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ABSTRACT

BEHAVIOR OF ALPHA-2-MACROGLOBULIN UNIQUE PEPTIDES IN
BIOLOGICAL SAMPLES

Yildiz, Pelin
Master of Science, Chemistry
Supervisor: Assist. Prof. Dr. Siireyya Ozcan Kabasakal

August 2021, 132 pages

Proteomics is the comprehensive study of proteins and proteoforms. Proteomics
research enables the identification of new protein biomarkers for diagnostic
applications and investigates novel targets for drug development. In bottom-up
(shotgun) proteomics, proteins are digested using proteases, and corresponding
peptides are analyzed by mass spectrometry (MS). The peptide-centric approach
focuses on MS-based identification and/or quantification of only unique peptide(s)
of the protein. However, proteins often contain multiple unique peptides. Therefore,
the selection of the unique peptide representing the protein is crucial for both
qualitative and quantitative proteomics. Here, we investigated the relationship
between protein concentration and unique peptide responses under conventional
proteolytic digestion conditions. Alpha-2-macroglobulin (A2MG), a clinically
important protein associated with liver, lung, neurological diseases, and prostate
cancer, was selected as a reference protein. Two common proteases, trypsin, and a
trypsin/Lys-C mixture, were used for proteolytic digestion. Protein-peptide
correlation, digestion efficiency, matrix-effect, and concentration-effect were
evaluated for protein standard, human serum, and bovine serum. Twelve unique
A2MG peptides were monitored using triple quadrupole mass spectrometry (QQQ-

MS) operated in multiple reaction monitoring mode (MRM).



The protein-unique peptide correlations were assessed at eight protein concentration
levels. While a linear correlation was observed for all unique peptides at high
concentration levels (0.0536 — 0.1071 pg/ul), peptide correlation at low
concentration levels (0.0071 —0.0357 pg/ul) were variable for both enzymes. The
same investigation was performed in humanserum and bovine serumatthree A2MG
protein levels. The results showed that the change in protein level was not reflected

in peptide levels.

We further investigated the relationship between protein-peptide correlation and
certain peptide parameters such as pl value, peptide length, locations in the protein
structure, and the presence of reactive amino acids. Outcomes of the research
suggested that location of the peptides in the protein structure is the main factor
which affects the linear peptide correlation since peptides located inner regions of
the structure did not show linear correlation with other target peptides. Also, the
peptides with lowest pl values show opposite correlation amongall twelve A2MG
unique peptides. It was observed that the twelve A2MG unique peptides behave
different at different protein concentrations, as well as, various biological matrices.

This is the first study investigating dynamic protein-peptide correlations in
biological samples. The behavior of peptides at different concentrations and

biological environments is critical for protein-based biomarker studies.

Keywords: targeted proteomics, mass spectrometry, multiple reaction monitoring

(MRM), alpha-2-macroglobulin, unique peptide
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BiYOLOJIiK NUMUNELERDE ALFA-2-MAKROGLOBULIN OZGUN
PEPTITLERININ DAVRANISI

Yildiz, Pelin
Yuksek Lisans, Kimya
Tez Yoneticisi: Dr. Ogr. Uyesi Siireyya Ozcan Kabasakal

Agustos 2021, 132 sayfa

Proteomik, proteinlerin ve proteoformlarin kapsaml bir ¢alismasidir. Proteomik
arastirma, teshis uygulamalari i¢in yeni protein biyobelirteclerinin tanimlanmasmi
saglar ve ilag gelistirme ic¢in yeni hedefleri arastirir. ‘Bottom-up’ (Asagidan
yukariya) proteomikte, proteinler proteazlar kullanilarak sindirilir ve karsilik gelen
peptitler kiitle spektrometrisi (MS) ile analiz edilir. Peptit merkezli yaklagm,
proteinin yalnizca O0zgun peptit(ler)inin MS tabanli tanimlanmasma ve/veya
nicelenmesine odaklanir. Bununlabirlikte, proteinler genellikle birden fazla 6zgln
peptit icerir. Bu nedenle, proteini temsil eden 6zgin peptidin se¢imi, hem kalitatif
hem de Kkantitatif proteomik icin ¢cok énemlidir. Burada, geleneksel proteolitik
sindirim kosullarinda protein derisimini ile 6zglin peptit tepkileri arasindaki iliskiyi
arastirllmistir. Karaciger, akciger, norolojik hastaliklar ve prostat kanseri ile iligkili
klinik olarak énemli bir protein olan alfa-2-makroglobulin (A2MG) referans protein
olarak sec¢ilmistir. Proteolitik sindirim i¢in iki yaygm proteaz, tripsin ve bir
tripsin/Lys-C  karisimi  kullanilmigtir.  Protein-peptit korelasyonu, sindirim
verimliligi, matriks etkisi ve konsantrasyon etkisi, protein standardi, insan serumu
ve sigir serumu i¢in degerlendirilmistir. On iki A2MG 6zgun peptidi, ¢oklu
reaksiyon izleme modunda (MRM) calistirilan ti¢lii dort kutuplu kiitle spektrometrisi
(QQQ-MS) kullanilarak izlenmistir.
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Proteine 0zgii peptit korelasyonlari, sekiz protein derisimi Seviyesinde
degerlendirilmistir. Tim 0zglin peptitler i¢in ylksek derisim seviyelerinde (0.0536
— 0.1071 pg/ul) dogrusal bir korelasyon gozlemlenirken, diisiik derigim
seviyelerinde (0.0071 — 0.0357 pg/ul) peptit korelasyonu her iki enzim igin
degiskendir. Ayni arastirma, insan serumu ve sigir serumunda iic A2MG protein
seviyesinde gergeklestirilmistir. Sonuglar, protein seviyesindeki degisimin peptit

seviyelerini yansitmadigin1 géstermistir.

Protein-peptit korelasyonu ile pI degeri, peptit uzunlugu, protein yapisindaki yerler
ve reaktif amino asitlerin varligi gibi belirli peptit parametreleri arasindaki iligki de
arastirilmistir. Arastirma sonuglari, yapimn i¢ bdlgelerinde yer alan peptitlerin diger
hedef peptitlerle dogrusal korelasyon gostermediginden, protein yapisindaki
peptitlerin lokasyonunun dogrusal peptit korelasyonunu etkileyen ana faktor
oldugunu gostermistir. Ayrica, en diislik pl degerlerine sahip peptitler, on iki A2MG
0zgln peptitinin timi arasmnda zit korelasyon gosterir. On iki A2MG 0zgin
peptidinin, ¢esitli biyolojik matrikslerin yani sira farkli protein derisimlerinde farkh

davrandig gézlemlenmistir.

Bu, biyolojik 6rneklerde dinamik protein-peptit korelasyonlarini arastiran ilk
caligmadir. Peptitlerin farkli derisimlerde ve biyolojik ortamlardaki davranisi,

protein bazli biyobelirte¢ ¢caligmalari i¢in kritik dneme sahiptir.

Anahtar Kelimeler: hedefli proteomik, kiitle spektrometresi, coklu reaksiyon

izleme (MRM), alfa-2-makroglobdlin, 6zgin peptit
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I close my eyes, only for a moment and the moment's gone
All my dreams pass before my eyes, a curiosity

Dust in the wind
All we are is dust in the wind
Dust in the wind
Everything is dust in the wind

Same old song, just a drop of water in an endless sea
All we do crumbles to the ground, though we refuse to see

Dust in the wind
All we are is dust in the wind
Dust in the wind
Everything is dust in the wind

Now, don't hang on, nothing lasts forever but the earth and sky

It slips away, and all your money won't another minute buy

Dust in the wind
All we are is dust in the wind
Dust in the wind
Everything is dust in the wind

KANSAS — Dust in the Wind (1977)

| would like to dedicate this thesis to my family, my biggest supporters

my mom Ayca, my dad Arslan, my brother Kaan

and my lovely daughter Miso ...
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CHAPTER 1

INTRODUCTION

1.1 Introduction to Proteomics

Proteomics is the comprehensive investigation of protein structure and function. The
term was used first time by Marc Wilkins in 199412, Itis derived by combining the

words proteome and the suffix omics.

Protein
guantification Protein
Protein sequence
identification analysis
o Structural
rotein :
_ proteomics
roten ~ BRANCHES OF
Interaction
Experimental proteomics
bioinformatics
Cellular Protein
proteomics modification

Figure 1.1. The branches of proteomics. The figure is generated from "Applications
of Proteomics” by Abhilash, M., 2008, The Internet Journal of Genomics and

Proteomics, 4(1), 1-7.



The proteome expresses an entire set of proteins in a living organisms?, and adding
the suffix ‘omics’ to a molecular definition implies a thorough examination of

molecules.

By merging clinical data, the study of omics has been widely employed to generate
great insight into biological processes. Also, proteomics investigates and clarifies the
cause-and-effect relationship between proteins and their biological activities, as well
as how proteins influence biological processes. As a result, a wide range of omics
approaches has been emerged. Omics studies also include genomics,

transcriptomics, metabolomics, glycomics but are not limited to proteomics4.

Proteomics is such a wide area of study. Because of that, it is subdivided into sub-

branches, as shown in Figure 1.15.

Each branch concentrateson a different aspect of the protein's research. The studies
in proteomics are intended to better understand the structure and function of proteins,
how they perform their roles in living organisms, the relationship among proteins
and the impact of this relationship, and how they affect living systems. In other
words, proteomics is at the core of studies into the whole complement of proteins,
including concentrations, functions, isoforms, structures, interactions, modifications,

regulation, and localization in living organisms®-8,

1.11 Proteins

Proteinsare macromolecules composed of amino acids, which are knownas building
blocks of proteins. The synthesis of a protein starts with the peptide bond formation
between two amino acids. As a consequence of the peptide bond formation between
several amino acids, polypeptides, polymers, are produced. Proteins are polypeptide

chains that contain hundreds of amino acids®.

Proteins are at the center of body systems as they participate in numerous essential

biological reactions!®11, Proteins play a variety of roles in the body, including acting



as a catalyst. These catalyst proteins, well-known as enzymes, are present in almost
all biological processes and help to provide a chemical platform for biochemical
reactions!2, Proteins also play a critical part in transportation within the body.
Transport proteins help small molecules or ions to be transferred from one location
in the body to the other!3. One of the most prominentexamples is hemoglobin, which
transports oxygen from the lungs to and tissues within the body4. In addition,
proteins participate in the blood coagulation system1. The coagulation happens due
to the formation of insoluble fibrous proteins. Moreover, proteins are responsible for
gene regulation. These regulatory proteins control protein synthesis by participating
in replication, transcription, and translation>. Furthermore, proteins function as
antibodies in the body. Antibodies are also well-known as immunoglobulins which
detect unknown organisms such as viruses or bacteria to the human system, and
neutralize them16.17, In addition to the functions described above, proteins play
crucial roles in various biological processes such as producing cell movement,
transferring signals, including nerve impulse transmission, providing mechanical
support to cells and tissues, between or within cells, and etc18. Protein structural
changes serve such a wide range of biological functions because the four protein

structures mentioned below enable proteins to differentiate from each other.

Proteins have complex structures, and the chemical bonding between amino acids
assists protein’s stability and shape. Furthermore, proteins canbe folded, looped,and
curled differently from a one-dimensional structure to form a three-dimensional
molecule capable of performing various biological activities!8, Protein structures are
classified into four main categories. These are primary, secondary, tertiary, and
quaternary structures®. The primary structure is defined as the linear amino acid
sequence that forms the proteins. The secondary structure is the 3D form of protein
coiling orfoldingand is classified mainly into two types: alpha-helix and beta-sheet’.
The tertiary structure is the three-dimensional shape of a protein provided by various
bonds and forces such as hydrogen bonding, ionic bonding, disulfide bonding, and

hydrophaobic interactions!®. The quaternary structure is defined as the spatial



arrangement of subunits formed by interactions between multiple polypeptide
chains. Each polypeptide chain is referred as a subunit. The quaternary structures of
proteins may either contain many same or different subunits20. The quaternary
structure is classified based on the number of subunits as monomeric, dimeric,

tetrameric, etc.

Protein complexity is increased not only from four different protein structures but
also from proteoforms. The term proteoformis used to refer to all the various
molecular forms of the protein. They are generated by asingle gene, but the variation
in the structure is caused by genetic variants, alternatively spliced RNA transcripts,
and post-translational modifications (PTMs)2L. The differences in post-translational
modifications cause alterations in the protein structure and function. The following

section will go over post-translational modifications in detail.

1.1.2 Post-Translational Modifications

Post-translational modification (PTM) is a vital mechanism used by living organisms
to significantly regulate and alter their biological or chemical functionor activity 22,
These modifications are generally enzymatic modifications and enhance the protein's

nature by diversifying its functions and structures.

Glycosylation, phosphorylation, andacetylationare justafew of the PTMs that result
in many additional protein variants. Figure 1.224 represents the most common post-
translational modifications in human proteins from the Swiss-Prot database. The
most common three modifications are N-linked glycosylation, phosphorylation, and

acetylation, respectively.

Glycosylation is the term used for the biological process of binding of glycans
(complex sugar proteins) covalently getting attached to proteins and is named
according to the atom to which it is bound?>26, It is the process of attaching sugars

to proteins, and it produces more proteome variability than other PTMs since



differentsugars combine with various combinations, and the diversity rises when the
linkage isomers is included. N-linked glycosylation and O-linked glycosylation are
the two common kinds of glycosylation. The attachment of sugar through the
nitrogen atom (N) of asparagine amino acid of the protein is known as N-linked
glycosylation, which is the most frequently observed modification?6 as seen in
Figure 1.2, whereas the attachment of sugar through the oxygen atom (O) of the

amino acid serine or threonine is known as O-linked glycosylation.
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Figure 1.2. The list of the most common PTMs. The figure is regenerated from
"Proteome-Wide Post-Translational Modification Statistics: Frequency Analysis
and Curation of The Swiss-Prot Database" by Khoury, G. A., Baliban, R. C.,
Floudas, C. A., 2011, Scientific Reports, 1(5), 1-5.



Phosphorylation is a biological process in which a phosphoryl group is attached to a
polypeptide chain?’. One of the most common PTMs is protein acetylation, which

involves attaching an acetyl group to a specific location on a protein2e,

The protein isoforms are one of the factors that contribute to increased protein
complexity. Itis a protein variant that is a part of a group of nearly identical proteins
which all derive from the same gene or gene family but diverge genetically. Protein
variants are caused by PTMs, which generate proteoforms and isoforms of the
protein. Furthermore, these modifications affect biological processes reversibly or
irreversibly22, Asa result, they alter the activity, function, structure, interactions, and

location of the protein, as well as increasing its diversity.

Protein identification and quantification are becoming more challenging due to the
presence of many protein forms described above. To this end, robust and sensitive
targeted and untargeted proteomics approaches should be utilized for clinical

applications.

1.13 Targeted and Untargeted Proteomics

Targeted proteomics has risen in importance as a method for detecting proteins of
interest with high sensitivity, quantitative precision, and repeatability in mass
spectrometry-based protein quantification?. On the other hand, untargeted
proteomics is a common technique for identifying and/or quantifying as many

proteins as feasible, but only in a relative manner0.

The studies of proteomics can be categorized as qualitative and quantitative
proteomics. The main purpose of qualitative analysis is to identify as many proteins
as possible in biological mixtures. Because of this manner, qualitative analysis is
based on an untargeted approach. Protein identification is the process following
steps: i) cleaving proteins with a protease, ii) analyzing protein products by mass

spectrometry (MS) iii) using reference peptide libraries to identify the proteins. In



addition, protein identification means matching experimental mass spectral data of
peptides with MS peptide libraries to determine the proteins. The procedure
described in Figure 1.3 is followed for protein identification. Nevertheless,
increased biological sample complexity, different proteoforms, and a wide dynamic
range of proteins result in limiting peptide identification reproducibility and
quantification consistency in untargeted approaches31. On the other hand, the
primary purpose of quantitative proteomics in clinical research is to identify and

quantify many proteins in various biological samples.

Protein Identification
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Figure 1.3. The following steps for protein identification and protein quantification
in proteomics

In quantitative proteomics, enzyme-linked immunosorbent assay (ELISA) is one of
the widely used chemiluminescence techniques to discover biomarkers for protein
quantification in clinical research3l. Although ELISA is frequently used for protein
quantification, it is expensive3?, has batch-to-batch variations3!, and challenges with
multiplexed analysis due to cross-reactivity32. Therefore, MS-based techniques are
better alternative tools because it is more reproducible and has multiplex

characteristics, meaning that several analytes can be analyzed simultaneously. In



addition, quantitative analysis is based on a targeted approach, and analysis steps are
shown in Figure 1.3. The targeted strategy produces widespread, accurate, and
reproducible data. This analysis can be used with either top-down or bottom-up

proteomics3l,

There are two main approaches used in qualitative and/or quantitative proteomics:

bottom-up and top-down proteomics in Figure 1.433,
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Figure 1.4. The workflow of methods commonly used in proteomics. The figure is
regenerated from "The Pros and Cons of Peptide-Centric Proteomics" by Duncan,
M. W., Aebersold, R., Caprioli, R. M., 2010, Nature Biotechnology, 28(7), 659-664.

In the top-down approach, intact proteins are examined by mass spectrometry
without any enzymatic digestion. Top-down proteomics’ ability to achieve intact
protein characterization has made it particularly valuable for analyzing single
proteins or simple mixtures of biological interest. Furthermore, the top-down
proteomics is generally used for the characterization of proteins. Besides, the

bottom-up proteomics is used to characterize and quantify the proteins. However,



top-down proteomics has fallen behind bottom-up proteomics in terms of proteome
coverage, sensitivity, and throughput due to the technological challenges of

proteome-wide analysis at the intact protein level34.

Bottom-up proteomics is also referred to as shotgun proteomics. In bottom-up
proteomics, the peptide-centric approach is used for identifying and/or quantifying

proteins in the biological environment. The primary assumption of this strategy is

illustrated in Figure 1.53,
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Figure 1.5. The representation of peptide-centric approach in proteomics. The
figure is regenerated from "Proteomics: Technologies and Their Applications" by
Aslam, B., Basit, M., Nisar, M. A., Khurshid, M., Rasool, M. H., 2017, Journal of
Chromatographic Science, 55(2) 182-196.

To briefly summarize the diagram, proteins are digested into peptides. The unique
peptides of the proteins are selected among all obtained peptides. Then, high-
resolution mass spectrometry determines the proteins in the original biological
sample by using their unique peptides33. The term "unique peptide™ is used to
describe peptides that are distinct to a protein. The digested protein is identified by
these specific peptides thanks to this characteristic. Protein identification is
performed by matching the obtained mass results with the peptide and/or protein
libraries. In addition, the peptide-centric approach can be used for protein

quantification.



Inbrief, heavy isotope-labeled synthetic peptides36 are utilized to peptidesof targeted
proteins in the biological environment. As a result, specified proteins can be

quantified with high precision, either relative or absolute.

Proteins are identified by their unique peptides in the peptide-centric approach, as
discussed previously. This approach assumes a linear correlation between the
selected unique peptide and identified protein. However, proteins frequently contain
many unique peptides. According to this strategy, all unique peptides in the protein
should behave the same in different circumstances. The selection of unique peptides
for representing protein becomes critical. There are criteria to be considered in the
selection of peptides in the literature. Despite there are numerous criteria for
selecting unique peptides, such as peptide length, lack of post-translational
modifications, and avoidance of chemically active amino acids residues that can
cause oxidation, acetylation, and so on, there is no evidence in the literature on

determining the unique peptide that represents the protein the best3’.

1.14 Enzymatic Digestion in Proteomics

One of the essential processes in proteomics study is the sample preparation, which
directly impacts the experiment performances®. In proteomics, the traditional
enzymatic digestion method is to obtain a mixture of peptides by breaking down the
intact protein with a protease. This process occurs in the presence of external stress,
including heat, radiation, and urea38.3°, Following that, the mixture of peptides is
separated using reverse-phase liquid chromatography. Then, the peptides are

identified and/or quantified using mass spectrometry (MS).

Protease selection is a critical element in protein digestion because the number of
proteins is mainly affected by the protease's specificity. Higher specificity proteases
can identify more proteins than lower specificity proteases caused by incomplete
digestion or missed cleavage. Since the peptide databases are made up of particular
peptides generated by enzymes, it is simpler to identify peptides acquired from
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enzymes with high specificity40. In proteomics, trypsin is accepted as ‘the gold
standard enzyme’ for protein digestion. In other words, trypsin is the most common
enzyme to digest the proteins8into their peptides in mass spectrometry (MS)-based
proteomics since it has high cleavage efficiency and specificity4l. The following are
the optimized parameters mostly used in the literature for complete tryptic protein
digestion#2-69: incubation temperature is 37°C, incubation time is 16 hours, and the

protein:enzymeratio is 50:1 (w/w).

Trypsin cleaves proteins at the carboxyl side of the lysine and arginine amino acid
residues, asshown in Figure 1.6. Other proteasesare also mentioned in the literature:
chymotrypsin#6-52, Lys-C4249-51) Asp-N>2, Arg-C42, Glu-C®2, and so on.
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Figure 1.6. The illustration of protein digestion stepswith trypsin enzyme

The chymotrypsin cleaves at the carboxyl side of tryptophan, tyrosine, and
phenylalanine, amino acid residues of proteins. Furthermore, Lys-C cleaves the C-
terminus of lysine amino acids, Asp-C cleaves the C-terminus of asparagine amino
acids, Arg-C cleaves the C-terminus of arginine amino acids, and Glu-C cleaves the

C-terminus of glutamine amino acid residues of proteins.

In order to increase specificity protein digestion, enzyme combinations are recently
employed in clinical research®70. The purpose of combining multiple enzymes is to
improve the enzyme's digestion efficiency and prevent missed cleavage during
protein digestion. In other words, when compared to trypsin digestion alone, this

method yields a better number of protein identifications’.. For example, trypsin
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digestion is affected by amino acid residues close to the cleavage site and other
factors such as PTMs, local conformation, tertiary structure, and experimental
conditions?2, Consequently, trypsin cleaves less efficiently the protein fromall of the
lysine (K) and arginine (R) amino acids, resulting in incomplete digestion. Three

major factors influence trypsin’s efficiency’s:
1. The presence of a proline residue close to the cleavage site.
2. The basic residues such as lysine (K) and arginine (R) are present in the sequence.

3. The surrounding of the cleavage site by the negatively charged residues glutamate
(E) and aspartate (D).

Furthermore, highly folded proteins are resistant to proteolysis, and many protein
preparation chemicals limit trypsin activities’4. Trypsin digestion, in particular,
cleavage of lysine (K) amino acid residues becomes more difficult. Combining

trypsin with Lys-C improves these deficiencies?4.

1.15 Proteomics Based Disease Biomarker Studies

The development of new disease-associated biomarkers by proteomic analysis of
commonly available body fluids such as plasma and serum utilizing mass
spectrometry (MS)-based technologies provides exciting potential for better patient
care’>. The main purpose of clinical and translational proteomics is to improve
existing clinical practice by early accurate diagnosis, new biomarker identification,
and personalized medicine monitoring of disease progression and potentially

harmful effectss.

A biomarker is an expression for a disease indicator. The proteins are good sources
for biomarkers as they are easily found in biological fluids in living organism?”.
Protein biomarkers play an essential part in diagnosing diseases, disease progress
predictions, and tracking disease treatment response in clinical studies’’-7°. Before

the final clinical evaluation, the biomarker pipeline is generally consideredasa series
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of preclinical phases, such as biomarker identification and verification. The process
of biomarker verification is a test or procedure to see how effectively biomarker
measures, shows, and/or predictions of diseases. Furthermore, the capacity of a test
to properly predict a clinically significant response is described as clinical

verification.

Furthermore, large-scale verification studies of protein biomarkers are now possible
thanks to the robustness and high throughput of MS-based proteomics. The
proteomics-based tools for biomarker discovery have shown potential88! since
changes in protein expression, protein abundance, structure, or function can be
applied as indicators of pathological anomalies before the development of clinical
symptoms. In addition, biomarkers for the diseases can be identified by MS-based
clinic proteomics focused on identifying proteins in easily accessible body fluids,
such as cerebrospinal fluid, serum, or blood®. An ideal biomarker would be present
in the blood before clinical verification of the disease, have high sensitivity and

specificity, and be reproducible8s,

Because MS-based clinic proteomics is a promising area for disease diagnosis and
treatment, accurate and reliable analytical methods must be developed and
implemented. Despite significant advances in MS-based proteomics technologies,
the limits and challenges of using proteomics techniques as a routine diagnostic tool

in clinical practice should be validated?3.84,
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1.2 Introductionto Mass Spectrometry

1.21 A General Overview to Mass Spectrometry

Mass spectrometry (MS) is a powerful, sensitive, and selective analytical tool for
analyzing biological samples. It is widely applied in a variety of omics fields,
including proteomics, lipidomics, and metabolomics8. MS is an irreplaceable
instrument for proteomics research, as it can be used in both qualitative and
quantitative protein and peptide analysis. The working principle of MS is illustrated
in Figure 1.7. Accordingto this principle, the molecules are first introduced to an
ion source compartment with or withoutinletsystems such as liquid chromatography
(LC). The ion source has two modes: one is a positive mode, where the analyte is
protonated, while another is a negative mode, in which the analyte is deprotonated.
The introduced analyte is ionized, and then these ionized molecules are filtered in a
mass analyzer according to their mass-to-charge (m/z) ratio. The ions are sent to a
detector and measured to obtain the mass spectrum. The remaining ions of undesired

molecules are sent to the waste compartment.
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Figure 1.7. The schematic representation of mass spectrometer instrumentation

In general instrumentation, the MS components are in a vacuum environment. There
are various types of instruments available, depending on various combinations of
their compartments. The compartments of MS and instrument types are described in

the following sections in detail.
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1.2.2 lonization Techniques

In the ionization process in MS, molecules move into the mass spectrometer through
the inlet system and first arrive at the ionization source section. The negatively or

positively charged gas-phase ions are then directed to the mass analyzer section.

The ionization techniques, which are used in the analysis, are determined by the
properties of the analyte. Since proteins are non-volatile, polar, thermally labile with
high molecular weights, soft ionization techniques are favorable in protein and
peptide studies®. The term ‘soft ionization’ refers to the fact that it produces little
fragmentation. Two soft ionization techniques, listed below, are extensively used in

proteomics research.

Matrix-assisted laser desorption/ionization8” (MALDI) is a soft ionization technique
that requires laser energy to generate ions. The biomolecules are mixed with a
solution of an organic-based absorbent, well-known as the ‘matrix’. This part of the
process is only peculiar to this ionization technique. A pulsed laser beam irritates the
sample on the plate after it crystallizes within the matrix; generally, forming the
single-charged ions (protonated or deprotonated)82°, The biggest limitation of this
application is the ion suppression issue often observed during the analysis of

complex mixtures.

Electrospray ionization® (ESI) is another commonly used soft ionization technique.
The technique was first developed by John B. Fenn, Koichi Tanaka, and Kurt
Withrich, who were awarded the Nobel Prize in Chemistry in 2002. The invention
of this ionization technique has opened up new opportunities for research in the field
of proteomics. The basic working principle is that ESI utilizes electrical power to
move gas-phase ions. With the help of electric potential, the analyte solution that
arrives at the nozzle with the mobile phase is dispersed as charged droplets, which
then condense into smaller droplets. The analyte ions in the gas phase are analyzed
by the mass analyzer, shown in Figure 1.8. In addition, this technique allows the
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analysis of large biomolecules by converting them to ionic form?@6.91-93, Hence, it has

become an important technique in proteomics studies®.
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Figure 1.8. The schematic interpretation of the positive mode of the ESI process

Because both techniques have pros and cons, combining them, if possible, provides
higher performance and more information about the analyte®4. ESI is often used in
combination with time-of-flight (TOF), triple quadrupole (QQQ), and ion trap MS.
MALDI is frequently utilized in combination with TOF analyzers to determine the
mass of intact peptides®®%, Both techniques for measuring protein and peptideshave
advantagesand disadvantages. When they are compared, although MALDI isa faster

technique, ESI has higher reproducibility94.

123 Mass Analyzers

The massanalyzer isthe mostessential component of the MSinstruments. Moreovet,
mass spectrometers are named corresponding to their mass analyzers since this
compartment is where mass separation methods are used. Generally, four kinds of

analyzers are generally utilized in proteomics area®’.

Quadrupole (Q) mass analyzers are made up of four rods that are parallel to each

other. Itallows ions to travel by following the certain mass-to-charge ratio using the
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electric potential provided by the radio frequency (RF) and the direct current (DC)
voltage applied by two opposite parallel rods®.99, It essentially functions as a mass

filter within the MS instrument?2.

Time-of-flight (TOF) mass analyzers use time-of-flight measurements to calculate
an ion’s mass-to-charge (m/z) ratio. The ions are accelerated by a known electric
field, allowing them to obtain kinetic energy. Since the energy provided to ions
varies based on their mass-charge ratio, it allows them to be differentiated from one
another10.101 The ions with a particular m/z ratio enter the detector after being

separated from the others.

lon trap mass analyzers are a method for entrapping ions by combining electric and
magnetic fields. While ion trap mass analyzers work similarly to quadrupole mass
analyzers, the main difference is that they capture ions192, The captured masses are
stored because the hyperbolic metal electrodes located between the parallel rods
ensure that the trapped ions follow a circular flight direction®. As a result, they do
notwork as a mass filter102,

Fourier-transform ion cyclotron resonance (FTICR) mass analyzers enable ions to
gain cyclotron frequency while beingaccelerated by a cyclotron. The mass analyzers

use this frequency to calculate the m/z value of the ions103.104,

These mass spectrometers combined with multiple mass analyzers are referred to as
‘hybrid instruments’. Furthermore, tandem mass spectrometry (MS/MS) is another
term for hybrid instruments. There are numerous MS/MS available, including triple
quadrupole (QQQ), triple quadrupole ion trap (QQ-LIT), quadrupole time-of-flight
(Q-TOF), tandem time-of-flight (TOF-TOF), and linear ion trap Fourier transform
ion cyclotron resonance (LTQ-FTICR).

The triple quadrupole mass spectrometer (QQQ-MS) is one of the tandem mass
spectrometers. QQQ-MS is a good sensitive and specific analytical tool for
quantifying proteins and peptides in a biological environment105.196_|n addition, it

has multiple operational modes that can be used to perform different kinds of
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discovery and quantification197. The theory of operation of triple quadrupole mass
spectrometers is similar to that of a single quadrupole mass spectrometer. However,
using consecutive quadrupoles in QQQ instruments, it is possible to perform
multiple mass filtrations simultaneously with this more sophisticated approach. The

working principle of the MRM mode of the triple quadrupole instrument is

demonstrated in Figure 1.9.
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Figure 1.9. The schematic representation of MRM mode ona QQQ instrument

To explainthe diagram, gas-phase ions are produced in the ion source, and they enter
the first quadrupole (Q1 or MS1). The specific m/z values of intact peptide (parent
ion or precursor ion) are picked and directed to the second quadrupole (Q2).
Fragmentations of the precursor ions form when gas atoms collide with precursor
ions in the second quadrupole. The second quadrupole is also named the “collision
cell,” and the processiswell-known as ‘collision-induceddissociation’ (CID). These
terms will be explained in detail in the following section. Finally, specific fragment
ionsare selected amongall those producedfragmentionsin the third quadrupole (Q3
or MS2)108, These chosen fragment ions are also described as ‘daughter ion or
productions’. Then, productions are sentto the instrument detector. In contrast to
typical MS techniques, MS/MS systems enable a mass analysis to happen

sequentially in various locations of the instruments0°,



Multiple reaction monitoring (MRM) or selected reaction monitoring (SRM) is a
scanning mode of the QQQ-MS. This mode is used to quantify target proteins in
biological specimens. The first and third quadrupoles serve as mass filters, while the
second quadrupole produces fragment ions, as mentioned above. These targeted
precursor and product ion pairs are also known as ‘MRM transition’110, The
precursor ions of the peptides that identify the protein are specified as targets in
MRM-based protein quantification. These peptides’ fragmentions are generated, and
the earlier selected product ions are monitored. Since only MRM transitions of the
target peptide are scanned in this method, the instrument’s selectivity is significantly
enhanced!!, In addition, in the MRM process, only the MRM transition of one
peptide is seen in the separated time window defined for each scan. As a result, its
selectivity increases considerably as other transitions do not interfere. The increase
in selectivity enables quantifying low abundant proteins in highly complex
biological environments!12, Furthermore, this approach offers absolute or relative
protein quantification. Relative protein quantification measures variations in protein
concentration in biological samples, while absolute protein quantification defines

changes in protein concentration in biological samples based on standards10.111,

To summarize this, QQQ-MS is a sensitive and precise analytical method for
quantifying proteins and peptides in biological environments. Although QQQ
instruments have low resolution, they offer great specificity for protein
analysist13114 The MRM/ SRM, which is a targeted MS-based method, improves the
selectivity and sensitivity of the QQQ instruments. Because of its high specificity,
precision, and accuracy, the MRM/ SRM mode of QQQ-MS is considered a good fit
in protein and/or peptide quantification in complex biological mixtures!t>, and more

than one peptide can be quantified at the same time in a single analysis!10.
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124 The Vacuum System

A high vacuum system is required for MS instruments. A high vacuum is generally
generated by two pumps which are mechanical and turbomolecular pumps. These
pumps provide very low pressure between 102 and 10° torr86.116 to separate analyte

ions by eliminating the collision efficiently.

The ions in the gas phase are accelerated due to transferred from the ion source to
the detector, which is the main reason to use a high vacuum. Because the produced
ionsare highly reactive and have ashort lifetime®, they should arrive atthe detector
as fastas possible without colliding with other molecules such as air molecules?,
Vacuum system forms mean free paths to prevent undesired collisions because the
analyte ion can collide with another molecule, may be neutralized, scattered, reacted,
orfragmented. This procedure causes the loss of ionsused in detection. This collision
changes ions’ velocity or their forms. Therefore, interference caused by collisions is
observed in the mass spectrum due to the formation of molecules or any change in
the ion because of the collision. In other words, a high vacuum is used to improve
the mean free path of ions significantly. The mean free path is described as the
average distance a molecule travels without interacting or colliding with another

molecule.

1.25 Mass Resolution and Resolving Power

Mass resolution is used to define the ability to separate two mass spectral peaks that
have the closest m/z ratio depending on their masses and widths!17. Mass resolution
iIs among the most crucial factors in determining the efficiency of a mass analyzer
since it signifies the quality of the instrument’s performance. The followingequation

is used to calculate the term:
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where ‘R’ denotes mass resolution, ‘m’ denotes a specific mass-to-charge ratio, and
‘Am’ denotes the smallest difference in a specific m/z. The formula clearly shows

that mass resolution does not have a unit.

The ‘mass resolving power’ is often confused with the term mass resolution. Mass
resolving power, also known as resolving power, is described as the ability to

separate two closest mass spectral peaks with the same intensity or height.

1.26 Collision Induced Dissociation

The gas molecules collide with one another, and collisions between molecules result
in any apparentor importantchemical change. In MS instruments, the collision takes
place in the collision cell. This compartment contains inert gas molecules such as
helium (He), nitrogen (N,), and argon (Ar) at low pressure. Furthermore, nitrogen

gas is the most common and easily accessible inert gas.

The ions become energized and have translational energy when an electric potential
is applied to them118, As the energized precursor ions collide with the inert gas
molecules because of the applied electric voltage, the energy is transformed into
molecularvibration. Asaresultof these vibrations, ion fragments are generated. This
phenomenon is known as collision-induced dissociation (CID)1° or collision-
activated dissociation (CAD).

When peptide fragmentions with low energy are produced in the collision cell, many
ions form during the CID process, as represented in Figure 1.10. The most common
transition ions are y-type and b-type ions, which are observed upon cleavage of the
amide backbonedue to apparentcollision-induced dissociation. Thatis, they are ions
produced upon the peptide bond cleavage. As a result, a significant number of
overlapping b- (N-terminal ions) and y-type ions are formed (C-terminal ions)120121,

The energy needed to form fragment ions is referred to as collision energy (CE).
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Figure 1.10. The interpretation of six types of transition on Arg-Cys-Lys residues

CE must be optimized for each peptide because it can differ from peptide to peptide.
Therefore, itarranges optimal values for each target peptide to obtain proper peptide
fragmentation. Nevertheless, if the collision energy is below the optimum value,
precursor ions cannot be fragmented into product ions; however, if the collision
energy is above the optimum value, fragment ions with high energy are generated
instead of the low-energy fragmentionsi22, Therefore, itis one of the mostsignificant
factors influencing the quality of mass spectrometer data. Because the collision
energies of and target peptide and protein vary, it is not easy to optimize this

parameterl2s,

A representative fragmentation of peptide FEVQVTVPK in a +2 charge state
resulting from the CID process is depicted in Figure 1.11. The cleavage intervals in
the spectrum are equal to the masses of amino acids because the peptide is divided
from amino acid sites. Figure 1.11 illustrates a method for fragmenting peptides.
The intensity of the fragments created by the breakdown of each amino acid is
depicted in this diagram.
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Figure 1.11. The representation of fragmentation of peptide FEVQVTVPK in +2
charge state using ion trap MS result of NIST peptide library

Peptide identification can be performed in-house or using publicly available peptide
and/or protein databases such as the National Institute of Standards and Technology
(NIST) Peptide Library. This technique can be used to identify peptides or to verify
peptide identification. Figure 1.11 was created using data from the NIST peptide

library. Itis assessed by considering ionization and collision conditions.
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1.3 Model Protein: Alpha-2-Macroglobulin

Alpha-2-macroglobulin (A2MG) is one of the largestand the most abundant proteins
in human serum. Alpha-2-macroglobulin is also known as C3 and PZP-like alpha-2-
macroglobulin domain-containing protein 5. It primarily acts as a broad-spectrum
proteinase inhibitori24. A2MG is a multifunctional protein that plays a crucial role in
blood homeostasis, and its concentration in human blood decreases with age, from
approximately 4.0 to 1.5 mg/mli25, Hence, it takes part in blood homeostasis and
aging-related diseases, it is of great clinical importancel26, A2MG is selected as a

reference protein because of its clinical significance and its well-defined structure.

1.31 The Clinical Significance of A2MG

A2MG is a secreted plasma protein, which plays an essential role in biological
processes. It is predominantly synthesized by the liver in the human body. On
average, it is found as 1.5-2.0 mg/ml in human blood plasma!?” and 1.0-3.6 mg/ml
in cerebral spinal fluid128. This protein is directly and indirectly associated with the

serious diseases described below.

One role of A2MG in the body is in the immune system. It plays a role in
inflammation. When the protein forms an A2MG-proteinase complex at the
inflammation sites, it inhibits the proteinases!?9130; meaningthat, it is hasa role in
the dysregulation of the immune system in inflammatory diseases. For instance, it
and inhibits aspartic proteinases such as, aspartic proteinase of HIV131, Also, A2MG
has arole in the regulation of cytokines in inflammatory processes. When A2MG is
oxidized, its regulation ability changes, and it starts regulating cytokines
differently131.132, And the change in the activity of cytokinesis is connected to the

tumor development133.134,

It also plays an active role in the coagulation system. A2MG repairs and destroys

tissues. It forms a complex with the activated protein C135, The activated protein C
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is an essential regulator of thrombosis. This complex decreases the anticoagulant
activity of the activated protein C, and thrombin is produced!®. When the activated
protein C deficiency occurs, it causes fatal thrombotic diseases such as venous

thromboembolism136 and uremia37-139,

Another role of A2MG in the body is due to its effects on growth factors. It
potentiates growth factor signaling, as pro-nerve growth factor. Hence, it can inhibit
this growth factor’s activity40-142, It can cause the accumulation of misfolded
proteins in the neuro-system. In this way, A2MG is related to neurological diseases
such as Alzheimer’s diseasel43.144  Parkinson’s disease128.140, and motor neuron
diseases!®. Also, A2MG is linked to many other diseases such as cardiac diseases 4,

diabetes!4’, prostate cancer148, chronic liver diseasel4?, obesity?%0, and so much more.

To sum up, A2MG is a plasma glycoprotein that can be discovered in various
biological fluids, including blood, serum, and saliva. The liver produces most of
A2MG, in addition to the locally producing in macrophages, fibroblasts, and
adrenocortical cells. It is biologically active because it inhibits a wide range of
proteases and works as a disease protection barrier due to its capacity to bind to
foreign peptidesand particles. A2MG can assistthe reversible or irreversible capture
of proteins with various biological activities with its different reactive sites.
Understandingthe regulation of proteostasisby A2MG and homolog proteins is now
possible. A2MG has become a biomarker for various disorders over time.

Consequently, the search for the A2MG protein is critical in clinical applications.

1.32 The Structure and Function of A2MG

A2MG is a secreted homotetrameric protein composed of four identical monomeric

subunits. The A2M gene produces and codes for the protein alpha-2-macroglobulin.

The sequence of A2MG consists of 1474 amino acids, and it has a mass of 720

kDal%1.152 In its sequence, the signal peptide consists of the first 23 amino acids,
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whereas the chain includes the remaining amino acids (between amino acids 24 and
1474). The amino acid sequence of the A2MG protein, which has the protein 1D

P01023 in the UniProt!%3.154 database, was retrieved from this database.
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Figure 1.12. The 3D structure of A2MG from ExPasy Swiss Model Database

As illustrated in Figure 1.12155/itis a tetrameric protein with four identical subunits.
Furthermore, thanksto a unique 'trapping' mechanism, it can inhibit all four types of
proteinases. Itis also known as the ‘Venus flytrap’ mechanism1%6.157, The cage-like
quaternary structure of this protein is a peptide region with specific cleavage sites
for different proteinases. When a proteinase cleaves the bait region, the protein
undergoes a conformational change that captures the proteinase. When entrapped,
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the enzyme remains active against low molecular weight substrates, but its activity
against high molecular weight substrates decreases dramatically. Following the
cleavage at the bait region, a thioester bond is hydrolyzed, allowing the protein to
form a covalent bond with the proteinase. This unique trapping mechanism has yet
to be explained entirely in the literature!3l, The bait region in the 3D structure of
A2MG protein is located between the amino acids 690 and 728 in the polypeptide
chain sequence®l. However, the exact location of the bait region in 3D structure of
the protein is notknown. The one of the mostrecentresearch, AlphaFold 158 interface,
predicts the A2MG protein's bait region per-residue confidence score (pLDDT) that
is between 22.31 and 59.57 and the mean of the score is 27.91. It is clear that the
confidence score in this region is very low (pLDDT<50). This indicates that the

precise location of this region has not been identified due to a lack of information.

A2MG is engaged in various biological processes due to its several activities
according to UniProt and Reactome!®® databases. The biological mechanisms
involved are as follows160 negative regulation of complement activation, the lectin
pathway, negative regulation of endopeptidase activity, stem cell differentiation, efc.
A2MG has some of the PTMs mentioned in the previous protein modifications
section. Aswith other proteins, this modification impacts the structure, function, and
biological mechanisms of the A2MG protein. The PTMs of this protein will be

reviewed in the following section.

1.33 The Modifications of A2MG

The A2MG protein structure and its modifications were investigated through the
UniProt database. There are three major PTMs of this protein: N-linked

glycosylation, cross-linking, and disulfide bonding, as indicated in Table 1.1153,

The A2MG protein sequence contains chemically active amino acid residues.
Because these amino acids are reactive, they can cause various undesirable reactions
such as oxidation, acetylation, phosphorylation, and methylation. However,
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chemically combining compounds with two or more reactive ends capable of
chemically binding to particular functional groups on proteins by a covalent bond is
known as cross-linking. The crosslinking is enabled by a free thiol group in each
subunit of A2MG protein152.161,

A disulfide bond is a type of PTM in proteins that occurs when the sulfur atoms of
two cysteine residues come together duringthe cell's production. Disulfide bonds are
critical in protein folding because they affect both the structure and function of the
protein. In the literature, A2MG has two intrachain disulfide bonds. In addition, the
protein structure haseleven intrachain bridgesi62. Disulfide bonds bind four subunits
together to form covalently coupled dimers, which non-covalently associate to
complete A2MG's cage-like quaternary structure152.157, The bait region, which is the

A2MG protein's unique trapping mechanism, is constructed in this manner.

The attachment of sugar to the asparagine (N) amino acid residue is known as N-
linked glycosylation which is described previous section (Part 1.1.2). A2MG has
eight N-linked glycosylation sites. Also, these PTMs with locations at the protein

were summarized in Table 1.1.

Table 1.1. List of post-translational modifications in UniProt database

Post-translational L
L Position in the sequence
Modifications

278,431,48 <> 86, 251 <> 299,269 < 287,470 <> 563,
595 « 771, 642 < 689, 821 <> 849,847 > 883,921 <
1321, 1079 <> 1127, 1352 < 1467

Disulfide bond

N-Glycosylation 55,70, 247,396,410,869,991, 1424

Cross-link 693,694,972 < 975
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1.4 Motivation

In peptide-centered bottom-up proteomics, unique peptidesare used for qualitative
and quantitative purposes. However, a single protein often has more than one unique
tryptic peptide sequence. Although there are non-consensus criteria for selecting
unique peptides, no rules and regulations have been issued by authorities for clinical
applications. Common practice is to use the most abundant peptide(s) for biomarker
research and report the outcome in protein level. Thus, the peptide representing the
same target protein may differ from one study to another. While general assumption
is that all unique peptides representing the same protein behave the same, the

dynamic protein-unique peptide relationship is yet to be discovered.

This study is attempted to understand quantitative protein-unique peptide
relationship. To this end, conventional proteomics sample processing procedure is
applied to A2MG protein standard, human and bovine serums at different
concentration levels and proteins were digested using two most common proteases.
The outcomes of this research have potential to be utilized for clinical applications

towards effective and reproducible biomarker research.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

A2MG protein standard, fetal bovine serum, and human serum were obtained from
Sigma-Aldrich (St. Louis, MO USA). Reference human serum was purchased from
European Reference Materials (ERM®- DA470k/IFCC, Geel, Belgium). LC-MS
grade water, acetonitrile, and formic acid were bought from Merck (Darmstadt,
Germany). Dithiothreitol (DTT), iodoacetamide (IAA), and ammonium bicarbonate
(ABC) were purchased fromSigma-Aldrich (St. Louis, MO USA). Sequencinggrade
trypsin and trypsin/Lys-C enzyme mixture were bought from Promega (Madison,
WI USA), and adifferentbrand of sequencinggrade trypsin was also purchased from
Roche (Mannheim, Germany). The peptides and internal standard were synthesized
by PeptiTeam (Ankara, Turkey). An InfinityLab Poroshell 120 EC C18 (3.0 x 150
mm, 2.7 microns) reverse-phase column was used for peptide separation in LC-MS
systems from Agilent (Santa Clara, CA). 2-20 pL, 20-200 pL, and 100-1000 pL
range Eppendorf micropipettes were used for preparing stock solutions, working
solutions, and standards. Polypropylene (PP) microtubes and falcon tubes were used
during all experimental processes instead of glass tubes since glass surfaces cause
loss of proteins and contaminations.
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2.11 Samples

The similarities and differences in the behavior of unique peptides in biological

systems were investigated using reference systems such as the peptide standard, the

protein standard, bovine and human serum, as shown in Figure 2.1.

The peptide and protein standards were used for MS performance evaluation and

analytical method optimization. The behavior of unique peptides in protein standards

and serum samples was studied under different biological conditions.

Peptide
Standard

Protein

’ Standard

— Serum

Increasing Complexity

Method Optimization
Analytical Performance

Instrument Stability (QC)

Method Optimization

Proteolytic Digestion
-Trypsin
-Trypsin/Lys-C

Concentration Effect
-Increasing Concentration
Levels

Digestion QC

Proteolytic Digestion
-Trypsin
-Trypsin/Lys-C

Concentration Effect
-Increasing Concentration
Levels

Figure 2.1. The reference systems which were used in the study

e Preparation of Protein and Serum Standard Solutions

The protein and serum standards were prepared according to the manufacturer's

instructions. After preparinga 50 mM ABC buffer solution with a pH of 7.8, a 495

ul of 50 mM ABC and 5 pl of pure formic acid were taken to preventmold formation

in the solution fora long time and added to 1 mg A2MG protein standard vial to
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prepare 2.0 ug/ul stock solution. Then, stock solution was diluted with ABC buffer

solution to obtain a final concentration of 0.2 pg/ul.

ERM serum samples were prepared by pipetting 990 ul of 50 mM ABC and 10 pl of
formic acid to the ERM standard vial, followed by gentle shaking in particular

periods, and the final concentration is calculated as 1.59 pg/pl.
e Peptide Standard Solutions

Lyophilized five peptide standards were dissolved in 1% (v/v) formic acid and
vortexed to yield 10 pg/ul stock solutions. The prepared stock solutions were listed
in Table 2.1. Five peptide standard solutions were mixed so that the final
concentration of the stock peptide mixture was 1.8 ug/ul and diluted with ABC
buffer solution to working solutions with concentrations of 0.5 pg/ul and 0.05 pg/pl,

respectively.

Table 2.1. Peptide and internal standard stock solutions and their concentrations

Peptide Sequence Solution Type | Amount | Purity | Concentration

FEVQVTVPK Peptide standard | 1.03mg | 99.60% 9.96 pg/ul

QGIPFFGQVR Peptide standard | 0.86mg | 90.0% 9.00 pg/ul

VGFYESDVMGR Peptide standard | 1.08 mg 98.8% 9.88 ug/ul

DMYSFLEDMGLK | Peptidestandard | 1.03mg | 98.0% 9.80 pg/ul

LPPNVVEESAR Peptide standard | 1.07 mg 98.4% 9.84 ug/ul

TFLLR Internal standard 1.1 mg >99% 10.0 pg/pul

Furthermore, lyophilized the internal standard was dissolved in 1% (v/v) formic acid

and vortexed to obtain 10 pug/ul stock solution. Then, it was added to all samples.
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e Dilution Solvent

Dilution solvent was prepared by adding 25 ul of 10 pg/ul the internal standard
solution and 50 ul pure formic acid to LC-MS grade water and bringing final volume
up to 50 ml. As a result, 50 ml of dilution solvent was prepared with a final

concentration of 0.05% (v/v) internal standard and 0.1% (v/v) formicacid.
e Quality Controls

Two levels of quality controls (QCs) were used to check the instrument’s stability
and sample processing variation. Method performance was controlled to prevent
systematic error. QCs were made for pooled human serum digest and a mixture of
peptide standard samples. Serum QC and peptide QC were prepared as their

concentration were 0.5and 0.0065 pg/ul, respectively.
e Calibrants

Calibrants were prepared in three different background matrices. Calibrants were
prepared by adding the peptide standard mixture and internal standard with a final

concentration of 0.0004 pg/ul.
e External Calibration

The peptide standard mixture solution was added to formic acid to obtain nine levels
with concentrations of 0.0005, 0.0035, 0.0065, 0.0095, 0.0125, 0.0155, 0.0185,
0.0215, and 0.0245 pg/ul.

e Matrix-Matched Calibration

The peptide standard mixture solution wasadded to neat bovine serum to obtain five
levels with concentrations of 0.0035, 0.0065,0.0125, 0.0155, and 0.0215 pg/ul.

e Standard Addition Calibration

The peptide standard mixture solution wasadded to neat human serum to obtain five
levels with concentrations of 0.0005, 0.0035, 0.0065, 0.0095, and 0.0125 pg/ul.
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2.1.2 Enzymatic In-Solution Digestion Procedure

The 5 pl thawed aliquots of serum and protein standard samples were transferred in
0.5 ml Eppendorf tubes, vortexed and digested according the digestion procedure is

=> =
Adde.d Incubated Added 0.1%
topsin 37°C for Formic Acid
% E

visualized in Figure 2.2.

50:1 ratio / 16 hours
=>» =k =S
= = I = . .1 LC-MS Analysis
Thawed Added Added 1AA i - [z
Samples DTT RT ———a
650C for 30 min . [+25-aw)

for 45 min
Added

= /
Trypsin/Lys-C == &> /
mix —
50:1 ratio Incubated Added 0.1%
37°C for Formic Acid

16 hours

Figure 2.2. The workflow of sample preparation for in-solution digestion

e Reduction Process

10 pul of 45 mM DTT solution was added to the thawed samples and mixed. The
samples were left at 65°C for 45 minutes. The reduction process is necessary to
reduce the disulfide bonds and protein denaturation. In addition, it is also used to
prevent inter and intra-molecular disulfide formation between cysteine (C) amino

acids in the protein.
e Alkylation Process

10 pl of 100 mM IAA solution was added to the samples and vortexed. The samples
were left in the dark for 30 minutes at room temperature before being alkylated. The

alkylation process is necessary to stabilize free sulfhydryl groups.

And then, 50 mM ABC buffer solution was added to each sample so that the total

volume was 100 pl. Half of the samples were treated with trypsin ata protein:enzyme
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ratio of 50:1, while the other half were treated with a trypsin/Lys-C enzyme mixture
at a protein:enzyme ratio of 50:1. All prepared samples were vortexed before being
incubated at 37°C for 16 hours. After the incubation, a 1% (v/v) stock formic acid
solution was added to the samples at a final concentration of 0.1% (v/v) to stop the
digestion. During the experiment, fresh stock solutions were prepared. The samples

were prepared for mass spectrometric analysis after the digestion.

2.1.3 The Sample Preparation for LC-MS Analysis

In total, 213 runswith QC and calibration sampleswere performed, and 108 samples
were analyzed with LC-MS. A 150 pl of dilution solvent containing 0.05% intemal
standard was added into 40 ul of prepared serum and A2MG protein standard
samples. The volume was finalized at 200 pl by adding 10 pl of 0.1% (v/v) formic

acid to each sample set.

Protein Levels Peptide Levels
TRYPSIN TRYPSIN
TRYPSIN/LYS-C MIXTURE TRYPSIN/LYS-C MIXTURE
Human Serum Human Serum Human Serum
Neat 5 pl Neat 5 ! Neat 5 pl Human Serum Human Serum Human Serum
Neat 5 pl Neat 5 pl Neat 5 pl
Human Serum Spike 1 Spike 1 Spike 1
Bovine Serum Bovine Serum Bovine Serum Bovine Serum Bovine Serum Bovine Serum
Neat 5 pl Neat5 pl Neat 5 pl Neat 5 pl Neat 5 Neat 5 pl
Bovine Serum e
Spike 2 Soike 2
spike3 Soike3
ERM Serum ERM Serum ERM Serum Calibration Solutions
Neat 5 pl Neat 5 pl Neat 5 ul
ERM Serum Bovine Serum Human Serum Formic Acid
Digest (Neat) Digest (Neat)
AIMG
:
Pliziiels
Standard

Figure 2.3. Experimental study design for each sample set
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Consequently, the samples were diluted five times and vortexed immediately after
each addition to ensure the solution homogeneity, which is important in protein

measurements.

The samples were prepared and evaluated in triplicate and included human serum,
bovine serum, ERMserum, and A2MG protein standard samples. Figure 2.3 depicts
the prepared work plan for the experiment. The concentration levels of samples
indicated in this diagram were explained in detail below.

In order to investigate the analytical variability, two variables are controlled:
repeatability and reproducibility163. The serum samples were analyzed in triplicate,
and A2MG protein sampleswere measured in duplicate to control repeatability. The
cycle of blanks and quality control (QC) samples was repeated after each sample set.

The coefficient of variation (CV) was calculated to assess reproducibility.

The total protein content of human serum has been reported to be between 6 and 8
g/d1164, The total A2MG protein concentration in human serum has been found as
1.5mg/ml to 2.4 mg/mI165-167_ Also, total protein concentration in fetal bovine serum
has been reported as 3.0-4.5 g/dl by manufacturers. Consequently, the values used in
the calculations are based on approximate values (total protein in human serum 7.0
g/dl (70 pg/ul), total A2MG protein in human serum 2.0 mg/ml (2.0 pg/ul), and total
protein in bovine serum 4.0 g/dl (40 pg/ul)).

5 ul of human serum samples were digested, and the total protein and A2MG protein
concentrations in samples were theoretically calculated as 1.5909 and 0.0455 pg/ul,
respectively. A2MG protein standard samples were spiked into human serum
samples at three concentration levels (0.0591, 0.0727, and 0.1000 pg/ul), where
humans serum samples were also prepared at three concentration levels (20%, 30%,

50% of 5 ul of serum was added to the human serum samples).

ERM human serum has been certificated to have A2MG concentration of 1.43 g/l

(1.43 pg/ul) with a 0.06 g/l uncertainty. After sample preparation, the final total
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protein and A2MG protein concentrations in 5 pul of ERM human serum samples

were theoretically calculated as 1.5909 and 0.0325 ug/ul, respectively.

5 ul of bovine serum samples were prepared, and the total protein concentration was
calculated as 1.2121 pg/ul. A2MG protein standard was spiked into bovine serum at
three concentration levels (0.0030, 0.0061, and 0.0121 pg/ul).

A2MG protein standard samples were digested at eight different concentrations
(0.0071, 0.0143,0.0214,0.0357, 0.0536, 0.0714, 0.0893,and 0.1071 pg/pul).

2.2  LC-MS Analysis

221 Instrumentation

Quantitation of all samples was performed by an Agilent 1260 Infinity 11 HPLC
system coupled to an Agilent 6470A triple-quadrupole (QQQ) system (Santa Clara,
CA). Agilent MassHunter Quantitative Analysis software was used for data

acquisition and processing.

222 LC-MS Conditions

e | C Conditions

Mobile phase A was LC-MS grade water containing 0.1% formic acid, and mobile
phase B was pure acetonitrile containing 0.1% formic acid. Gradient elution was
used for LC separation, which involved altering the compositions of the mobile
phases with time. In addition, the flow rate was adjusted to 0.3 ml/min. The needle
wash was performed in the autosampler at a draw speed of 100 I/min to avoid
unnecessary carry-over. The separation gradient was 15% of mobile phase B during
0 and 4 minutes and increased to 65% at 16.1 minutes. Then it was held at 65% for

2.4 minutes before dropping back to 5%. It remained at for the last 3 minutes. The
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Agilent InfinityLab Poroshell 120 C18 (3.0 x 150 mm, 2.7 pm) column was used as
an HPLC column. The reversed-phase C18 column was incubated during analysis in

an oven at 50°C for better separation.
e MS Conditions

The unique peptides were introduced to the QQQ by ESI with Jet Stream of Agilent
Technologies after being separated in the LC system. In the Q1 and Q3
compartments, each scan window was operated at a unit resolution. In the analysis,
the dynamic MRM mode was selected with retention time windows of 2 minutes.

The highest sensitivity for all target peptides and transitions was achieved by

optimizing MS instrument conditions described in Table 2.2:

Table 2.2. The MS operating parameters

Gas temperature, °C 300
Gas flow, L/min 11
Nebulizer pressure, psi 40

Sheath gas temperature, °C | 400

Sheath gas flow, L/min 11
Capillary voltage, V 3500
Collision energy, V 6.9-22.4

The mass spectrometer was performed under a positive polarity with MRM
acquisition parameters and was optimized so that the electron multiplier voltage
(EMV, +) value was 500. The cycle time was 500 ms, while the dwell time was
between 125 and 167 ms. The voltage of the fragmentor was setto 135 V. Collision
energy varies for each peptide and is in the range displayed in Table 2.2. The
following sections provide detailed information on the collision energies of the
unique peptides. The identification of each targeted peptide of A2MG protein was

based on three or more transitions; it is clarified following sections in this chapter.
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2.3  Targeted Proteomics Method Development

After optimizing LC-MS settings, the Multiple Reaction Monitoring (MRM) method
was developed following the processes outlined below. The information presented

in this section was expanded in Chapter 3.
e The Selection of Unique Peptides

The unique peptides of the A2MG protein were assessed utilizing protein and/or
peptide databases widely used in the proteomics field after the tryptic peptides were
determined. It was revealed that fifteen of the 124 tryptic peptides were unique
peptides, listed in Table 2.3. The two unique peptides, QTVSWAVTPK and
GGVEDEVTLSAYITIALLEIPLTVTHPVVR, are excluded from the study.

Table 2.3. The list of AZMG unique peptides

Peptide No | Unique Peptide Sequence
1 IAQWQSFQLEGGLK
2 FEVQVTVPK
3 QGIPFFGQVR
4 LHTEAQIQEEGTVVELTGR
5 HNVYINGITYTPVSSTNEK
6 DMYSFLEDMGLK
7 VGFYESDVMGR
8 LVHVEEPHTETVR
9 QTVSWAVTPK
10 DTVIKPLLVEPEGLEK
11 LPPNVVEESAR
12 GGVEDEVTLSAYITIALLEIPLTVTHPVVR
13 ALLAYAFALAGNQDK
14 AAQVTIQSSGTFSSK
15 FQVDNNNR
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e Localization of Unique Peptides in A2ZMG Protein

Using the PyMOL168 software (1.7.4.5 Edu, Schrddinger LLC), the positions of
thirteen unique peptides on the three-dimensional A2MG protein structure were
determined. The positions of peptides in the structure’s inner, outer, and bait regions,

together with their closeness to PTM sites like glycosylation, were assessed.
e Determination of Retention Times

The unscheduled run was used to determine the retention times of thirteen unique
peptides. For each charge state of each peptide, six transitions were determined, and
the retention time was determined from the protein standard digest. The retention
time of the unique peptide ALLAYAFALAGNQDK could not be established due to
an ionization problem, which was excluded from further research. The detailed

information was provided in Chapter 3.
e Determination of Predominant Charge states

Twelve unique peptides were screened in the +1, +2, and +3 charge states. The
predominant charge states for each unique peptide were identified from these three

charge states.
e The Selection of MRM Transitions

Three or four MRM transitions were detected between six transitions for twelve
unique peptides after determining the predominant charge states of each unique
peptide. One transition was chosen as a quantifier, while the others were utilized as

qualifiers.

2.4  Data Analysis

Raw MS data were taken from the Agilent QQQ instrument in .d files format. The
results were loaded into the Skyline169 software package (20.2.0.343, MacCoss Lab,

UW). Data pre-processingwas done using Skyline software. Itissoftware to develop
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methods for mass spectrometry-based protein quantificationand analyze quantitative

data. Itis free to use in both academic and commercial169,

241 Data Pre-Processing

The Skyline software was used to remove interferences and reintegrate obtained
peaks of samples. When the results were reviewed via Skyline, interferences were
detected and manually removed. In addition, peak reintegration was completed
manually after interference filtration. Peak reintegration was used to confirm thatthe

peak areas of the unique peptides are consistent in all samples.

242 Statistical Data Processing

The pre-processed MS data was subjected to statistical data analysis. The following

sections provide a detailed description of the datatreatment usingvarious techniques.

Peptide
— | Distribution &
Cluster

Raw Peptide Peptide

MS Data Normalization Correlation —* | Visualization

Analysis

Figure 2.4. The illustration of the statistical data treatment process

The MS data were normalized, correlated, and distribution and clustering analyses
were done, respectively. The general data treatment workflow is shown in Figure
2.4. Statistical data were treated and visualized by using OriginPro 2018 SR1
(09.5.1.195, OriginLab Corporation) software.
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e Peptide Normalization

Normalization is a statistical approach used in proteomics studies to make data more
comparable and representative by minimizing non-biological systematic
variations#>170.171 Four kinds of normalization transformations were performed,
which are peak area, Log2, median, and peak area of the sample to the internal

standard ratio.

e Peptide Correlation

The correlation isa statistical technique to evaluate the relationship betweenmultiple
continuous variables172, Two different correlation coefficients were calculated on
A2MG unique peptides: Pearson and Spearman. In brief, the Pearson correlation
coefficient represents a linear relationship between multiple continuous variables. In
other words, as the relationship between variables changes, it gradually decreases or
increases. The Spearman correlation coefficient, on the other hand, demonstrates a
monotonic relationship between them. Itmeansthatone variable rises while the other
falls, or vice versa, indicating a non-linear relationship between them. By using the
calculated correlation coefficients of unique peptides of A2MG, their relationship

was investigated with multivariate analysis.
e Peptide Distribution and Cluster Analysis

The distribution and hierarchical cluster analysis were examined. These analyses
visualized complex data sets so that the relationship between them can be observed
appropriately. Therefore, charts as a heatmap, a dendrogram, and a combination of
them were plotted. Color mapping with hierarchical cluster analysis was used to
investigate twelve unique peptides of A2MG. Heat map analysis changes the order
of the peptides in rows and columns to show the similarities and/or differences of
the peptidest’3. The colors provide an efficient way to visualize the peptides’

familiarity in biological samples.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1  MRM Method Development

3.11 The Selection of Unique Peptides of A2ZMG Protein

It is essential to use unique tryptic peptides which are specific to protein for
qualitative and quantitative proteomics. The standard approach in clinical studies is
to use a limited number of unique peptides for quantitative analysis128.157, This study
assesses behavior of A2MG unique peptides in biological environments. For this

purpose, the selection of unique peptides for the study is of crucial importance.

In order to investigate the dynamic unique peptide-protein relationship, A2ZMG was
used as a reference protein. First, the A2MG protein sequence was obtained from the
UniProt database, and then tryptic peptides were calculated using the ExPasy
PeptideCutterl’4 interface. As a result of this analysis, 124 tryptic peptides were
obtained. Figure 3.1 shows the enzyme cleavage sites. The lysine (K) and arginine
(R) sites in the A2MG protein's 3D structure are highlighted differently. Lysine (K)
residues are color-coded purple, while arginine (R) residues are color-coded yellow.
80 of the 124 tryptic peptides were cleaved from the lysine (K) residues, while 44 of
them were cleaved from the arginine (R) amino acid residues. As stated in an earlier
section (Part 1.1.4), since the trypsin enzyme cuts lysine (K) amino acid residues
with poor digestion efficiency, Lys-C protease that cleaves from the C-terminal side
of the lysine (K) amino acid residues might be added to digestion to increase the

efficiency.

The uniqueness of the peptides was determined using three independent databases:

UniProt, NextProt175176 .and BLAST77. The outcomes of the search were compared
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to ensure protein specificity. At the end of this analysis, 15 unique peptides were
determined among 124 tryptic peptides. These unique peptide compositions, their

positions, and sizes are shown in Table 3.1 below. The number of amino acids they

contain varies between 8-30.

Figure 3.1. Positions of lysine and arginine in the AZMG protein. The purple color
code is used for lysine residues and the yellow color code for the arginine residues

We further investigated the behavior of these unique peptides and their correlations
under different biological conditions. Fifteen unique peptides were further filtered,
and two were excluded from the study. This research did not include the unique
peptides QTVSWAVTPK and GGVEDEVTLSAYITIALLEIPLTVTHPVVR.

Peptide length influences mass spectrometry-based sequence identification. The
optimum peptide length range to be studied for unique peptide is given in the
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literature as 8-25 amino acids!’8. Peptides, including six amino acids or less 41, are

small peptides, as they are not specific peptides.

Table 3.1. List and information of unique tryptic peptides in AZMG protein

Positionof | Position of Peptide Length
the Peptide Peptide Sequence (Number of
cleavage Sequence amino acids)
188 175-188 IAQWQSFQLEGGLK 14
237 229-237 FEVQVTVPK 9
370 361-370 QGIPFFGQVR 10
338 320-338 LHTEAQIQEEGTVVELTGR 19
664 646-664 HNVYINGITYTPVSSTNEK 19
676 665-676 DMYSFLEDMGLK 12
715 705-715 VGFYESDVMGR 11
732 720-732 LVHVEEPHTETVR 13
863 854-863 QTVSWAVTPK 10
912 897-912 DTVIKPLLVEPEGLEK 16
945 935-945 LPPNVVEESAR 11
1122 10931122 GGVEDEVTLSAYITIALLEI 30
PLTVTHPVVR
1162 1148-1162 | ALLAYAFALAGNQDK 15
1289 1275-1289 | AAQVTIQSSGTFSSK 15
1297 1290-1297 | FQVDNNNR 8

The peptide GGVEDEVTLSAYITIALLEIPLTVTHPVVR is also not in the optimal
peptide length range. It was excluded from the study because too-long peptides
interfere with the enzyme’s digestion ability, resulting in incomplete enzymatic
digestion. On the other hand, because of a surrogate matrix, the unique peptide
QTVSWAVTPK was also not considered in the study as a unique representative
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peptide. It is not just a unique peptide for humans. Itis also found in other animals

such as Cattle, Sumatran orangutans, brown rats, and house mice.

3.12 The Localization of Unique Peptides

The locations unique peptides in 3D structure of A2MG protein was investigated.

This research was made using the RCSB17® protein database and the PyMOL168

software, which is a tool to visualize proteins and/or peptides.

Figure 3.2. The 3D model of A2MG protein in PyMOL software. A. The locations of
unique peptides in the protein structure. B. The localization of unique peptides and
glycosylation of the protein structure.

Table 3.2. The color codes of unique peptides in Figure 3.2

Sequence )
o Peptide Sequence Color Name | Color Code

Position
175-188 IAQWQSFQLEGGLK Red _I
229-237 FEVQVTVPK Yellow
320-338 LHTEAQIQEEGTVVELTGR | Lilac -I
361-370 QGIPFFGQVR Pale Blue
646-664 HNVYINGITYTPVSSTNEK | Cyan
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Table 3.2. Continued

665-676 DMYSFLEDMGLK Pink -
705-715 VGFYESDVMGR - -

720-732 LVHVEEPHTETVR - -

897-912 DTVIKPLLVEPEGLEK Blue _
935-945 LPPNVVEESAR Olive

1148-1162 ALLAYAFALAGNQDK Violet

1275-1289 AAQVTIQSSGTFSSK Sea Blue -
1290-1297 FQVDNNNR Salmon

The locations of the peptides in the A2MG protein structure were established as a
result of this research. Figure 3.2A shows the distribution of unique peptides on the
protein's structure; Figure 3.2B includes glycosylation sites to the unique peptide
distribution. Each unique peptide is represented in Figure 3.2 by a different color,
and the white areas represent the glycosylation sites in Figure 3.2B. Furthermore,
Table 3.2 indicates the color codes for unique peptides. The PyMOL protein
simulation of A2MG protein does not contain the bait region, between 690 and 728
amino acid sequences. The unique peptides VGFYESDVMGR and
LVHVEEPHTETVR were found in the protein structure’s bait region, so their
structural position could not be determined in the simulation?l. By analyzing the
positions of the unique peptides in the simulation, the following observations can be

made:

The unique peptide FQVDNNNR is on the outside of the protein, exhibited by the
salmon color code. The unique peptides AAQVTIQSSGTFSSK and
IAQWQSFQLEGGLK arevery closetoit. The unique peptide FEVQVTVPK s also
found on the outside of the protein, as shown by the yellow color code. The unique
peptide LHTEAQIQEEGTVVELTGR and glycosylation site are very near to the
unique peptide FEVQVTVPK. The light blue unique peptide QGIPFFGQVR is near
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the glycosylation site and is found in the protein’s outer region. The unique peptide
LPPNVVEESAR encoded in olive green is very close to the unique peptide
DTVIKPLLVEPEGLEK and is found in the protein’s outer region. The protein’s
interior contains the unique peptide DMYSFLEDMGLK, shown by the vibrant pink
color code. The unique peptide IAQWQSFQLEGGLK, marked by the red color
code, is found outside the protein, close to the unique peptide FQYDNNNR. The
ALLAYAFALAGNQDK unique peptide, shown in violet, is observed on the
protein’s surface. The unique peptide AAQVTIQSSGTFSSK, denoted by the color
code sea blue, is located on the outside of the protein, close to the unique peptide
FQVDNNNR. The unique peptide DTVIKPLLVEPEGLEK, shown in blue, is
located on the protein’souterside, veryclose to the glycosylationsite, and isadjacent
to the peptide LPPNVVEESAR. The unique peptide LHTEAQIQEEGTVVELTGR,
shown in magenta, coexists with the unique peptide FEVQVTVPK and the unique
peptide remains on the protein’s surface. The unique peptide
HNVYINGITYTPVSSTNEK, encoded in cyan, is located at the center of the

protein’s monomers.

Table 3.3. The list of unique peptides located near to glycosylation

) Peptide Peptide
Peptide Sequence - PTM
Length Position
Next to Glycosylation
FEVQVTVPK 9 229-237
at 247
Next to Glycosylation
QGIPFFGQVR 10 361-370
at410
Next to Glycosylation
DTVIKPLLVEPEGLEK 16 897-912 {869
a

As mentioned before, PTM is one of the important parameters when examining a

protein’s structure. When the unique peptides on the protein and the glycosylation
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sites in Figure 3.2B are investigated, the unique peptides are not found at these
locations. However, it appears to be located with the unique peptide FEVQVTVPK,
QGIPFFGQVR, and DTVIKPLLVEPEGLEK nearto glycosylation, shown in Table
3.3. The digestion efficiency of these unique peptides may be altered due to their

close locations to glycosylation sites.

3.13 The Association of Unique Peptides with Literature

After determining the location of unique peptides on A2MG protein, the incidence
of unique peptides used in studies published in the literature was analyzed. The
frequency of unique peptides utilized in the literature for identification and/or
quantification of A2MG protein is listed in Table 3.4.

Table 3.4. The number of publications of AZMG unique peptides in literature

The Number of Publications Peptide Sequence
1348,50,52,61,63,180-187 IAQWQSFQLEGGLK

1 846.48,50,52,58,60-63,180-185,188-190 FEVQVTVPK
1348.52,58,61,63,180,183-187,191,192 LHTEAQIQEEGTVVELTGR
18 46,50,52,58,59,61-63,180,181,183-188,193,194 QGIPFFGQVR
104%350-52,61,180,185-187,195 HNVYINGITYTPVSSTNEK
1148.50,52,59,61,180,184-188 DMYSELEDMGLK
1346.48,50,52,61,63,180,183-188 VGFYESDVMGR
1446,48,50,52,58,61,63,180,185-188,193,194 LVHVEEPHTETVR
1546.48,50,52,58,59,61,63,180,181,183-185,187,188 DTVIKPLLVEPEGLEK
1846.48,50,52,57,59,61-63,180-183,185-189 LPPNVVEESAR
1148.52,58,62,63,180,182,183,185,187,189 AAQVTIQSSGTFSSK
046,52,63,180-183,185,186 FQVDNNNR
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The relationship between the number of publications in this table and the unique
peptides has been visualized using a word cloud graph to make it easier to interpret
in Figure 3.3. The peptides with larger font are frequently studied, while the
peptides with a smaller font are investigated rarely in the literature based on data on
Table 3.4.

The prevalence of unique peptides in the literature is portrayed in Figure 3.3,
revealing the four unique peptides, FEVQVTVPK, LPPNVVEESAR,
QGIPFFGQVR, and DTVIKPLLVEPEGLEK, are frequently encountered. The
peptide FQVDNNNR, on the other hand, has received the least amount of

consideration in the literature.

FQVDNNNR

DMYSFLEDMGLK
VGFYESDVMGR

FEVQVTVPK

LPPNVVEESAR
QGIPFFGQVR

DTVIKPLILVEPEGLEK
LVHVEEPHTETVR

LHTEAQIQEEGTVVELTGR
IAQWQSFQLEGGLK
AAQVTIQSSGTFSSK

HNVYINGITYTPVSSTNEK

Figure 3.3. Aword cloud plot represents the incidence of A2MG unique peptides in
the literature.
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When the relationship between peptide variation and the incidence of unique
peptides in the literature is investigated, it has been observed that the four most
studied unique peptides were found on the protein surface. Furthermore, the lengths

of the frequently used unique peptides range from 9 to 16 amino acids.

Researchers usually choose a unique peptide to represent a protein at random or one
which appears in high abundance on the screen. Although the selection of unique
peptidesto representthe protein isnotregulated, the literature has established certain
criteria for selecting unique peptides. Peptide length, consecutive amino acids that
affect trypsin efficiency and/or ragged ends (KK, RK, RR, and KR), chemically
active amino acids in the peptide sequence, and peptide locations on the protein

tertiary structure are all factorsto consider as criteria for selectionof unique peptides.

3.14 The Selection of Unique Peptide Standards

When the localization of unique peptides and their literature investigation were
examined, the unique peptide DMYSFLEDMGLK was selected as the best unique
representative peptide becauseit is the only unique peptide located in the interior.
Other unique peptides can be found in the protein’s outer regions. The glycosylation
sites are surrounded by the unique peptides FEVQVTVPK, QGIPFFGQVR, and
DTVIKPLLVEPEGLEK, which may impact digestion products. One of these
unique peptides can be chosen as the representative specific peptide when studying
the effect of post-translational modifications quantitatively. Chemical reactions can
occur when reactive groups in free amino acids and proteins, such as amino,
carboxyl, sulfhydryl, phenolic, hydroxyl, thioether, imidazole, and guanyl, bind to
other small organic molecules. These reactions can alter the physicochemical and
functional properties of proteins and peptides, resulting in post-translational

modifications. The order of reactivity of amino acids s as follows19%:

Cysteine (C)> Methionine (M)> Tryptophan (W)> Tyrosine (Y)> Histidine (H)>
Leucine (L), Isoleucine (I)> Arginine (R), Lysine (K), Valine (V)> Serine (S),
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Threonine (T), Proline (P)> Glutamine (Q), Glutamate (E)> Aspartate (D),
Asparagine (N)> Alanine (A)>Glycine (G)

Significant post-translational modifications are caused by the deamidation of

glutamine (Q) and asparagine (N) active amino acid residues9. In addition to this

information, the criteria used to select unique peptides are summarized in Table 3.5

as peptide length, peptide active amino acid residues, and enzyme efficiency. Each

unique peptideis colored red in the table to indicate the number of chemically active

amino acid residues.

Table 3.5. The criteria for identifying unique representative peptides

Chemically Active

Sequential | Amino Acid Residues
Peptid Peptide | Peptid AA S
eptide eptide | Peptide o —
P P p” affecting | 2| | © = ~ £
Sequence Length | Position ] | O] Tl gl & g
trypsin Sl 3 €l €] o =4
. S| S| E| & £|
efficiency | €| 8| s| 8| 8| =
8| g 3| 2 2| &
2| Ol O] | IT| <
IAQWQSFQLE
QWQSFQ 14 175-188 0 |0
GGLK
FEVQVTVPK 9 229-237 | K/E 0 |0
LHTEAQIQEE
19 320-338 | EK,R/K 0 |0
GTVVELTGR
QGIPFFGQVR 10 | 361-370 0 o
HNVYINGITY
19 646-664 0 |0]O
TPVSSTNEK
DMYSFLEDM
12 665-676 0|0 |0 |0]O
GLK
VGFYESDVM
GR 11 705-715 0|0 |0 |0]O
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Table 3.5. Continued

LVHVEEPHTE
13 720-732 | R/IK 0O [0]O0 |O
TVR
DTVIKPLLVE
16 897-912 | RK 0 [0 [0 |O
PEGLEK
LPPNVVEESA
11 935-945 0O [0]O0 |O
R
ALLAYAFAL 1148-
15 K/RK 0 |0 0
AGNQDK 1162
AAQVTIQSSG 1275-
QVTIQ 15 0 |0 0
TFSSK 1289
1290-
FQVDNNNR 8 0 |0 0
1297

This section includes information on all A2MG unique peptides. In addition, the
FEVQVTVPK peptide is unique in that it only has one active residue, glutamine (Q)
amino acid. The glutamic acid (E) comesafter lysine (K) amino acid residue, making
trypsin difficultto cleavage. A glycosylation site surrounds this unique peptide at
position 247 inthe sequence. The unique peptide QGIPFFGQVR contains two of the
amino acids glutamine (Q) with the active residue and is close to the glycosylation
site located at position 410 on the sequence. One of the active residues methionine
(M), is found in the VGFYESDVMGR unique peptide. The PyMOL protein
simulation does not include location of this peptide in A2MG protein structure,
known as the bait region. As a practical matter, its location within the protein
structure is unknown, as mentioned previous section (Part 1.3.2). Two of the
methionine (M) active amino acid residues are present in the unique peptide
DMYSFLEDMGLK. Unlike other peptides found on the protein’s surface (outer)

region, this peptide is found in the inner region of the protein.
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These unique peptides, located at various locations on the protein, were preferred to
represent the protein best. The unique peptide LPPNVVEESAR is located on the
outside of the protein. Because it has two proline (P) residues too close to the
cleavage site, which may affect enzymatic digestion because ‘Keil Rule’”3 says that
trypsin cleaves sequences from arginine (R) or lysine (K) residues if they are not

placed nextto a proline (P).

When the chemically active amino acid residues of the unique peptides that are
frequently used in the literature are examined, the unique peptides FEVQVTVPK
and QGIPFFGQVR contain glutamine (Q), whereas the peptide LPPNVVEESAR
contains asparagine (N). However, the unique peptide LPPNVVEESAR has two
prolines (P) near its cleavage site. Proline (P), as previously stated, has a negative
impact on activity of trypsin. The last unique peptide DTVIKPLLVEPEGLEK does
not contain an active amino acid residue, yet it is a peptide that is made as a
consequence of the impact of proline (P) on trypsin activity. The trypsin enzyme

does not cut it because proline (P) is located after lysine (K) amino acid.

In this study, we aimed to cover all A2ZMG unique peptides. However, three of the
fifteen unique peptides were eliminated, and twelve unique peptides were analyzed
in serum and protein standard samples. In addition, five unique synthetic
representative peptides, were purchased depending on cost viability, were also
investigated. The selection was based on peptide intensity, frequency of observation

in the literature, and its positions in the protein. These are:
1. FEVQVTVPK

2.QGIPFFGQVR

3.VGFYESDVMGR

4. DMYSFLEDMGLK

5. LPPNVVEESAR
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The synthetic peptide TFFLR was used as an internal standard (IS). The most
important goal of using IS peptide is to improve the accuracy and precision of the
analysist®8. Although the unique peptides were chosen for the best candidates to
present A2MG protein, the expected results may be influenced by the active residues
and the factors affecting the enzymatic digestion performance. Outputs may be

obtained differently from the expected results.

3.15 The Determination of Retention Times
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Figure 3.4. The determined retention times of 12 unique peptides in serum digest
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An unscheduled run was used for determining the retention time of unique peptides
in this study, which are seen in Figure 3.4 and listed in Table 3.6. Retention times
have been determined over the gradient run. The MRM approach was used to detect

each peptide one by one with retention time windows.

The retention time of the unique peptide ALLAYAFALAGNQDK could not be
determined since the peptide was not ionized sufficiently. Because the unique
peptide’s intensity was low to analyze, it was removed in further investigation. After

that, the peptides’ predominant charge states were selected in the following step.

Table 3.6. The retention times of unique peptides

Peptide Sequence Retention Time (min)
IAQWQSFQLEGGLK 10.9
FEVQVTVPK 9.4
LHTEAQIQEEGTVVELTGR 8.8
QGIPFFGQVR 11.5
HNVYINGITYTPVSSTNEK 8.6
VGFYESDVMGR 14.0
LVHVEEPHTETVR 9.3
DMYSFLEDMGLK 6.1
DTVIKPLLVEPEGLEK 10.7
LPPNVVEESAR 7.6
ALLAYAFALAGNQDK -
AAQVTIQSSGTFSSK 7.5
FQVDNNNR 5.5

The retention times of some unique peptides in Figure 3.4 are very close to each
other. They separated from each other by using narrow retention time windows

specific to each peptide’s transitions.
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3.16 The Determination of Predominant Charge States

As mentioned earlier (Part 2.3), the charge states of proteins and peptides are mainly
influenced by their molecular weight and the number of accessible basic sites such
as arginine (R), histidine (H), and lysine (K)9. All of the target unique peptides
were screened with commonly used charge states of +1, +2, and +3. Because it is
unstable, charge states +4 and higherare not employed?200, Some target peptides have
an abundant and interference-free peak in the +2 charge state, while others have a

more intense peak in the +3 charge state.
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Figure 3.5. The representation of determining the predominant charge state on
target unique peptide QGIPFFGQVR in A2MG protein standard. A. The
chromatogram ofthe +2 charge state ofthe peptide. B. The chromatogram ofthe +3
charge state of the unique peptide

The heavier target unique peptides have higher charge states due to more ionization
sites, increased number of basic sites, as seen in Figure 3.5. As an example, Figure
3.5 shows the charge states of the unique peptide QGIPFFGQVR. Figure 3.5A
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depicts the peptide in a +2 charge state, while Figure 3.5B represents the peptide in
a +3 charge state. The peptide QGIPFFGQVR in the +2 charge state has a higher
abundance than the +3 charge state. Inaddition, quite intense interferences were seen
in the +3 charge state chromatogram. Hence, the peptide in a +2 charge state was

selected as the predominant charge state.

Briefly, targeted unique peptides' charge states were selected depending on their
abundance and interfering conditions. The most intense and interference-free charge
state was carefully chosen for each target peptide, which was shown one by one in
Table 3.7.

Table 3.7. The selected predominant charges of unique peptides

Peptide Sequence Number of Molecular Predominant
Basic Sites Weight Charge
(R, H, K) (9/mol) States
IAQWQSFQLEGGLK 1 1604.80 +3
FEVQVTVPK 1 1046.22 +2
LHTEAQIQEEGTVVELTGR 2 2110.28 +3
QGIPFFGQVR 1 1148.31 +2
HNVYINGITYTPVSSTNEK 2 2137.31 +3
VGFYESDVMGR 1 1259.39 +2
LVHVEEPHTETVR 3 1545.70 +2
DMYSFLEDMGLK 1 1448.66 +3
DTVIKPLLVEPEGLEK 2 1780.07 +3
LPPNVVEESAR 1 1210.34 +2
AAQVTIQSSGTFSSK 1 1511.63 +2
FQVDNNNR 1 1006.03 +2
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3.17

The Selection of MRM Transitions

The transition ions were picked from among the most common y- and b-ions in the

proteomics field. The MRM transitions were listed in Table 3.8. In the analysis, the

most intense MRM transitions in the consensus spectral libraries were chosen. The

multiple transitions were selected to ensure specificity.

Table 3.8. The list of selected MRM transitions of unique peptides of A2MG protein

- - Collision
) Precursor | Transition | Transitions
Peptide Sequence ] ) Energy
ion (m/z) | ion(y,b) (m/z)
V)
y7 744.42+
IAQWQSFQLEGGLK 535.62 y6 616.37+ 14.5
b10 616.31+
y7 770.48+
y6 671.49+
FEVQVTVPK 523.71 14.1
y5 543.35+
b6 704.36+
y9 931.52+
y7 773.45+
LHTEAQIQEEGTVVELTGR | 704.03 20.5
b7 793.42+
b15 832.91++
y7 850.46+
y6 753.40+
QGIPFFGQVR 574.81 15.9
y5 606.34+
y7 425.73++
y9 962.48+
y8 861.43+
HNVYINGITYTPVSSTNEK 713.02 20.9
y8 431.22++
b1l 638.82++
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Table 3.8. Continued

y9 1039.52+
DMYSFLEDMGLK 724.83 y8 952.48+ 21.3

y7 805.41+

y10 1160.50+

y8 956.41+
VGFYESDVMGR 630.29 17.9

y7 793.35+

y6 664.31+

y11 667.33++

y10 598.80++
LVHVEEPHTETVR 515.94 13.8

y7 420.22++

b6 707.37+

y6 672.36+

y6 336.68++
DTVIKPLLVEPEGLEK 594.01 16.6

yl4 782.47++

y13 732.94++

y6 690.34+

y10 549.28++
LPPNVVEESAR 605.83 17.0

y9 1000.51+

y9 500.76++

yll 1142.57+

y10 1041.52+
AAQVTIQSSGTFSSK 756.39 22.4

y9 928.44+

y8 800.38+

y7 859.40+

y6 731.34+
FQVDNNNR 503.74 13.3

y5 632.28+

y4 517.25+
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Table 3.8. Continued

y4 548.36+
_ y3 401.29+
TFFLR (internal standard) 325.21 6.9
b3 362.21+
b4 475.29+

When transitions with high noise are eliminated, desired protein can be monitored
with high signal-to-noise. The selection was finalized into three or four transitions
for each targeted peptide. One of the multiple transitions is a quantifier, and the
others are qualifiers. All chosen transitions and collision energies of each target

peptide were shown in Table 3.8, and quantifiersare represented in bold.

3.2  Targeted Protein Analysis

3.21 Data Pre-Processing

Interference-causing transitions were detected in the samples, as they allow
interference to be scanned in Skyline. Furthermore, the program enables peak areas
to be re-integrated.

e Interference Filtration

The interference filtration process was executed using the Skyline software.

Transitionsthatinterfere with the transitions of targetunique peptides were removed.

Figure 3.6 shows the chromatogram of the unique peptide FEVQVTVPK before the
interference filtration process (Figure 3.6A) and the chromatogram of the same
peptide after the process (Figure 3.6B). By removing the interference with a
retention time of around 10.5 minutes, potential ion suppression of quantifier

transition was eliminated, as shown in Figure 3.6B. And, when the interference-
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causing transition was eliminated, the suppressed peak could be observed more

clearly.
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Figure 3.6. The representation of interference filtration on the unique peptide
FEVQVTVPK in Skyline software A. The peak of the unique peptide is suppressed
by interference. B. The interference eliminated version of the chromatogram

e Peak Reintegration

The following step after the interference filtration is peak area reintegration. Peak
reintegration was performedto ensure that the peak area of the unique peptides was

consistent across all samples in the Skyline software.

Consistency isan essential parameter for data comparison. The integrated peak areas
may differ fromone another during automated peak area integration. Therefore, it is
necessary to check the consistency between peak areas in all samples for each target
unique peptide. Accordingly, the dissociationor association between the samples can

be revealed.
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Figure 3.7. The interpretation of reintegration on one of the unique peptides
AAQVTIQSSGTFSSK in Skyline software. A. The auto-integrated peak ofthe peptide
in the serum sample. B. The reintegrated peak of the peptide in the serum sample. C.
The auto-integrated peak of the peptide in the A2MG protein standard sample. D.
The reintegrated peak of the peptide in the A2ZMG protein standard sample.

In Figure 3.7, the chromatograms of two samples are shown before and after the
peak reintegration process. While the auto-integration peak area in the serum sample

was narrow (Figure 3.7A), the peak area in the protein standard sample was broad
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(Figure 3.7C). The peak area of the two samples after peak reintegration, on the
other hand, were identical (Figure 3.7B and Figure 3.7D). The peak areas of the

samples became consistent and comparable as a result of this process.

3.21 The MRM Method Performance

During the total four-day study period, the same sample was injected into the same
volume at different time periods. The method of generating proteomics data on
biological materials involves several phases. There are currently practical MS
quantitation approaches that allow for highly precise quantification on a small or
large number of specimens. One of the MS-based proteomics methods, the MRM

method, was used in this investigation.
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Figure 3.8. The run stability of QC serum in the QQQ instrument A. The normalized
peak area of each peptide B. CV values of unique peptides in QC serum

The performance of the MRM technique is evaluated before studying the behaviors
of peptides under various conditions to verify that the method is reproducible. The
serum replicates were used to evaluate the run stability of the instrument using Log2
normalized QC serum replicates for each unique peptide in Figure 3.8. The run has

decreased and then stabilized over time. Figure 3.8A shows log2 normalized peak
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areas of peptides in the QC serum sample injected at various times, while Figure
3.8B shows CV values for each target peptide. It is seen that the CV values of each
unique peptide do notexceed 2%, andthe CV values are below the 20% value, which

is accepted in the literature201-203,
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Figure 3.9. The Log2 normalized peak areas versus CV values of QC serum

The coefficient of variation of each unique peptide is shown in Figure 3.9. Each
target peptide is represented with a different color. When the CV values of the
peptides are compared, the unique peptides showing the highest variation are
LHTEAQIQEEGTVVELTGR, AAQVTIQSSGTFSSK, and DMYSFLEDMGLK.
On the other hand, the target unique peptides with the lowest variation are
LPPNVVEESAR and DTVIKPLLVEPEGLEK. Furthermore, the unique peptide
LPPNVVEESAR has the highest peak intensity while presenting the least variation.
However, peak intensity does not decrease or show same behavior as variation

increases.
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The serum replicates were prepared using the synthetic unique peptide standards,
which are listed in the previous section. The stability of representative peptide of
serum replicates and transitions of its fragments were used to evaluate the method's

performance (Figure 3.10).
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Figure 3.10. The replicate stability of unique peptide FEVQVTVPK of QC serum in
Skyline software

This process was performed for all peptide standards. Figure 3.10 shows the peptide
FEVQVTVPK results in Skyline software. The upper window in the figure shows
transitions of the unique peptide, and the lower window demonstrates the changes in

transition weights of serum replicates and libraries. The stability of serum replicates
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for a given unique peptide, as well as the consistency of serum replicates,

demonstrates that the MRM method is highly reproducible.
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Figure 3.11. The linearity of unique peptide FEVQVTVPK in formic acid, bovine
serum and human serum samples

The samples obtained by adding the peptide mixture were assessed for linearity. The
linearity of a representative unique peptide FEVQVTVPK in different matrices was
shown in Figure 3.11. Formic acid is used to generate the external calibration curve,

bovine serum is used to prepare the matrix-matched calibration, and human serum is
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used to prepare the standard addition calibration. External calibration curves are the
most linear, whereas linearity decreases in matrix-matched and standard addition
calibration curves, respectively. The results revealed that as sample complexity rises

(matrix-effect), linearity diminishes.

3.21 The Digestion Reproducibility

Most recent bottom-up proteomics applications involve quantitative assessment of
the absolute and relative protein quantities. And, protein quantification approaches
are impacted from several factors suchas sample preparation, MSrecovery, and data
analysis. Protein quantification depends on the efficiency and reproducibility of
protein digestion2%4, Thus, the ability to create consistent digestions lack of missing

or non-specific cleavages is critical for protein quantification research.

Until recently, investigations have been performed digestion products at the protein
level; however, the digestion products of protein at peptide level were investigated
in this study. For this reason, the reproducibility of digestion is examined in this

section.

When investigating the digestion reproducibility, log2 normalized serum digest
replicates’ results were obtained for both enzymes as shown in Figure 3.12. Trypsin
enzyme used replicates were displayedin Figure 3.12A, and enzyme mixture results
were exhibited in Figure 3.12B. The following comments can be made by comparing
the graphs: digestion is reproducible in highly abundant unique peptides for both
enzymes, whereas the reproducibility is lower in less abundant unique peptides. At
the bottom of the figures, related graphs of coefficient of variation of log2
normalized peak areas of neat human serum samples are displayed (Figure 3.12C
and Figure 3.12D). In both experiments, the CV values are lower than 10%. It is

within the acceptable CV range in the literature201-203 (below 20%).
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each peptide's normalized response is reported in replicates of neat human serum.
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To investigate the coefficient of variation results in detail, CV values of each unique
peptide and log2 normalized peak area results were combined. Figure 3.13A
illustrates the results of trypsin digestion of neat human serum, while Figure 3.13B
shows the results for the use of combination of enzymes. VGFYESDVMGR,
DMYSFLEDMGLK, and FQVDNNNR are the unique peptides with the most
variation in the presence of trypsin, as seen in Figure 3.13A. On the other hand, the
unique peptides with the largest variation in the enzyme combination results, as seen

in Figure 3.13B, are VGFYESDVMGR, DMYSFLEDMGLK, and
HNVYINGITYTPVSSTNEK.
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Figure 3.13. The Log2 normalized peak areas versus CV values of neathuman serum
samples A. in trypsin B. in trypsin/Lys-C mixture

Figure 3.13A shows that when the log2 normalized peak area of unique peptides
decreases, the variation increased, and vice versa. The highly abundant peptides have
less variation in this case, whereas the less abundant peptides have more significant
variation. However, the enzyme mixture result, as shown in Figure 3.13B, does not
demonstrate the same behavior observed in Figure 3.13A. It was difficult to specify
a relationship between the variation and log2 normalized peak area for unique

peptides.

3.2.2 Statistical Data Processing

Statistical approaches were used to evaluate the behavior of unique peptides under
different conditions. The MS data of the unique peptides acquired were normalized
and correlated using different approaches. In addition, distribution and clustering

analyses of these unique peptides were performed, as detailed below.
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3.21 The Peptide Normalization

Several peptide normalization approaches that are frequently used in the literature
are evaluated in thissection. Figure 3.14 shows an error bar plot of the twelve unique

peptides in six replicates serum digests obtained by using trypsin and trypsin/Lys-C.
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Figure 3.14. The error column plots of all unique peptides in six serum digest
replicates for both enzymes. A. The plot of obtained peak areas of unique peptides
for both enzymes. B. The plot of log2 normalized peak areas of unique peptides for
both enzymes.

The peptides obtained from trypsin digestion are represented in the dark blue, while
the peptides obtained from trypsin/Lys-C digestion are represented in dark yellow.
The error bar plot in Figure 3.14A shows the obtained peak areas of each unique
peptide for both enzymes, whereasthe second plotshown in Figure 3.14B illustrates
the log2 normalization. By the way, the most frequently used normalization in

clinical proteomics is log2 normalization20s,
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Figure 3.15. The five selected unique peptides' response A. in equimolar peptide
mixture B. in protein standard in the presence of trypsin C. in protein standard in
the presence of trypsin/Lys-C mixture D. in human serum in the presence of trypsin
E. in human in the presence of trypsin/Lys-C mixture
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The chromatograms of the five unique peptide standards purchased are shown in
Figure 3.15. The equimolar mixture of five synthetic peptides is given in Figure
3.15A. These unique peptides are FEVQVTVPK, QGIPFFGQVR,
VGFYESDVMGR, DMYSFLEDMGLK, and LPPNVVEESAR as mentioned
earlier in the section (Part 3.1.4). The chromatograms of the five unique peptidesin
the A2MG protein standard are given in Figure 3.15B and Figure 3.15C for trypsin
and trypsin/Lys-C, respectively. Furthermore, Figure 3.15D and Figure 3.15E
show chromatograms of five unique peptides in neat human serum digested with

trypsin and trypsin/Lys-C, respectively.

A response could not be produced for all peptides in the protein standard and serum.
If there was no digestion effect on protein standard samples, the response of unique
peptides would be the same as the equimolar peptide mixture response. This
difference in peak intensities of unique peptides demonstrates that the variation is
due to protein digestion rather than ionization. The fact that the response of the
peptides alters when the enzyme is changed supports the statement. However, both

digestion and the matrix effect affected the response change in serum samples.

Normalization is a technique for analyzing data comparisons more conveniently ™,
It was observed that the selected unique peptides in the literature were randomly

selected either from the highly or the scarcely abundant ones.

When assessing digestion reproducibility, the coefficients of variations (CV) of
alternative normalizing approaches were also evaluated for both enzyme digestions.
Four typical normalization techniques were considered to determine peptide
performance, as shown in Figure 3.16. Each data point corresponds to a single
peptide. The area, log2, and median normalizations each included twelve distinct
peptides. Furthermore, the ideal peak area ratio between the analyte and IS peptide
is1:1.

However, the complexities of optimization rise with the number of protein peptides.

As aresult, the recommended range of ratio between sample peak area and IS peak
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area for clinical research is between a 1:10 to 10:1 ratio*>206.207 in the literature.
However, the area internal standard area ratio only had three peptides. These unique
peptides are FEVQVTVPK, DTVIKPLLVEPEGLEK, and LPPNVVEESAR,
respectively. The reason is that the ratio of these peptides is within the acceptable

range in the proteomics field.
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Figure 3.16. Coefficient of variation (CV) of commonly used normalization
approaches in neat human serum for both enzyme digestions A. CV values of
different normalization approaches for trypsin digestion B. CV values of different
normalization approaches for trypsin/Lys-C mixture digestion

In the error bar plots, the whisker range was drawn using a coefficient of 1.5 in
respectto the outlier. Figure 3.16 A showsthatmostof the CV values of the peptides
in the trypsin digestion graph are under 10%, and two peptides have more than 20%
variance. Figure 3.16B shows the results of the trypsin/Lys-C digestion, which show
that all the CV values are less than 20% variation. These CV values indicate that

each target peptide has less variance.
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The coefficient of variation demonstrates analytical variation. Thus, the lower the
CV value is considered as better. When the analytical variation is less, the biological
variation is observed more clearly. Although some sources suggest that CV values

should be less than 109%061208,209 the literature indicates that the threshold is 20%020%-

203

3.3 The Effect of Concentration

The concentration effect of A2MG protein standard on unique peptides was
visualized using heatmaps with a dendrogram graph. This graph was chosen because
it clearly shows the variations in peptide distribution and clusters showing similar
behaviors for the peptides. The peptides are highly correlated when the correlation
is represented in yellow color, and the opposite correlation is stronger whenever the

correlation is represented in red color.

To investigate the impact of concentration, A2ZMG protein standard samples were
compared to one another. For the comparison to be valid, Pearson correlated plots

were drawn in the same correlation scales (between -1 to +1), shown in Figure 3.17.

When evaluating the concentration effect, A2MG protein samples prepared in eight
concentration levels were used. The graphs in Figure 3.17 are divided into two
categories based on the concentration of protein standard samples: high
concentration and low concentration. Because in biomarker studies, the protein
concentration in the samples may increase or decrease. The samples were
investigated at both concentrations so that the effect of concentration could be
observed. The low concentration A2MG protein standard samples shown in Figure
3.17A and Figure 3.17B have a concentration range of 0.0071 — 0.0357 ug/ul,
whereas the high concentration protein standards demonstrated in Figure 3.17C and
Figure 3.17D have aconcentration range 0f 0.0536 —0.1071 ug/ul. When the cluster
analysis is evaluated, the dendrograms of the four plots in Figure 3.17 are divided
into two major subgroups. Any association between the location and abundance of
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the peptides included in these clusters was not found when the subgroups were

examined.
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Figure 3.17. A heat map with a dendrogram plot demonstrating the association of
A2MG unique peptides in protein standard samples presents different enzymes A.
Correlation in low concentration protein standard samples in the presence of
trypsin. B. Correlation in low-concentration protein standard samples with
trypsin/Lys-C mixture. C. The correlation in high concentration protein standards
presence of trypsin. D. Correlation in high-concentration protein standard samples
with trypsin/Lys-C mixture

When we compare high (Figure 3.17B) and low concentration (Figure 3.17D) of
A2MG protein standard samples digested by trypsin and trypsin/Lys-C mixture, the
linear correlation is found to be more significant at high concentration. The opposite
linear correlation appears to be stronger in protein standard samples with low

concentration (Figure 3.17A and Figure 3.17B) than in protein standard samples
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with high concentration (Figure 3.17C and Figure 3.17D). This weaker signal may
have resulted in a different correlation. Apart from the unique peptide
HNVYINGITYTPVSSTNEK, it is observed that eleven unique peptides behave
differently in the presence of trypsin at low protein concentrations. Also, the unique
peptide LHTEAQIQEEGTVVELTGR in the presence of a trypsin/Lys-C mixture at
low protein concentration levels is not correlated with other unique peptides. These
differencesin correlationmay be dueto insufficientinformation gathered due to poor
MS signal response of protein standard samples at low concentrations. When the
correlation of protein standard samples digested with trypsin is compared in Figure
3.17A and Figure 3.17C, it is seen that samples with higher concentrations have a
higher correlation. However, the unique peptide DMYSFLEDMGLK and
VGFYESDVMGR show opposite linear correlations.

Similarly, in Figure 3.17B and Figure 3.17D, the unique peptides in the presence of
trypsin/Lys-C mixture are correlated better in high concentration protein standard
samples. Once again, trypsin/Lys-C mixture provides successful cleavage in the
inner regions of the protein and better digestion than trypsin. On the other hand, it
appears to have a weaker opposite linear correlation with the unique peptides,
DMYSFLEDMGLK, AAQVTIQSSGTFSSK, and VGFYESDVMGR. The strong
correlation could be attributed to the fact that these peptides are located very close
to glycosylation sites in the protein structure. On the other hand, the unique peptides’
active amino acid residues such as methionine (M), glutamine (Q), and histidine (H)

could account for the weak correlation.

At this time, the unique peptide LHTEAQIQEEGTVVELTGR was to have an
opposite correlation with the unique peptide VGFYESDVMGR but a weaker
opposite  correlation  with  the unique peptides LPPNVVEESAR,
LVHVEEPHTETVR, QGIPFFGQVR, DTVIKPLLVEPEGLEK,
HNVYINGITYTPVSSTNEK, and FQVDNNNR in Figure 3.17B. This relationship
could have occurred between peptides whose digestion was incomplete. Since the
peptide LHTEAQIQEEGTVVELTGR is one of the longest peptides, an increment
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in peptide length might be a negative factor incomplete digestion. Furthermore, this
unique peptide has consecutive amino acid residuessuch as EK or RK, that might be
reducing the complete digestion. Based on these results, it can be deduced that
digestion of this unique peptide is incomplete and that it has a relation with the
peptides with which it is oppositely correlated through this factor. In addition, the
highest correlation was observed in high concentration levels of protein standard
samples digested with trypsin/Lys-C mixture (Figure 3.17D). While all peptides
correlate with each other in Figure 3.17D, the unique peptides in high concentration
levels of protein standard digested with trypsin shows an opposite correlation in
Figure 3.17C.
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Figure 3.18. The oppositely correlated peptides in Figure 3.17C with the highlighted
CV values A. The peptide correlation due to trypsin digestion in Figure 3.17C. The
oppositely correlated peptides are highlighted. B. The CV values of these peptides
are highlighted.

These unique peptides showing opposite correlation are DMYSFLEDMGLK and
VGFYESDVMGR. Figure 3.17C, and Figure 3.18A shows a zoomed-in version of
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the heatmap with a dendrogram graph for these peptides. In the coefficient of
variation figure from the previous section (Part3.2.1), these unique peptides likewise
had the highest CV values, which are markedin Figure 3.18B. These are the peptides
with the lowest pl values (3.54 and 3.93, respectively) and are found within the
protein core region. Also, pl is the pHat which the net charge in the peptides is zero.
Furthermore, they have nearly the same peptide length (12 and 11, respectively). The
result leads to the following conclusion: a low pl value may be a factor that
negatively affects the functioning of trypsin, resulting in poor digestion in the inner

regions of the protein.

3.4  The Effect of Enzymes on Digestion Process

The effect of different enzymes on the digestion process was investigated by
comparingdigestion of A2MG protein standard and human serumsamples by trypsin
and trypsin/Lys-C mixture. The Pearson correlation was graded on a scale of -1 to 1
in Figure 3.19. High concentration levels of the A2MG protein standard were
utilized to create this heatmap graph, as well as three concentration levels generated
by spiking A2MG protein into the human serum and neat human serum. The

dendrograms reveal two major clusters of twelve unique peptides.

Figure 3.19A and Figure 3.19B represent the correlation of peptides in protein
standard samples, while Figure 3.19C and Figure 3.19D represent the correlation in
standard serum samples. Thus, the comparison in the pure protein standard and
serum sample with complex matrix has been investigated. Trypsin and trypsin/Lys-

C mixture has been used to compare digestion efficiency with missed cleavage.

The highest correlation was observed in protein standard samples. The peptides
VGFYESDVMGR and DMYSFLEDMGLK have a complete opposite correlation
with other peptides as shown in Figure 3.19A. Their lengths are 11 and 12, and their
pl values are 3.93 and 3.54, respectively. They are located at similar sites in the 3D
structure. The peptide VGFYESDVMGR is located in the bait region (core region),
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whereas the peptide DMYSFLEDMGLK is located at the inner region of the protein.
This result exhibits that these two peptides have very similar properties and are
different from other unique peptides.

When Figure 3.19A and Figure 3.19B are compared, the dissimilarity coefficient
decreases for trypsin/Lys-C mixture digestion compared to trypsin digestion. The
main reason for this differentiation could be the location of these longer peptides.
This behavior is parallel to what is reported in the literature. Trypsin/Lys-C mixture
performsabetter cleavage because enzymes can reachthe inner regions considerably

better than only trypsin and prevent incomplete digestion with missed cleavage.
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Figure 3.19. A heatmap with a dendrogram plot depicting the correlation of A2MG
unique peptides in protein standard and serum digest samples due to change in
enzyme. A. The correlation in protein standard samples upon trypsin digestion. B.
The correlation in protein standard samples upon trypsin/Lys-C mixture digestion.
C. The correlation in serum samples upon trypsin digestion. D. The correlation in
serum samples upon trypsin/Lys-C mixture digestion.
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Besides, when all unique peptides in Figure 3.19A and Figure 3.19B are compared,
the decrease in linear correlation validates our thought. On the other hand, serum
digest samples’ peptide correlations are not as simple as protein standard samples
because of higher complexity, including other proteins and different forms of
proteins. When the increase in environment’s heterogeneity, VGFYESDVMGR and
DMYSFLEDMGLK peptides are still highly opposite correlated as displayed in
Figure 3.19C, though correlation was not as substantial as the correlation displayed
in Figure 3.19A.

The unique peptides HNVYINGITYTPVSSTNEK, LHTEAQIQEEGTVVELTGR,
and LVHVEEPHTETVR, are correlated with each other as shown in Figure 3.19C.
The reason for the linear correlation may be presence of histidine (H) residues in
these sequences. The chemical modifications can cause a change in peptide formsi,
A modified form of these peptides may have occurred, which may have also affected

the peptides’ correlation.

DM YSFLEDMGLK

HHVYINGITYTPVSSTHEK

QGIPFFGQVR

" ey DMYSFLEDMGLK
HNVYINGITYTPVSSTNEK
LPPNVVEESAR

Figure 3.20. The close inspection of oppositely correlated peptides in Figure 3.19D.
The red-colored amino acids represent chemically active amino acids, and the blue-
colored amino acids are the ones that affect activity of trypsin.
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The four unique peptides QGIPFFGQVR, LPPNVVEESAR, DMYSFLEDMGLK,
and HNVYINGITYTPVSSTNEK, are highly correlated Figure 3.19D, and Figure
3.20 shows a zoomed-in version of this heatmap with a dendrogram graph. They
have chemically active residues, and it is possible that they may be modified, as
shown in Figure 3.20, or that they have been digested improperly. Because the first
three unique peptides QGIPFFGQVR, HNVYINGITYTPVSSTNEK, and
DMYSFLEDMGLK in Figure 3.20, are located in the protein's inner region. Unlike
the other peptides, the reason for the peptide LPPNVVEESAR’s missed cleavage is
that it has two proline (P) amino acid residues near the peptide ends. Trypsin digests
results in limited proteolysis2? as a result of these amino acid residues. In other
words, proline (P)”® amino acids have been shown to have a negative effect on

trypsin activity in the literature.

3.5  The Peptide Behavior in Different Matrices

To investigate the behavior of the A2MG protein's unique peptides in various
matrices, the bovine serum matrix was used as an alternative matrix to the human
serum matrix in this study. The reason is that the bovine serum is easily available,
has a complex environment as human serum, and does not contain all of the unique
peptides of A2MG protein found in human sera. Table 3.9 below lists the unique
peptides in the human A2MG protein as well as the same peptides in the bovine
A2MG protein. In this part of the analysis, bovine serum and human serum were
spiked with A2MG protein standard and digested with trypsin enzyme and a

trypsin/Lys-C mixture. The serum samples are compared with protein standards.

A2MG concentrationsin spiked A2MG protein into human serumrange from 0.0455
to 0.1000 pg/ul, in the A2MG protein standard from 0.0536 to 0.1071 pg/ul, and
spiked A2MG protein into bovine serum from 0 to 0.0121 pg/ul. In addition, A2MG
concentration was considered nonexistent in bovine serum since it does not contain

all of the human specific A2MG unique peptides.
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Table 3.9. List of A2ZMG protein’s unique peptides shared to both matrices

Peptide Sequence
HNVYINGITYTPVSSTNEK
DMY SFLEDMGLK**
DTVIKPLLVEPEGLEK
LPPNVVEESAR**
ALLAYAFALAGNQDK*
AAQVTIQSSGTFSSK

o O B~ W] N

*The peptide has not been included due to low ionization during MS analysis

**The synthetic unique peptides were purchased.

Figure 3.21 depicts all heatmaps with dendrogram using Pearson'scorrelation on the
same scale, which is between -1 to +1. Accordingto the hierarchical clusteranalysis,
the included protein standard and serum samples were separated into two classes. In
bovine serum samples, there is an opposite correlation. Furthermore, the opposite
correlation in unique peptides in trypsin digested samples was lower than in the
trypsin/Lys-C digested samples (Figure 3.21C and Figure 3.21D, respectively).
Likewise, the opposite correlation was stronger in unique peptides in presence of the
trypsin/Lys-C digested samples than in the trypsin digested human serum samples in

Figure 3.21E and Figure 3.21F, respectively.

When all of the plots in Figure 3.21 are examined, the protein standard plots exhibit
the strongest linear peptide correlation compared to the serum plots. This finding is
to be expected, considering it is proportionate to the biological environments
complexity. When the graphs are evaluated over the digestion process, it can be seen
that the enzyme mixture results are the strongest positive or negative peptide

correlation than the trypsin enzyme.
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Figure 3.21. Aheatmap with adendrogram plotillustratingthe association of A2MG
unique peptides in human and bovine serum-protein spiked samples in the presence
of various enzymes. A Peptide correlation in the presence of trypsin in protein
standard. B. The correlation in the presence of trypsin/Lys-C mixture in protein
standard. C. The correlation in the presence of trypsin in bovine serum D. The
correlation in the existence of trypsin/Lys-C mixture in bovine serum E. The
correlation in the presence of trypsin in human serum. F. The correlation in the
presence of trypsin/Lys-C mixture in human serum
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When human and bovine serum samples are compared, human serum samples are
correlated better than bovine serum samples because they already contain these
twelve unique peptides of the A2ZMG protein. Thus, the peptides’ concentration in
human serum is higher than in bovine serum, revealing a better linear correlation.
Figure 3.21C shows that the unique peptide DMYSFLEDMGLK has a high
opposite correlation with other A2MG unique peptides. The unique peptide
DMYSFLEDMGLK with one of the lowest pl values is found inside the A2MG
protein. Although the linear correlation in human serum samples is higher than in
bovine serum samples in the presence of trypsin enzyme, the unique peptides
DMYSFLEDMGLK and VGFYESDVMGR differ from other unique peptides found
in trypsin digested human serum samples, as shown in Figure 3.21E. However,
trypsin digested human serum samples have the highest linear correlation of these

four serum plots in Figure 3.21.

The highly opposite correlations of three unique peptides, DMYSFLEDMGLK,
LPPNVVEESAR, and VGFYESDVMGR, are demonstrated in Figure 3.21D. These
three unique peptides’ lengthsare 12, 11,and 11, respectively. The active methionine
(M) amino acid residue is found in the peptides DMYSFLEDMGLK and
VGFYESDVMGR. This residue may be a distinguishing factor since only these two
unique peptides have this active amino acid residue among the twelve unique
peptides. In addition, these three unique peptides have extremely low pl values
among the twelve unique peptides of A2MG, which are 3.54, 3.93, and 4.15,
correspondingly. As a result, it may be one of the major factors driving this
correlation. Furthermore, since the unique peptides DMYSFLEDMGLK and
VGFYESDVMGR are found in the inner region of the protein, even the unique
peptide VGFYESDVMGR is located in the bait region. Thus, incomplete digestion

may be one of the factors affecting the correlation.

In addition to those, as an alternative matrix, ERM-approved human serum samples
were compared to standard human serum samples. The A2MG protein concentration

in an ERM-certified human serum is theoretically calculated as 1.43 pg/ul (with
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1+0.06 uncertainty). Graphics were analyzed using the same correlation scale
(between -1 to +1). A heatmap with a dendrogram graph was applied to compare
human serum and ERM-certified serum, as shown in Figure 3.22. When comparing
all graphs in Figure 3.22, the peptide correlation in the trypsin digested samples is
more oppositely correlated than in the enzyme mixture digested samples in both
human sera. In all heatmap plots, two primary clusters were founded for twelve
unique peptides.
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Figure 3.22. A heatmap with a dendrogram plot highlighting the association of
A2MG unique peptides in standard human serum and ERM certificated human
serum samples with the participation of different enzymes A. The correlation of
trypsin digested ERM serum. B. The correlation of trypsin/Lys-C mixture digested
ERM serum samples. C. The correlation of trypsin digested standard human serum.
D. The correlation of trypsin/Lys-C mixture digested human serum samples.
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Figure 3.22 shows unique peptides in ERM-certified serumthathave a high opposite
correlation for both enzymes. The four unique peptides with opposite correlations
are  FQVDNNNR, LVHVEEPHTETVR, AAQVTIQSSGTFSSK, and
HNVYINGITYTPVSSTNEK which are listed in Figure 3.22A. The lengths of the
peptides are 8, 13, 15, and 19, respectively. This grouping is a little odd because the
longest and shortest peptides are clustered together. As a result, peptide length may
not be the factor causing the variation.

When considering their positions in the protein structure, the peptide
LVHVEEPHTETVR is found in the bait regions, while the peptides FQYDNNNR
and AAQVTIQSSGTFSSK are located nextto each other on the protein's surface.
The peptide HNVYINGITYTPVSTNEK, on the other hand, is found in the protein's
inner region. Another factor could be that they have chemically active amino acids.
There are two histidine (H) amino acids in the unique peptide LVHVEEPHTETVR.
The FQVDNNNR peptide hasone glutamine (Q) and three asparagines (N), whereas
the AAQVTIQSSGTFSSK peptide has two glutamines (Q). Finally, there is one
histidine (H) and three asparagines (N) in the peptide HNVYINGITYTPVSTNEK.

The following unique peptides in Figure 3.22B with the opposite correlation are
DMYSFLEDMGLK, FQVDNNNR, LVHVEEPHTETVR, AAQVTIQSSGTFSSK,
and IAQWQSFQLEGGLK. These peptides have lengths of 12, 8, 13, 15, and 14,
respectively. Investigations based on the presence of chemically active amino acid
residues revealed that the unique peptide DMYSFLEDMGLK has two methionine
(M), whereas unique peptide FQVDNNNR has one glutamine (Q) and three
asparagines (N). The unique peptide IAQWQSFQLEGGLK, on the other hand, has
three glutamine (Q) and one tryptophan (W) residue. Two histidines (H) are found
in the unique peptide LVHVEEPHTETVR, whereas two cysteines (C) are present in
the unique peptide AAQVTIQSSGTFSSK. When the locations of these five unique
peptides in the protein structure were examined, itwas discovered that three of them,
FQVDNNNR, AAQVTIQSSGTFSSK, and IAQWQSFQLEGGLK, were found
nextto each other, while the unique peptide LVHVEEPHTETVR was found in the
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bait region, and the unique peptide DMYSFLEDMGLK was found in the inner
region. Furthermore, when the pl values of the five peptides were compared, it was
observed that they differed significantly. These five unique peptides,
IAQWQSFQLEGGLK, LVHVEEPHTETVR, AAQVTIQSSGTFSSK,
DMYSFLEDMGLK, and FQVDNNNR, have pl values of 6.68, 5.19, 10.19, 6.4,
and 3.54, respectively. As a result, it can be concluded that the pl value is not the
most critical element determining the linear correlation.

LVHVEEPHTETVR

FQYDNNNR

ERM Serum

Trypsin/Lys-C mix

JJJJJJJ

ERM Serum

Figure 3.23. The shared unique peptides with the strongest opposite correlation in
both enzyme digests were marked. The A2MG protein structure s structure is shown
on the left panel.
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The three peptidesFQVDNNNR, LVHVEEPHTETVR, and AAQVTIQSSGTFSSK
behave differently in both enzyme digests, as shown above in Figure 3.23, resulting
in a more significant opposite correlation. As mentioned earlier, these three unique
peptides have differentlengths, chemically activeamino acid residues, and pl values.
Two unique peptides are positioned next to each other, and one of themis located in
the bait region. However, because both peptides are present on the protein’s surface,
as illustrated in Figure 3.23, it is difficult to determine why they exhibit the same
behavior based on their locations in the protein structure. The unique peptide’s exact
position in the bait region is uncertain, but it is assumed to be in the inner region.
Unfortunately, it has not been determined why these three unique peptides show the
same behavior. However, based on the information, the following conclusion may

be drawn: the factors we assessed are not the primary cause for the grouping.

Comparing Figure 3.22C and Figure 3.22D revealed a decrease in the opposite
peptide correlation between trypsin digest and trypsin/Lys-C mixture digest human
serum. The distribution of peptidesis highly correlated in trypsin/Lys-C digest. The
oppositely correlated peptides in Figure 3.22C are DMYSFLEDMGLK,
HNVYINGITYTPVSTNEK, LHTEAQIQEEGTVVELTGR, and
VGFYESDVMGR. These unique peptides have lengths of 12, 11, 19, and 19,
respectively. Two glutamines (Q) and one histidine (H) are the chemically active
residues in LHTEAQIQEEGTVVELTGR.

Furthermore, the HNVYINGITYTPVSTNEK peptide has one histidine (H) and
three asparagines (N). The unique peptide DMY SFLEDMGLK has two methionines
(M), while the unique peptide VGFYESDVMGR only has one methionine (M). The
VGFYESDVMGR peptide is found to be in the bait region when the positions of
these unique peptides in the 3D protein structure are investigated. As previously
stated in Figure 3.18, the unique peptides DMYSFLEDMGLK and
VGFYESDVMGR have a coefficient of variations higher than the others. The three
unique peptides DMYSFLEDMGLK, LHTEAQIQEEGTVVELTGR, and
HNVYINGITYTPVSTNEK, are all found in the protein's inner regions. Because
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trypsin activity reduces in the inner locations of the protein, this might be taken to
mean that peptides low ability to be digested (Figure 3.22C). The fact that these
unique peptides exhibit a weaker linear peptide correlation in the trypsin/Lys-C

digests (Figure 3.22D), supports the accuracy of this explanation.
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CHAPTER 4

CONCLUSION

In this study, protein-peptide relationship was investigated under conventional
proteolytic digestion conditions in order to assess the clinical utility of peptide
centric biomarker studies. To this end, A2MG selected as a reference protein and the
MRM method was developed to monitor twelve A2MG unique peptides. The
replicate QC injections were performed to assure reproducibility of the
measurements. Proteolytic digestion reproducibility was tested through parallel

sample processing.

We investigated the quantitative protein-peptide relationship. Thus, the enzyme on
the digestion process, concentration, and the matrix effects were investigated to find
factors affecting the peptide behavior. A2ZMG protein standard and protein spiked
human serum and bovine serum samples at varying concentration levels were

digested using two common proteases (trypsin and trypsin/Lys-C mixture).

The relative abundances of unique peptides were monitored and compared with
corresponding protein concentration levels. The highest protein-peptide correlation
was observed in high concentration levels of the protein standard for both enzymes.
The correlation of eleven A2MG unique peptides were variable at low concentration
levels of the protein standard. Apart from the unique peptide
HNVYINGITYTPVSSTNEK, eleven A2MG unique peptides have been discovered
to behave differently in the presence of trypsin at low protein concentrations. In the
presence of a trypsin/Lys-C mixture at low protein concentration levels, the unique
peptide LHTEAQIQEEGTVVELTGR is not correlated with any other unique
peptides.
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For the enzyme effect on protein digestion, the A2MG protein standard and human
serum were compared. Enzyme mixture (trypsin/Lys-C) has better digestion
efficiency at all different protein concentrations and protein spiked into biological
matrix than trypsin. The protein standard had a higher peptide correlation in presence
of trypsin/Lys-C mixture and all A2ZMG unique peptides were correlated linearly. In
A2MG spiked into serum samples, the peptide correlationwas not linear since serum
has complex protein/peptide environment, the results may be affected by matrix-

effect.

In addition, the matrix-effectwas investigated using A2MG protein standard, human
serum, bovine serum, and ERM-certified serum. It was observed that the peptide
correlation was weaker and varied in serum samples compared to the protein

standard.

In this study, we used a systematic approach to show dynamic protein-peptide
correlation. Results suggests that the change in A2MG protein concentration at
protein level is not reflected in peptide level. The variation in peptide level might be
affectedby various parameterssuch as the presenceof chemically active aminoacids
in the sequence, the ragged peptide ends that impact activity of trypsin, peptide
length, pl values, the locations in the protein structure and potential modifications
on peptide sequence. The location of the peptides in the protein structure is the main
factor which affects the linear peptide correlation since peptides located inner
regions of the structure did not show linear correlation with other target peptides.
Also, the peptides with lowest pl values show opposite correlationamong all twelve
A2MG unique peptides.

As a first step, linearity is shown in the calibration curves in different biological
conditions. However, figure of merits such as limit of detection (LOD), limit of
quantification (LOQ), dynamic range and recovery should be performed for A2MG

absolute protein quantification.
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Even though parallel measurements of individual samples are reproducible, all
unique peptides in the protein behave differently in serum regardless of the enzyme
used. This is clearly showing that selection of a unique peptide for any clinical

application is critical as one could get different results depending on the choice.

The common practice in proteomics-based clinical studiesisto reportthe biomarkers
in protein level even though the measurements are performed in peptide level. This
may mislead the researchers in the field since their behavior changes from one

peptide to another.

This is firststudy showinga comprehensive quantitative protein peptiderelationship.
Future work needs to focus on the root cause of the variation observed in peptide

levelto facilitate more precise and sensitive biomarker studies in clinical proteomics.
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APPENDICES

A. HPLC and MS Results of Peptide Standards and IS

The HPLC chromatograms and MS spectra of the synthesized peptide standards

represented in this section.
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Figure 4.2. Mass spectrum of FEVQVTVPK
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Figure 4.4. Mass spectrum of DMYSFLEDMGLK
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Figure 4.8. Mass spectrum of VGFYESDVMGR
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