figure 14B), but suffer in robustness due to the stochas-
tic nature of DDA. This has led to the development of another branch of
mass spectrometry-based proteomics, namely targeted proteomics that has
emerged as an attractive alternative for verification studies.

Targeted proteomics

Targeted proteomics was selected as Method of the year by Nature Methods
in 2012 [166] and this type of very robust proteomics assays are typically de-
signed to quantify a predefined list of protein targets, typically in the range of
a few hundred with high precision, sensitivity and reasonable sample through-
put. This is a fundamentally different approach than shotgun experiments
that aim to identify as many new proteins in one single experiment as pos-
sible (Figure 14B). As a consequence, targeted proteomics approaches have
become a powerful alternative to verify biomarkers identified from discovery
studies, and they are especially suitable for analyses where a list of target
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Figure 15: Targeted proteomics methods. A. In Selective Reaction
Monitoring, precursors are selected at the first stage of MS and undergo
fragmentation followed by a limited number of product ions selected at the
MS2 stage and analyzed in subsequent order. B. Parallel Reaction Monitor-
ing detects all fragment ions and together in a high-resolution spectrum.

proteins can be defined in advance, such as clinically relevant targets or for
pathway analyses.

The most important and crucial step when designing any targeted proteomics
experiment is the upfront selection of what peptides to measure. Here, pep-
tides should be intense with stable and known retention times. In addition,
they should also generate good fragment ions (transitions) [167]. This set of
parameters can be predicted by algorithms [162, 168], but this step remains
as the major bottleneck for any targeted assay development as matrix effects
and differences in instrument parameters are challenging to predict [169].
Another important issue is the potential risk of interfering transitions origi-
nating from the matrix itself. This is a time consuming and iterative process
to evaluate and select optimal transitions, but unavoidable as it is impossible
to compensate for this in the data analysis when low resolving instruments
like QQQs are used.

Selected reaction monitoring (SRM), or multiple reaction monitoring (MRM),
was originally developed in the 1970s [170] and is widely used for targeted
mass spectrometry due to the highly selective filtering of precursors and
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transitions by quadrupole technology [171]. The assay setup mimic immuno-
assays to some extent as only a limited number of predefined targets are
analyzed with a defined research question. Here, an ion of a particular mass
is selected in the first stage of tandem mass spectrometry (Figure 15A). After
fragmentation, a set of peptide fragments is monitored in subsequent order
to identify and quantify the original precursor with a sufficient level of selec-
tivity. This technology has been proven to be highly sensitive in bottom-up
applications and single digit copy numbers of model organisms such as yeast
can be analyzed and quantified [172].

The general drawback with this setup for protein quantification is that it
is time consuming and a certain amount of reference material is needed to
establish and validate the method based on multiple transitions. However,
large initiatives such as the SRM Atlas (www.srmatlas.com) are working
on complete peptide maps for several model organisms, such as yeast [173],
Mycobacterium tuberculosis [174], mouse, rat and zebrafish as well as for sam-
ples of human origin [167]. SRM-based studies have also been successfully
established to quantify proteins with over a million fold concentration range
in blood plasma [175] and multiple proteins can preferably be quantified in
a multiplex setup. Targeted technologies are thus limited to monitor one
peptide at time and require multiple measuring points across the chromato-
graphic peak for optimal quantitative performance and accuracy [176]. In
order to increase the throughput, the option to schedule the MS/MS acquisi-
tion of predefined precursors significantly increases the capacity and number
of quantified targets within one assay [172]. This makes the chromatogra-
phy performance central in any targeted experiment and any disturbance of
retention times, such as chromatographic drifts (e.g. from shifts in temper-
ature or the precence of salt or detergents), will limit the multiplex capac-
ity [177].

An important technological advancement based on the same principles as
SRM was the introduction of high-resolution mass analyzers that operates
in targeted mode. In the so-called parallel reaction monitoring (PRM) [178]
technology is the third quadrupole in a triple quadrupole setup replaced with
a high-accuracy mass analyzer, in this case an orbitrap. This type of instru-
ment can monitor all fragments of the targeted precursor-ion (Figure 15B)
and this technique can reduce the labourius experiments of optimization typi-
cally associated with classical SRM experiments. Also, as more fragment ions
are measured, the specificity of the assay increases as well as multiple data
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points can be used for peptide quantification. This method setup facilitates
the experimental design and catalyzes the process of establishing new assays
as much of the work is shifted from upfront selection and validation of frag-
ment ions, to the data analysis of an experiment. Any less suitable transition
can here be replaced or excluded for other high-intense transitions detected
in the high-resolution mass spectrum, without the need to reinject any sam-
ple. However, the high resolution instruments work at lower speed and at
lower sensitivity than QQQ instruments. However, it has been shown that
targeted methods like selected ion monitoring (SIM) performed on orbitrap
instruments can be comparable to SRM in terms of sensitivity if very long
fill times are used [179].

A list of peptides to monitor has to be defined before any targeted experi-
ments can be performed. Here, peptides must first be selected either by com-
putational design or by processing experimental data. The selection based
on prediction of peptide properties is generally followed by in situ chemical
peptide synthesis or in vitro recombinant protein production. Retention time
standardization has also made it possible to transfer assays between sample
matrixes [177] and different instrumental settings, as well as the ability to
generate peptide libraries from fractionated samples that is composed of a
significantly different peptide composition than the sample matrix where the
actual quantification later will take place [180]. The reduction of the com-
plexity in such a setup will increase the number of peptides identified in DDA
as the mass spectrometer is more likely to detect the less intense peaks due
to the decreased complexity of the sample. These low abundant peaks can
later be isolated and quantified in the targeted experiment as long as their
peptide coordinates are correctly and accurately mapped.

Data-independent strategies

The highest degree of throughput in terms of number of identified and quanti-
fied analytes can be achieved by the use of DIA [181] or sequential windowed
acquisition of all theoretical fragment ion (SWATH)-MS [182] technologies
where MS/MS is performed by rapidly scanning through small consecutive
mass windows of precursors across a predefined m/z range at high speed.
This method creates a molecular snapshot of the sample and enables mul-
tiplexing of multiple precursor ions and their fragments in one single mass
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window [183]. This will increase the number of analytes by almost an or-
der of magnitude compared to single ion monitoring techniques, like SRM
and PRM [184]. DIA aims to complement the traditional approaches of MS-
based proteomics, such as discovery or targeted methods. The technology
combines the advantages of shotgun (thousands of analytes) with targeted
analysis (high reproducibility and consistency). The method can be divided
into two steps, the generation of a spectral library used for data analysis and
the subsequent data-independent MS analysis performed on many samples.
This method is thus limited to a specific m/z range and the quadrupole mass
filter is instructed to cycle through a sequence of large precursor isolation
windows at very high speed. The precursors are fragmented continuously
and recorded in each cycle with chromatographic resolution as the peptide
separation can be visualized as their fragment ions co-elute from the upfront
LC. Importantly, this method is heavily dependent on high-quality spectral
libraries used to decipher the complex data recorded as multiple precusors
are fragmented together [184].

Targeted proteomics by immuno-enrichment stategies

The combination of immuno-enrichment methods with MS-based readout is
an attractive and very promising approach for protein analyses in complex
backgrounds, such as blood. The accuracy and high specificity of the mass
analyzer in combination with the selectivity provided by affinity reagents
has improved the overall sensitivity and throughput of mass spectrometry
analysis of very complex samples with preserved quantitative accuracy [185].
Methods like stable isotope standards and capture by anti-peptide antibodies
(SISCAPA) [186] enable high throughput protein quantification of multiple
analytes from complex samples with high sensitivity, specificity and preci-
sion. The technology relies on antibodies raised against proteolytic peptides,
which are immobilized onto solid support and incubated with digested pro-
tein mixtures. Antibodies enrich their target peptides with high selectivity,
thereby reducing the sample complexity. It has been shown that this type
of assays can reach detection limits in the low ng/ml range with high pre-
cision (CV<20%) [189], or even pg/ml if the initial plasma volume not is
limited [187, 188]. The multiplex level of the technology can handle around
100-targets [188, 190] with the same preserved level of specificity and sensi-
tivity as compared to lower multiplex settings. Immunoenrichment-MS in
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combination with SRM has been proven to be very reproducible across sev-
eral laboratories with low coefficients of variation [191]. The low complexity
of a sample after enrichment even allow for MALDI analysis [192]. The as-
say throughput can thereby be extended to several thousands of samples
per day as plasma enrichments can be processed without peptide separation
techniques prior MS-analysis [193]. However, this technique is currently lim-
ited to the study of protein targets where monoclonal anti-peptide antibodies
have been generated, but the overall reagent consumption is high and limits
high-throughput initiatives [194].

Protein quantification technologies

Discovery and targeted proteomics are both used to understand and describe
broad global proteomic events. The proteome varies considerably accord-
ing to cell type, cell stage or in response to environmental changes and the
protein abundance across multiple sample conditions has great biological
significance [37]. Quantitative proteomics relies on the identification and
quantification of selected peptides, either by quantifying them at the MS1-
or at the MS2-level. There are multiple options for quantitative proteomics
strategies summarized in Figure 16. Here, known quantities of stable iso-
tope labeled (SIL) peptides can be spiked into unlabeled samples, and the
absolute quantity can be calculated by the use of a heavy peptide external
standard curve. Other experimental settings allow whole organisms to be
labeled by metabolic labeling and they can thereby be combined very early
in the sample preparation workflow in order to limit effects of experimental
biases. Samples can also be chemically labeled at either the protein or at the
peptide level. These methods often use technologies based around isobaric
tags, as the LC-MS/MS analysis yields a combined peptide precursor spec-
trum consisting of multiple labeled peptides indistinguishable from another
in MS1. Thereafter, they produce multiple cleaved tag signals as the peptide
fragments in MS2, where the tag can be used for relative quantitation and
the fragment spectrum is used for peptide identification. The alternative to
isotope standards is the label-free quantitation approach, where samples are
individually analyzed and compared to calculate relative values for each one
of the peptides observed (e.g. spectral counting and peak intensity extrac-
tion).
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Figure 16: Overview of different quantitative proteomics workflows. The
figure illustrates the point in each workflow when samples either are isotopi-
cally labeled, both relatively or absolutely, for LC-MS analysis. Label-free
experiments are individually analyzed and are only normalized in the subse-
quent data analysis. Figure adapted from Bratscheff et al. 2007 [165].
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The direct comparison of intensities between different analytes in the same
spectrum is not possible, as every peptide ion is unique and has its own
response factor that will determine the ionization efficiency [195]. As a re-
sult, the mass spectrometry method itself is not inherently quantitative, as
peptides derived from proteins vary in their physiochemical properties and
result in variable ionization efficiency, as different intensities are observed in
the mass spectrum. Also, different forms of noise are introduced by stochas-
tic events taking place during the upfront RPLC-separation or in the sample
preparation process. Therefore, comparing intensities or peak areas across
different sample runs can be problematic, as peak areas from different pep-
tides will respond with different intensities based on their local abundance,
as well as the effect from the sample matrix. There are different types of
both internal or external calibrants available that can be used to compen-
sate for these effects and limit the amount of technical variation introduced
in an experiment. As a consequence, the field of quantitative proteomics
can be divided into two subgroups, either label-free quantification or the use
of isotopic standards, such as metabolic- or chemical-labeling by the use of
different isotope labels to assess the relative or absolute quantities of pro-
teins.

The gold standard in the field includes addition of a labeled internal standard
(e.g. absolute quantification (AQUA)-peptide) to the sample and subsequent
detection by SRM [196]. This isotopic change in the peptide mass does
not affect the physiochemical properties of the peptide and will not affect
the chromatographic separation when compared to its unlabeled endogenous
counterpart. However, the change in mass will generate a shift in the mass
spectrum (Figure 17). These peptides can either be generated by peptide
synthesis, metabolic labeling or by chemical labeling techniques. Isotope
labeled protein quantification methods are generally classified into either iso-
baric or mass-difference tagging approaches, and many different methods for
protein quantification have been developed out of which the most common
ones will be described below [165].

Stable isotope labeling with amino acids in cell culture (SILAC) is an effective
strategy for relative protein quantification [10]. Here, cells are metabolically
labeled by being cultivated in medium that contains heavy isotope labeled
versions of selected amino acids (typically Lysine and Arginine), which are
automatically incorporated into the protein’s amino acid sequence that even-
tually result in a fully labeled protein [197]. Since all expressed proteins are
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Figure 17: MS-based peptide quantification based on stable isotope la-
beled internal standard. The relative ratio between light and heavy pre-
cursor can be determined as the peptides co-elute and appear in the same
MS1-spectrum.

labeled, SILAC experiments can generate relative quantitative data for all
detected proteins and differently labeled samples can be pooled very early in
the sample preparation process. The multiplex capability of SILAC experi-
ments has been extended from the original duplex, up to five channels [198]
labeled by different isotopic variants with millidalton shifts. SILAC provides
excellent, robust and accurate relative quantification, but has been shown to
be more accurate for abundant proteins [199] as well as for quantitative ratios
within one order of magnitude. As the labeling alternates the isotopic weight
of all peptides, the complexity will increase in proportion to the multiplex
level, which seriously affects the lower limit of detection for analytes as they
are suppressed by other high-intense peaks [200].

The traditional SILAC technology is limited to systems where metabolic la-
beling is possible, thereby excluding tissues and clinical samples of human
origin. However, an alternative technology named super-SILAC was intro-
duced to address this issue [201] and is compiled by a pool of many isotopi-
cally labeled cell-lysates in order to increase the total protein coverage. This
mix of labeled proteins can be spiked into many different tissue lysates and
provides a great resource for normalization between several LC-MS-runs as
well as between different sample types [202]. Additionally, isotope labeled
proteins can be spiked into samples, thereby establishing anchoring points
between endogenous and standard protein prior digestion [203].
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Other chemical alternatives to relative quantification based technologies in-
clude isobaric labels. This was originally done to overcome complications
associated with the downstream comparative analysis after 2D-GE experi-
ments that finally led to the invention of the isotope coded affinity tag (ICAT)
technology [204], which was the first method based on isotopic labeling for
relative quantification. The technology is based on isotopic sulfhydryl (thiol)
specific ICATs that are used to derivative protein samples separately prior
digestion. Here, the ICAT technology uses a reactive group for labeling of an
amino acid side chain at the protein level, generally cysteine, with an isotopi-
cally coded linker (e.g. biotin) used for subsequent affinity enrichment of all
labeled peptides by avidin or streptavidin. As labeling reaction takes place
at the protein level, prior proteolytic digestion, errors due to technical biases
are minimized from sources like incomplete digestion or sample loss.

Chemical labeling can also take place at the peptide level after proteolytic
digestion. Aside from isotopic labeling reagents, isobaric quantification tags
can be used for quantification of the y-ion series in the fragment ion spectrum.
Here, the abundance of peptides can be directly compared in one MS/MS-
spectrum since the reporter ion breaks of and appear as duplets separated
in the lower end of the spectrum. Such methods include the tandem mass
tag (TMT) technology [205], which is available in different multiplex levels,
from duplex up to ten-plex [206]. Another example of isobaric labeling at
the peptide level is the isobaric tags for relative and absolute quantifica-
tion (ITRAQ) technology [207], which is based on labeling of the N-terminus
and primary amines of peptides. This technology is available as either 4-
plex or 8-plex. Both technologies have combined mass barcoded tags that
have the same total molecular weight and chemical properties. They are
indistinguishable from each other at the MS1-level, but the sequence and
quantitative information is obtained after fragmentation as all reporter frag-
ments are broken off simultaneously. These fragments will be visible at the
low m/z of the fragment spectrum and will not interfere with the peptide
fragmentation spectrum. The relative abundance of peptides in the origi-
nal samples are given by the relative intensity from the quantification tag.
One drawback with quantification based on isobaric peptides and reporter
ions measured at MS2 is that they suffer from distortion originating from co-
isolation and fragmentation of chimeric peptides that co-elute together with
the targeted peptide [208]. This has questioned the quantitative performance
of the method, but can be compensated by MS3 fragmentation [209].
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Another attractive example of a very cost effective approach if compared to
the above mentioned methods is dimethyl labeling at the peptide level [210].
This technology has shown to be easily adapted to high throughput exper-
imental settings and show low isotope effect in the LC separation. Deu-
terium exchange may also be introduced by the use of deuterium during
the enzymatic cleavage, which yield stochastic incorporation of 18O into the
generated peptides with a variable amount of labeled oxygen atoms, which
severely decrease the quantitative accuracy and performance of this labeling
method [211].

Label-free methods for protein quantification have straightforward sample
preparation and no extra costs, which make them attractive when compared
to the very expensive labeling approaches. They are flexible to run and
can be retroactively applied to already acquired datasets. Label-free relative
quantitation involves comparing the abundances of proteins across multiple
experiments without the use of any isotopic labels as anchoring points. Here,
each sample is analyzed individually and features from the LC-MS/MS run
are subsequently used to align all runs by software algorithms. The peptide
signals are typically detected at the MS1-level and filtered out from chemical
noise through the characteristic peptide isotopic pattern. This pattern is
then mapped over all identified MS1-scans over the retention time and used
to reconstruct elution profiles in the same way as described for DIA assays.
The total ion current from peptides is finally used to quantify them in each
respective sample.

All label-free experiments are based on robust detector response levels and
peptides are quantified by extracted chromatograms by calculating the total
intensity area or the area under curve (AUC) [212] for every peptide. One
limitation to this approach is that only highly similar samples can be com-
pared by the method in order to quantify differences in relative mode by di-
rect comparison of ion intensities. For quantification that place at MS1-level,
problems may occur that relates to the identifcation of the peptide precursor
ion as there is an underlying risk of assigning features with incorrect pep-
tide ID’s. Here, peptides may by chance display an identical m/z ratio that
co-elute close to the target peak, or other isotope series that are overlapping
with the targeted peptide. Also, samples that are individually processed and
analyzed in a label-free quantitative setting have much higher risk for random
biases by the introduction of sample-to-sample variation [213].

41



Common problems for any quantitative proteomics experiment include unex-
pected modifications, limitations introduced by the matrix as well as poten-
tial mutations that affect the peptide sequence [213]. There are several poten-
tial risks when performing quantitative mass spectrometry, as experimental
biases will affect the final result depending on the quantitative strategy used.
The most important source of introduced bias is the selection of what quan-
titative strategy to use. The second limiting factor is the mass spectrometer
itself, with a defined limited dynamic range in terms of low-abundance pro-
teins to the high abundant proteins. Thirdly, the sample preparation method
itself will introduce experimental errors, and the number of steps separating
the addition of standard from the experimental output will have a tremen-
dous effect on the quantitative precision and accuracy [213]. The complexity
of typical bottom-up experiment, from a protein sample to a peptide based
analysis back to quantification at the protein level introduces numerous ran-
dom and systematic errors when performed in high multiplex. It is therefore
very important to add internal standards as early as possible during the
sample preparation method to control for such errors.

Relative versus absolute quantification

The ability to absolutely quantify peptides with stable isotope standards was
introduced in 2003 by Gygi et al. [196]. They introduced the AQUA peptide
technology where internal peptide standards are spiked into complex biologi-
cal samples. The technology has evolved and isotopic versions of proteins are
now used and has been shown to be more robust and provide better accuracy
than the AQUA peptides alone [213]. These standards contain amino acids
with artificial heavy isotopes (13C and 15N), usually Arginine and Lysine,
but the labeled amino acids can be altered depending on what type of en-
zymes that are used for proteolysis. When mixed, the native peptide and the
isotopic version elute together after chromatographic separation and ionize
with the same efficiency and the mass shift can easily be distinguished by
the mass spectrometer. In contrast to relative quantification, the absolute
abundance of one peptide in the experiment can be compared to its heavy
isotope version and back-calculated to the initial concentration present in the
sample from an external calibration curve [196,214]. Absolute quantification
determines changes in protein expression on an absolute scale in terms of the
exact amount of concentration of each protein present and thereby allow for
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comparisons to be made across different methods as well as mathematical
modeling for systems biology applications. Another alternative to peptide
standards are either protein fragments or concatenated recombinant protein
standards [215,216] spiked into the sample prior trypsin digestion.

There are several absolute label-free protein quantification methods that
work as attractive alternatives to spiked internal standards due to the high
reagent cost. In label-free settings, proteins are assigned continuous numbers
on an absolute scale based on peptide intensities observed from the analy-
sis, which ultimately is derived from the TIC. The simplest form of protein
quantification by MS is spectral counting, where the number of PSMs is pro-
portional to the peptide abundance. This has some inherent quantitative
problems as peptides have to be identified multiple times, thus making it
necessary to run multiple MS/MS scans of the same peptide. This greatly
reduces the number of possible identifications from one experiment. Absolute
protein expression (APEX) [217], exponentially modified protein abundance
index (emPAI) [218] and mean intensity (MeanInt) can be applied to im-
prove basic spectral counting methods by including a correction factor for
each protein [217].

Popular MS1-level label-free quantification methods includes the intensity-
based absolute quantification (IBAQ) algorithm [219]. This method weights
the sum of all the peptide intensities divided by the number of observable
peptides of a protein. Another approach, the Top3 [220] method for protein
quantification is based on the top three identified peptides exhibiting the
most intense ion response for each protein. This method is based on the
assumption that all proteins have the same high-responding peptides and
only the three highest intense ions will therefore be used to compare proteins
against each other.

MaxLFQ allows multiple experiments to align [199], be normalized and quan-
tify multiple spectra for many peptides that is combined to compute relative
abundances. This mehtod has shown great performance in comparison to
other label-free technologies, such as spectral counting, when it comes to
absolutely quantify proteomes over a large dynamic range [199].

It has been shown that IBAQ strongly underestimate the low-abundance pro-
tein range by several fold changes [221] and methods such as MeanInt, emPAI
and APEX generally overestimated low-abundant proteins. This problem can
be explained by the average intensity of high-abundant proteins, which is
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calculated from a large pool of peptides with different ionization efficiencies,
and lower abundant proteins will base their average intensity on peptides
with the highest possible ionization efficiency. Also, peptides quantified with
the Top3 method returned higher protein estimates for lower abundant pro-
teins [221].

What type of quantification method to use is determined by the type of mass
spectrometry method that is being applied. Discovery proteomics maximizes
the protein identification by spending more time and effort per individual
sample which make relative quantification in MS2 optimal by different iso-
baric labeled tags. On the contrary, targeted proteomics limits the number
of analytes to be monitored and a a lot of work is put into optimizing the
chromatography performance, instrument tuning parameters and acquisition
methods to reach the highest possible sensitivity and sample throughput for a
relatively low number of peptides, which makes the spiked internal standard
approach to an attractive alternative for quantification.

Identifying and quantifiying proteomes

Mass spectrometry-based proteomics can detect thousands of proteins in a
single run, but the technology is still far from being able to cover a complete
human proteome in one single run. Model organisms, such as different Bac-
teria strains or yeast, with significantly less complex genomes, can thus been
completely covered down to proteins present in single digit copy numbers per
cells [173]. The yeast proteome show decent complexity and include around
6,000 genes, out of which approximately 4,500 proteins are expressed during
log-growth and can be covered in as little as one hour [222]. The human
proteome is by far more complex and many proteins have never been seen
by any mass spectrometry based assay [223]. In 2014, the first draft of the
mass spectrometry-based human proteome [224, 225] was released based on
an extensive analysis of over 19,000 pooled LC-MS/MS runs by contribu-
tions from multiple groups. The analysis revealed that mass spectrometers
have reported evidence for up to 14,000 - 15,000 proteins, with a limited
number of new proteins added from large scale experiments. Thereby sug-
gesting that there has been a saturation of proteomics data, which is hard
to overcome by conventional statistical models based on FDR [226]. Addi-
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tionally, the first draft of the human tissue based proteome was released in
2015 constructed from tissue stainings made by 24,028 antibodies that cov-
ered 90% of all human protein-coding genes [40], which defined a summary
of the human secretome, the membrane proteome, the druggable proteome,
the cancer proteome as well as metabolic functions in 32 different tissues and
organs.

Contrary to shotgun proteomics with large numbers of reported proteins,
available data-independent and targeted mass spectrometry approaches with-
out sample fractionation cannot reach the same numbers of analytes. Both
DIA and SWATH experiments can identify up to 10,000 proteins in one single
LC-run and quantify them by label-free methods with good reproducibility.
This can be done in cell lines and tissues, where the proteomes range approx-
imately 6-7 orders of magnitude. However, blood is much more complicated
and the challenge of the vast dynamic range has been addressed earlier. The
analysis of the blood proteome started in the 1970s by the use of 2D-GE
with a very low sample throughput and the ability to resolve up to 40 dis-
tinct plasma proteins. This number increased to around 60 some 30 years
later when we entered the new millennia. However, after the introduction
of mass spectrometers, we can now identify thousands of proteins in blood.
For example, a set of 1,929 human plasma proteins at 1% FDR was released
by the Peptide Atlas in 2011, generated from 91 pooled experiments based
on extensive fractionation [227]. Methods that are aiming towards clinical
applications are thus limited to shorter gradients and modern sample prepa-
ration methods in combination with the latest type of mass spectrometers
can quantify hundreds of proteins in less than an hour in shotgun [228] or in
DIA mode [53]. Other forms of blood, such as dried blood spots can prefere-
ble be analyzed by antibody enrichment strategies [54], or by SRM alone as
up to 97 proteins can be precisely quantified in less than 45 minutes without
any fractionation [229].
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Chapter 3

Aims of this thesis

The central aim of this thesis has been to quantify and describe protein
levels in a vide variety of samples of human origin. This has been made
possible thanks to the vast resource of reagents made available from the
Human Protein Atlas resource. As the title chosen for this thesis implies, the
work has been focused around targeted mass spectrometry, which has been
used for absolute protein quantification in the majority of the included papers
(Paper I, III-V). The overall ambition and ultimate aim was to quantify
proteins in different sample types that include human cell lines, tissues and
blood (serum and plasma). The following papers have been chosen to be
included in the thesis and can be found in Appendices (I-V).

Paper I - The aim with this study was to investigate if a resource of poly-
clonal antibodies raised against protein fragments could be used for peptide
enrichment in combination with absolute protein quantification. Here, heavy
isotope labeled standards were spiked into samples and peptides were en-
riched by immobilized antibodies in combination with automated robotics,
which allowed for sensitive assays and rapid LC-MS/MS turnaround.

Paper II - The aim with this study was to develop an automated protocol
for scar-free cloning in a bio-brick fashion by the use of robotics. This paper
presents the basis for the large scale cloning effort used for the generation of
all recombinant protein fragments used in Paper I, III-V. The automation in
this project became the foundation for the miniaturized and semi-automated
protocol developed in Paper I.
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Paper III - The aim with this study was to investigate the gene-specific
correlation between mRNA and proteins across human cell lines and tissues
by combining targeted mass spectrometry with state-of-the-art RNA-seq.

Paper IV - The aim with this study was to develop an orthogonal method
for antibody validation for WB applications. This was done by utilizing the
mass spectrometers unsurpassed specificity to quantify proteins in complex
samples. Expression profiles were determined by both targeted mass spec-
trometry and RNA-seq and used to compare and correlate staining patterns
of Western blot bands developed by a set of polyclonal antibodies.

Paper V - The aim with this study was to investigate the usefulness of
an already existing resource of recombinant protein fragments. The idea was
to generate assay coordinates and custom spectral libraries in high through-
put for targeted mass spectrometry efforts. Here, proteotypic peptides from
more than 10,000 human proteins were identified and a subset was verified
as they were used for targeted protein quantification in human serum.
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Chapter 4

Present investigation

The work presented in this thesis aims to improve and present attractive
alternatives for standardization of already existing mass spectrometry based
protein quantification methods. This chapter will focus on the research per-
formed by my co-authors and myself for the past four years. The major
difference between the work presented in this thesis, and the work performed
by a majority of other laboratories around the world focusing on protein
quantification can be narrowed down to the unique resource of recombinant
protein fragments that the Human Protein Atlas has built up in-house over a
decade. Quantitative mass spectrometry performs at its best if a predefined
experiment is carried out with a set of validated peptides that are targeted
and quantified in the analysis. This includes experiments that determine
what peptides to look for, as well as the spike in of heavy labeled internal
standards, which can be used to normalize the data and account for quan-
titative biases introduced during sample preparation. The data will also be
given an additional level of specificity, as every quantitative data point con-
sists of both a light endogenous and heavy standard peptide. This type of
quantitative effort can only be successful if the correct reagents are available
and that quantitative assays can be generated and validated in sufficiently
high throughput. The standards made available by the HPA project have
been used to standardize mass spectrometry in the included papers with re-
gards to both the quantitative performance as well as liquid chromatography
retention time standardization. All papers and manuscripts that describe
the work can be found in Appendices (I-V) at the end of this thesis.
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Targeted proteomics using QPrEST-PRM (QPRM) (Pa-
per III, IV, V, VI)

The ability to precisely and accurately measure proteins in a wide variety of
samples from any living organism, both reliable and with high reproducibil-
ity, will help us to understand the molecular systems biology of cells in more
detail. However, the lack in availability of suitable reagents is one major lim-
iting factor and the reason to why SRM assays often are performed at low
scale [230]. The cost of raising new affinity reagents is considerably high in
the world of affinity proteomics, both with regards to time and assets spent
in the process and there is no guarantee for success. Similarly, the establish-
ment of targeted proteomics assays by mass spectrometry is also demanding
and includes the acquisition and screening of many potential peptides in or-
der to finally identify a set of suitable peptides that can be monitored by
targeted methods, such as Selective Reaction Monitoring (SRM) or Parallel
Reaction Monitoring (PRM). The generation and validation of such assays
is a time consuming process with many pitfalls as peptides may be failed
based on a number of criteria. They can be incompatible with sample prepa-
ration methods, show poor ionization or be suppressed by interfering matrix
effects. Large-scale projects like the SRM Atlas aim to create a publicly
available resource for targeted assays with pre-validated proteotypic peptide
coordinates that cover multiple model organisms, as well as human proteins.
This resource provides assay coordinates for peptides validated in a simple
background (e.g. 96 synthetic peptides), including fragmentation patterns of
b- and y-ions, but lack information about potential matrix effects, which have
a huge effect on what ions that finally can be detected in the mass spectrom-
etry analysis. Another alternative to synthetic peptides is to generate assay
parameters based on highly fractionated samples [231], or by digested recom-
binant proteins. Crucial steps for succeeding with targeted proteomics as-
says include optimal selection of proteotypic peptides that yield high-intense
transitions in the final assay, with robust retention time characteristics. The
selection of target peptides is often an iterative process, as it is very hard to
predict if transitions are free from interfering transitions. Such knowledge
resources are also being constructed from experimental shotgun data, pro-
vided by the Peptide Atlas, the global proteome machine (www.thegpm.org)
as well as ProtoeomicsDB (www.proteomicsdb.org).
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Figure 18: Overview of QPrEST fragments used for protein quantification.

Reagents required for quantification have become very important to allow for
both accurate and precise quantification of proteins over a broad dynamic
range. These reagents require computational design and prediction of peptide
characteristics followed by either in situ chemical peptide synthesis or in vitro
recombinant protein production. Isotopic proteins have been shown to be
more attractive among the standards currently available as they show higher
quantitative performance (accuracy) than spiked-in-peptides [213], but they
are also considerably more expensive and thereby not a realistic choice for
many studies. The benefit of using protein fragment standards is that they
can be added directly to the sample and they are relatively easy to produce
compared to full-length proteins. On the other hand, protein standards will
undergo the same proteolytic digestion as the endogenous protein and provide
a more similar representation of proteolytic peptides than spiked peptide
standards. As noted by several research groups, incomplete digestion will
negatively impact the quantitative accuracy at the peptide level, especially if
the AQUA technology is used, as these standards are spiked into the sample
after the proteolytic digestion. Other initiatives utilize flanking regions that
will enable more similar digestion kinetic for the spiked standard and targeted
protein, such as the QconCat technology [232], where multiple proteotypic
peptides are concatenated into one single protein standard [215].

Quantitative Protein Epitope Signature tags (QPrEST) standards are heavy
isotope labeled multi-peptide standards produced in a bacterial host and
thereafter affinity purified [233]. Each standard contains a stretch of 50-150
amino acids identical to a human protein sequence (Figure 18), including
tryptic peptides released upon enzymatic degradation. These standards are
quantified using a Qtag sequence that allows for accurate quantification as
they are spiked into a protein sample [234]. The protein fragment standards
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are spiked in into complex biological samples before trypsin digestion, which
is the step where errors occur and much of the assay variance is introduced
as addressed in Paper V. After spike in, peptides from the QPrEST sequence
can be used to determine the absolute concentration of proteins in complex
biological samples, such as cell- and tissue-lysates (Paper I, III, IV) or blood
serum (Paper V).

In Paper III, this quantification approach was used to quantify 55 proteins
across 9 cell lines and 11 human tissues. In Paper IV, we quantified 31
proteins across 8 cell lines and the quantitative data was also validated by
Western blot analysis with antibodies targeting the same protein target. In
Paper V, a subset of 56 QPrESTs were used to quantify 49 genes in blood
serum.

Generation of protein standards for targeted proteomics
within the Human Protein Atlas resource (Paper II and
Paper IV)

In these studies, we investigated if the already existing resource of more than
40,000 individually purified recombinant human protein fragments from the
Human Protein Atlas can be used for targeted assay development in high-
throughput by generation of necessary peptide coordinates (Paper IV). These
standards have been produced over the course of 10 years in a high through-
put setting, including in-house cloning by the use of automated methods such
as a solid phase cloning (SPC) protocol (Paper II) and over 45,000 recom-
binant human protein fragments have been individually produced. Paper II
introduces an automation process for scar-free cloning setup as well as sev-
eral applications for SPC that it is particularly suitable for high-throughput
efforts by the use of automated laboratory workstations. The method used
for cloning of PrEST fragments has so far performed over 65.000∗ cloning
tasks and is a part of a robust workflow with an overall success-rate of 85%
since a magnetic bead system was taken into use in 2003. One apparent
competitor to in-house cloning is the huge decrease in cost of on-demand
DNA synthesis, which also has improved in term of product-length. This
leads to that complete constructs more often are ordered than generated by

∗September 5, 2016
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Figure 19: Overview of PrEST peptide screening workflow used in Paper V
for spectral library generation.

in-house cloning for some applications. One example where cloning still is
more efficient is the high-throughput single-chain transfer using head-to-tail
SPC presented in this study. In the example, a system for the routine assem-
bly of 96 full-length heavy and light chains of antibodies was performed in
just a few hours, compared to the time and cost of synthesizing all of them.
The method for direct incorporation of synthetic oligos will also benefit from
the current development with reduction in oligo cost and increased synthesis
length as this become more affordable for the proteomics community, with
the ability to produce variants of a defined set of fusion proteins for mass
spectrometry detection purposes.

For PRM and data-independent acquisition methods, a high-quality spectral
library database that acts as a template for the target signal extraction from
the fragment spectra is a prerequisite for successful target identification and
subsequent peptide quantification. The high throughput screening study that
was performed in Paper V assessed the usefulness of the PrEST recombinant
protein fragments as a subset of the PrEST library of more than 26,000 indi-
vidually purified fragments were used for assay generation. These fragments
were pooled in equimolar amounts into 384- or 768-plex pools and enzy-
matically digested by trypsin using a standardized protocol and analyzed by
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shotgun MS. Spectral libraries were refined by only selecting high quality and
high confident peptides and were finally filtered by only allowing proteotypic
peptides (7-35aa, no methionines, specific to one gene) to be included in the
final library build. The investigation revealed that the majority of all PrESTs
with available tryptic peptides were successfully identified in the screening.
Notably, not all of the analyzed protein fragments could be identified (1,755),
as these fragments do not yield any theoretical tryptic peptide due to their
amino acid composition. They were limited by their short sequence length
due to high sequence similarty to other human proteins when designed for
optimal immunization characteristics (some PrESTs only consist of 20-50
amino acids). It would thus be interesting to use this resource to generate
spectral libraries for other enzymes than trypsin. Also, the identified pep-
tides consist of 5,734 novel peptides that have not been described previously
in the Peptide Atlas†. Also, identified peptides are released from PrESTs
during enzymatic degradation will mimic the environment of a real experi-
ment where the enzyme efficiency is accounted for in contrast to screening of
large synthetic peptide libraries, also highlighted in Paper V.

Targeted analysis by data-independent acquisition offers new possibilities
for highly multiplexed peptide and protein quantification experiments. In
summary, the study shows that a subset of the already existing resource of
more than 40,000 individually purified recombinant human protein fragments
originating from the HPA project can work as templates for the development
of targeted assays.

Protein quantification using immuno-enrichment and mass
spectrometry (Paper I)

As mentioned above, many mass spectrometry methods struggle with the
dynamic range of different proteomes. Extensive fractionation before or af-
ter protein hydrolysis can be one solution to the problem and allow for a
deeper proteome coverage. However, this negatively affects the downstream
protein quantification as much information risk to be lost as well as that the
technical variation will increase [213]. Another option can be to use affinity
regents to decrease the sample complexity and allow for specific enrichment

†Human 9606 build, January 2016
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Figure 20: Top: Overview of PrEST-SILAC technology with multiple pep-
tide fractions separated by pI and deep proteome analysis. Bottom: Immuno-
SILAC technology enrhich peptides by immobilized antibodies and only a few
peptides are targeted and enriched prior to MS-analysis.

either at the protein or peptide level. Antibody based enrichment of peptides
coupled to mass spectrometry (MS) has been shown to be a valuable tool
for targeted proteomics and methods like SISCAPA enable high through-
put protein quantification from very complex samples with high sensitivity,
specificity and precision. However, this technique has so far been limited to
the study of protein targets where monoclonal anti-peptide antibodies are
available.

In Paper I, we introduce a method for absolute protein quantification with
mass spectrometry read-out in combination with the usage of heavy la-
beled PrESTs. This method, called immuno-SILAC, takes full advantage
of the HPA resource. Here, QPrEST protein fragments are spiked in known
amounts into a protein sample, digested by trypsin and antibodies gener-
ated towards the same protein fragment is used to capture the correspond-
ing peptides before mass spectrometry analysis. Standards are spiked into
cell lysates prior enzymatic degradation limiting the risk of errors to arise
between samples and standards throughout the sample preparation. This
especially helps to compensate for biases introduced during the enzymatic
degradation. Heavy and light peptides are later enriched from the tryptic
peptide mixture on a magnetic solid-phase support using validated polyclonal
antibodies originating form the HPA project.
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We initially performed epitope mapping of 941 polyclonal antibodies on high-
density arrays with 12-mer synthetic peptides that covered the full antigen
sequences by one amino acid overlap. From this investigation, we could con-
clude that each rabbit polyclonal antibody had epitopes ranging from none
up to ten linear epitopes with a median of 2.9 epitopes per monospecific
antibody. As the antibodies were able to bind to linear epitopes presented
on the planar array, this also suggested that the antibodies should be able
to bind peptides from hydrolyzed recombinant protein sequences. The epi-
tope mapping also revealed that a substantial proportion of the epitopes
contained one Arginine or Lysine, which raises concerns with trypsin as it
is used for the protein degradation. Also, the epitope mapping only con-
tains 12-mer peptides and may miss longer peptides that potentially can be
found in a subsequent mass spectrometry analysis. In order to assess the
usefulness of polyclonal antibodies raised against PrESTs for peptide affinity
enrichment, a subset of 150 randomly selected antibodies from the pool of
epitope mapped antibodies were chosen to be evaluated in a setup where the
corresponding 150 PrEST proteins were hydrolyzed into peptides by trypsin.
As the polyclonal resource of antibodies is limited, substantial efforts were
made to keep assay volumes low and a semi-automated protocol was per-
formed by the use of a robotics workstation. As little as 50 ng per antibody
was used for each enrichment, performed in multiplex from a pool of digested
PrEST fragments. Heavy and light peptide ratios were determined by mass
spectrometry after elution from the beads, yielding the endogenous target
protein concentration.

The quantitative results were compared to another method available for pro-
tein quantification. Here, an antibody-free method called PrEST-SILAC
was performed, originally developed by Mann and co-workers [234] and ear-
lier examples of this method allowed protein copy numbers in cell lines to be
accurately measured over a large dynamic range from 20 million proteins per
cell down to 6,000 proteins per cell. In the study presented in Paper I, 41 an-
tibodies were used for enrichment of peptides from one HeLa cell lysate with
corresponding spike in of heavy labeled PrESTs. Twenty one proteins were
successfully quantified in the 41-plex setup after affinity enrichment. The
result show good correlation with protein concentrations determined with
the established PrEST-SILAC technology (Figure 21). For immuno-SILAC,
a 15-minute HPLC gradient was enough for sufficient peptide separation but
the lower limit was not explored as the column had to be reconditioned and
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Figure 21: A. Identified epitope regions (green) and detected peptides from
PrEST-SILAC (yellow) and enriched peptides from immuno-SILAC (blue).
B. Protein quantifcation comparison between Immuno-SILAC (y-axis) and
PrEST-SILAC (x-axis).

equilibrated for a total of 25 minutes per run. In comparison; for PrEST-
SILAC, the sample was first divided into six fractions and each fraction was
thereafter further separated on a HPLC column using a 3 h gradient. The
total time for one sample replicate to be analyzed for PrEST-SILAC took
18 hours (24 hours including equilibration and recondition of the column) of
mass spectrometry time, in contrast, the analysis for Immuno-SILAC only
took 15 minutes at that time.

As many epitopes contain Arginine or Lysine, the result from the MS analysis
revealed substantial amount of miscleaved peptides that were enriched as the
epitope stretched over the trypsin cleavage site. Here, DAP3 were identified
with several missed cleavages by peptides not identified by the PrEST-SILAC
protocol with extensive fractionation. The number of peptides detected for
DAP3 highlights that the quantitative accuracy most likely is higher for
Immuno-SILAC than for PrEST-SILAC in this case, with a higher number
of observed peptides (Figure 22).

Overall, the quantitative reproducibility was compared with PrEST-SILAC,
yielding an R2 of 0.91 between the two methods. However, Immuno-SILAC

56



Figure 22: Enriched peptides from immuno-SILAC (blue) and identified by
PrEST-SILAC (yellow).

57



generally delivered slightly higher coefficients of variation between 10-40%
for the majority of the proteins in comparison to the PrEST-SILAC method
that based the quantification on more data points. At this time, both meth-
ods were performed in shotgun mode, which preferably would have been
performed in targeted mode if that type of instrumentation had been avail-
able.

Correlation between RNA and protein levels (Paper III,
IV)

The degree of correlation between RNA and protein levels has been a con-
troversial issue for many years as many articles have been published with
opposing views regarding this topic and numerous reports have been pub-
lished coming to the conclusion that proteome and transcriptome abun-
dances are not sufficiently correlated to act as proxies for each other. On
the contrary, other recently published articles suggest a correlation between
the steady-state levels of mRNA and proteins in human cell lines and tis-
sues [225,235,236]. Here, it is important to distinguish between the different
types of correlation that can be made between protein- and RNA-levels. The
corresponding transcript can correlate with its corresponding protein lev-
els across different conditions, cell types, tissues, individuals and over time
(Figure 23).

By measuring both the abundance of protein and RNA, these two core pil-
lars of the central dogma can be correlated against each other [235]. Several
groups have investigated if concentrations of protein levels measured under
the same condition can be explained by the variation observed at transcript
levels and have come to very different conclusions [219]. As an example,
Schwanhausser et al. [237] performed a comprehensive study where they in-
vestigated the direct correlation between mRNA and protein levels in mam-
malian cells by the use of SILAC for protein quantification and RNA-seq
to assess the RNA abundance. They came to the conclusion that around
40% of the variance at protein levels can be explained directly by the vari-
ance at the mRNA level (R2 = 0.41). Another study performed on the same
dataset, performed by Li et al. [238] re-evaluated the statistical model and
came to the conclusion that 56-84% of the protein variance can be explained
by the mRNA variance alone. The presence or absence of this correlation
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Figure 23: A. Gene specific RNA and protein correlation across samples.
B. Pairwise comparison as rna-to-protein ratio is visualized. Adapted from
Liu et al. (2016) [235].

has profound biological relevance in order to understand if the tissue-specific
regulation of protein abundances is predominately regulated on the transcrip-
tional level or not. In addition, this has important implications on biology
and large scale transcriptomics initiatives to establish if mRNA levels can be
used as proxies for the corresponding protein levels.

In Paper III, we developed targeted proteomics assays aimed towards 55
genes, which enabled the determination of the absolute copy number of the
targeted proteins. The assay involved spike-in of known amounts of isotope-
labeled recombinant protein fragments that allowed for subsequent copy num-
ber determination of the corresponding protein target by a PRM assay. We
took advantage of the PrEST resource and developed a quantitative assay
for the four core histone subunits (H2A, H2B, H3 and H4), known to be
equally distributed along the chromosomes [18]. Also, histones have previ-
ously been shown to give a good estimate of DNA content in various samples
as it has been used to determine the number of cells in tissue by a label-
free approach [239]. An analysis of the tissues showed that there are many
more cells per milligram tissue from spleen and tonsil as compared to the
cardiac cells with 30 times more protein per weight tissue (Figure 24). Each
tissue sample was thus normalized based on the number of cells present in
the tissue lysate, thus eliminating problems with total protein content from
extracellular matrix and different sizes of cells in the tissues.
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Figure 24: Cell number normalization for tissue samples based on total
histone content. A. Relative amount of cells per ug tissue. B. IHC stainings
for three tissues; Heart, Kidney and Tonsil.

We explored a new targeted proteomics approach to measure absolute pro-
tein copy numbers across a number of human cells lines and tissues and later
compared the protein levels against the corresponding mRNA levels deter-
mined by the state-of-the-art RNA-seq technology and reported as transcript
per million (TPM). The results for 55 human genes show that a gene-specific
RNA-to-protein conversion factor can be observed between protein and RNA
levels (Figure 25), which implies the possibility to predict the number of
protein molecules per cell from the corresponding TPM value with a median
Pearson correlation of 0.92 (R2 of 0.85, which is in line with the re-evaluation
performed by Li et al.). The results demonstrate the relevance and useful-
ness of RNA expression resources for proteomics studies, thereby providing
a valuable resource for the medical and life science community.

The results presented in Paper III suggest that a gene-specific mRNA-to-
protein conversion ratio can be determined independent of cell or tissue origin
and that this ratio differs several orders of magnitude between genes. Our
results support the view that the steady-state protein levels are predomi-
nantly determined by transcriptional regulation and that the steady-state
level of a protein for a given gene is directly proportional to the steady-state
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Figure 25: Gene specific correlation between mRNA and protein. Direct
correlation (purple), and correlation after the gene specific RTP-conversion
factor is introduced (blue). Pearsion r (r) and Spearman rho (p).

level of the corresponding mRNA, independent of cellular origin (Figure 25).
Thus, we conclude that transcriptome analysis can be used as a powerful
tool to predict corresponding protein copy numbers, forming an attractive
link between the field of genomics and proteomics.

Antibody validation by the use of orthogonal methods
(Paper IV)

Antibody validation is central and the single most important issue for any an-
tibody based experiment. Once a new affinity reagent towards a protein has
been generated, systematic validation and verification has to be performed
in order to ensure target specificity before any identification or quantitative
experiments can be performed. There is a large number of functional protein
assays available, including WB, IHC and IF, but no assay perform better
than the quality of the antibody used to generate the data. It is thus very
challenging to generate affinity reagents suitable for protein analysis as high-
lighted in the second chapter of this thesis, and validation of the specificity
and reproducibility of affinity reagents can be very troublesome. Antibodies
should be validated in an application and context-specific manner and many
antibody-dependent assays use different sample handling methods with vary-
ing degree of the proteins present in the sample. There are many factors that
should be considered when designing an antibody validation experiment, and
most frequently used method for this is WB. Several initiatives aim to clean
up in the mess of unspecific antibodies being used in protein related research,
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Figure 26: Strategy for orthogonal validation of antibodies for Western blot
application.

and according to the Antibodypedia portal (www.antibodypedia.org) [240],
more than 2 million commercially available antibodies are supporting the WB
application. The advantage of WB method is the fact that an approximate
size of the target protein is obtained from the assay, and that off-target bind-
ing can be identified as additional bands. However, many proteins will also
shift in size compared to the predicted molecular weight from the genome
sequence, due to proteolytic processing and/or various PTMs, including gly-
cosylation.

This makes it difficult to assess the specificity of an antibody based simply
on the size of the band. In addition, the mobility of a particular protein in
the electrophoresis step can vary considerably between proteins, thus making
size estimates difficult and less precise. Furthermore, it is not unlikely that
proteins with off-target binding have similar size to the target protein and
thus can be mistaken for the correct band. Consequently, there is a need
for complementary validation principles for antibody-based WB applications
and there are a number of emerging and established technologies available
that can be utilized for antibody validation. In Paper IV, we developed a
method for orthogonal validation of WB bands from antibodies by corre-
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by targeted mass spectrometry across all eight cell lines.

lating WB intensities against quantified proteins across eight cell lines. By
correlating the data obtained by integration of the WB band against protein
data quantified by MS and transcriptomics data from RNA-seq, we could
identify the correct band as well as cross-reactive bands on the gel. This
study managed to validate 29 of 33 antibodies based on a orthogonal valida-
tion scheme, thus opening up for new alternatives for antibody validation in
the field.
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Concluding remarks and future directions

This thesis is focused around proteins and different ways of quantifying
them, both by antibody- and mass spectrometry-based methods. In gen-
eral, the quality and performance of immunoassays in laboratories across
the world today is far from perfect, as highlighted by a number of recent
publications and editorials referring to the common shared problem among
researchers [241–248]. From the researchers point of view, there are several
issues that have to be addressed in order to generate robust quantitative
affinity-based protein assays to ensure that the affinity reagent is specific
under the given circumstance. Recently, there has been a renaissance in the
field as reagents are evaluated more thoroughly and efforts are made to re-
port if antibodies are successful or not than ever before [93]. There has also
been a shift towards context-dependent validation, which is something that
definitely will be a central part of antibody validation for many years to come
as the research community currently is in the process of defining guidelines
and developing novel technologies for evaluation purposes. Immunoassays
are thus still considered as the gold standard for protein quantification (e.g.
ELISA or WB), but mass spectrometers have the possibility to give new
insights into the field of quantitative proteomics as targeted assays are be-
coming more available for the common molecular biology lab, as well as the
need for technical know-how steadily decreases also due to standardization
in the field. This will finally open up for many more targets to be quantified
as the throughput of mass spectrometers widely exceeds the throughput of
WB technology.

However, I foresee that discovery proteomics will continue to be the main type
of proteomics assay performed in laboratories for multiple years to come, until
reagents for targeted efforts have become cheap and affordable enough for the
broader research community to apply this type technology in a sufficiently
high multiplex setting. The use and availability of reagents is central for an
eventual transition from a discovery-based experiment into a more targeted
approach with a predefined research question.

One of the benefits when developing targeted assays by the use of full-length
proteins or fragments is the flexibility and ability to change method parame-
ters or even use different enzymes for proteolysis, thus opening up for highly
customable experimental settings. The use of synthetic peptides such as the
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SRM Atlas effort, which has been ongoing since 2010, base their complete
human atlas build on trypsin derived peptides. This was done by synthe-
sizing almost 200,000 peptides and subsequently analyzing them in multiple
LC-MS/MS runs to generate assay coordinates for each peptide. However,
this will most likely consolidate the use of trypsin even more in a field already
with a very narrow view towards alternative proteases.

Technologies used for validation should strive to keep the sample handling in
a high throughput setting, but mass spectrometers do not reach high enough
sample numbers with currently available technologies to be applicable in rou-
tine clinical diagnostics. This makes the use of them in a clinical screening
setting rather anecdotic, even thus the speed can be increased by sacrificing
the sensitivity of an assay, but they cannot compete with traditional immuno-
assays in terms of sample throughput as it may take several hours to analyze
one sample with one mass spectrometer. As a consequence, samples like
serum and plasma will never be suitable to only be monitored by mass spec-
trometry, without any upfront affinity enrichment in a clinical setting, unless
the analysis is limited to the highest abundant proteins. According to the
number of proteoforms currently measured in normal clinical laboratories to-
day, more than 40% are within reach for mass spectrometry based methods
with relatively short gradients used for peptide separation [228, 249]. Here,
the time for analysis is crucial, as sample throughput cannot be matched
by the level of parallelization and number of samples that can be analyzed
by ELISAs or suspension bead array technologies, where tens to hundreds
of samples can be analyzed in parallel. These assays have about hundred
times higher throughput than currently available MS-technologies based on
upfront RPLC separation. However, mass spectrometers can work day and
night which make them able to process around 150 samples a week with the
same setup used in Paper V, quantifying up to 100 proteins with unmatched
specificity and precision on an absolute scale, which is much higher multiplex
than clinical assays available today, as just above hundred proteins are mea-
sured in serum or plasma as approved by the Food and Drug Administration
(FDA) [249]. This quantitative setting can generate valuable information
about patient cohorts for up to hundred patient samples within a feasible
timeframe.

Regarding the different technologies explored in this thesis, I believe that the
combination of affinity reagents and mass spectrometry read-out will be the
method of choice for clinical and diagnostic applications in a close future. The
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rapid turnaround and absolute quantification by singleplex MALDI is one
attractive approach, or the use of the rapid fire technology present in many
clinical chemistry laboratories today. Other alternatives to plasma analysis
read-out is of course the proximity ligation assay that has been proven to
be very sensitive thanks to the combination of PCR amplification, also with
an increased selectivity from the dual binding event both at the antibody
and DNA level. However, this method, as any other affinity technology, is
restricted to targets where available and highly specific assay reagents are
available. Therefore, affinity enrichment in combination with MS read-out
has the potential to account for some off-target interactions and is therefore
very likely going to be the method of choice for many clinical diagnostics
assays in the future.

As stated in Paper III, the steady state levels of proteins can be approximated
from the mRNA levels that are determined by RNA-seq. It is important to
note that this model is restricted to cell-state and steady-state transitions
and any perturbation of the system may induce a signal delay between the
quick mRNA response and slower changing protein level [235]. However,
multiple experiments are carried out today in cell lines and tissues at steady
state, and a more complete picture could have been achieved by a transcrip-
tomics approach, covering the complete transcriptome rather than looking
at a small fraction of all peptides from a few thousands of proteins obtained
from multiple shotgun experiments. Importantly, proteomics experiments
should not be replaced by transcriptomics approaches, instead, I propose
that proteomics experiments should be carried out with a defined research
question based on information identified from transcriptomics data. In such
a setting, proteomics has the unique ability to look at PTMs present within a
proteome, unreachable by transcriptomics analysis (eg. phospho proteomics),
or to accurately quantify fold changes of a subset of proteins involved in cell
signaling in response to drugs or be focusing on protein samples were tran-
script data is unavailable. Therefore, the world of mass spectrometry-based
proteomics will most likely consolidate and focus on questions unreachable
by any transcriptome analysis, such as blood or secreted proteins where the
link between mRNA and protein is broken. The field of proteomics will
pay more attention to cell-signalling events, protein-protein interactions (i.e.
crosslink-masspectrometry) and ultimately focus on all the PTMs that acti-
vate or deactivate proteins between different biological states.
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Mann. Super-SILAC mix for quantitative proteomics of human tumor tissue. Nature
Methods, 7(5):383–385, May 2010.

[202] Anjana Shenoy and Tamar Geiger. Super-SILAC: current trends and future per-
spectives. Expert review of proteomics, 12(1):13–19, February 2015.
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[221] Erik Ahrné, Lars Molzahn, Timo Glatter, and Alexander Schmidt. Critical assess-
ment of proteome-wide label-free absolute abundance estimation strategies. Pro-
teomics, 13(17):2567–2578, July 2013.

[222] Alexander S Hebert, Alicia L Richards, Derek J Bailey, Arne Ulbrich, Emma E
Coughlin, Michael S Westphall, and Joshua J Coon. The One Hour Yeast Proteome.
Molecular & Cellular Proteomics, 13(1):339–347, January 2014.

[223] Lydie Lane, Amos Bairoch, Ronald C Beavis, Eric W Deutsch, Pascale Gaudet,
Emma Lundberg, and Gilbert S Omenn. Metrics for the Human Proteome Project
2013-2014 and strategies for finding missing proteins. Journal of Proteome Research,
13(1):15–20, January 2014.

87



[224] Min-Sik Kim, Sneha M Pinto, Derese Getnet, Raja Sekhar Nirujogi, Srikanth S
Manda, et al. A draft map of the human proteome. Nature, 509(7502):575–581,
May 2014.

[225] Mathias Wilhelm, Judith Schlegl, Hannes Hahne, Amin Moghaddas Gholami, et al.
Mass-spectrometry-based draft of the human proteome. Nature, 509(7502):582–587,
May 2014.

[226] Mikhail M Savitski, Mathias Wilhelm, Hannes Hahne, Bernhard Kuster, and Marcus
Bantscheff. A scalable approach for protein false discovery rate estimation in large
proteomic data sets. Molecular & Cellular Proteomics, 14(9):mcp.M114.046995–
2404, May 2015.

[227] Terry Farrah, Eric W Deutsch, Gilbert S Omenn, David S Campbell, Zhi Sun,
Julie A Bletz, Parag Mallick, Jonathan E Katz, Johan Malmström, Reto Ossola,
Julian D Watts, Biaoyang Lin, Hui Zhang, Robert L Moritz, and Ruedi Aebersold.
A high-confidence human plasma proteome reference set with estimated concen-
trations in PeptideAtlas. Molecular & Cellular Proteomics, 10(9):M110.006353–
M110.006353, September 2011.

[228] Philipp E Geyer, Nils A Kulak, Garwin Pichler, Lesca M Holdt, Daniel Teupser, and
Matthias Mann. Plasma Proteome Profiling to Assess Human Health and Disease.
Cell systems, 2(3):185–195, March 2016.

[229] Andrew G Chambers, Andrew J Percy, Juncong Yang, and Christoph H Borchers.
Multiple Reaction Monitoring Enables Precise Quantification of 97 Proteins in Dried
Blood Spots. Molecular & Cellular Proteomics, 14(11):3094–3104, November 2015.

[230] Paola Picotti, Oliver Rinner, Robert Stallmach, Franziska Dautel, Terry Farrah,
Bruno Domon, Holger Wenschuh, and Ruedi Aebersold. High-throughput generation
of selected reaction-monitoring assays for proteins and proteomes. Nature Methods,
7(1):43–46, January 2010.

[231] Olga T Schubert, Ludovic C Gillet, Ben C Collins, Pedro Navarro, George Rosen-
berger, Witold E Wolski, Henry Lam, Dario Amodei, Parag Mallick, Brendan
MacLean, and Ruedi Aebersold. Building high-quality assay libraries for targeted
analysis of SWATH MS data. Nature protocols, 10(3):426–441, March 2015.

[232] Philip J Brownridge, Victoria M Harman, Deborah M Simpson, and Robert J
Beynon. Absolute multiplexed protein quantification using QconCAT technology.
Methods in molecular biology (Clifton, N.J.), 893(Chapter 18):267–293, 2012.

[233] Tove Boström. QPrESTTM—isotope-labeled multipeptide standards for quantita-
tive mass spectrometry–based proteomics .

[234] Marlis Zeiler, Werner L Straube, Emma Lundberg, Mathias Uhlén, and Matthias
Mann. A Protein Epitope Signature Tag (PrEST) library allows SILAC-based ab-
solute quantification and multiplexed determination of protein copy numbers in cell
lines. Molecular & Cellular Proteomics, 11(3):O111.009613–O111.009613, March
2012.

88



[235] Yansheng Liu, Andreas Beyer, and Ruedi Aebersold. On the Dependency of Cellular
Protein Levels on mRNA Abundance. Cell, 165(3):535–550, April 2016.

[236] Emma Lundberg, Linn Fagerberg, Daniel Klevebring, Ivan Matic, Tamar Geiger,
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