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Jan-Jonas Filén

Quantitative proteomics in the characterization of T helper lymphocyte
differentiation

Turku Centre for Biotechnology, University of Turku and Abo Akademi University;
Department of Medical Biochemistry and Molecular Biology, University of Turku; The
National Graduate School in Informational and Structural Biology

ABSTRACT

The term proteome is used to define the complete set of proteins expressed in cells
or tissues of an organism at a certain timepoint. Respectively, proteomics is used to
describe the methods, which are used to study such proteomes. These methods include
chromatographic and electrophoretic techniques for protein or peptide fractionation,
mass spectrometry for their identification, and use of computational methods to assist
the complicated data analysis.

A primary aim in this Ph.D. thesis was to set-up, optimize, and develop proteomics
methods for analysing proteins extracted from T helper (Th) lymphocytes. First, high-
throughput LC-MS/MS and ICAT labeling methods were set-up and optimized for
analysing the microsomal fraction proteins extracted from Th lymphocytes. Later,
iTRAQ method was optimized to study cytokine regulated protein expression in the
nuclei of Th lymphocytes. High-throughput LC-MS/MS analyses, like ICAT and
iTRAQ, produce large quantities of data and robust software and data analysis
pipelines are needed. Therefore, different software programs used for analysing such
data were evaluated. Moreover, a pre-filtering algorithm was developed to classify
good-quality and bad-quality spectra prior to the database searches.

Th-lymphocytes can differentiate into Thl or Th2 cells based on surrounding
antigens, co-stimulatory molecules, and cytokines. Both subsets have individual
cytokine secretion profiles and specific functions. Thl cells participate in the cellular
immunity against intracellular pathogens, while Th2 cells have important role in the
humoral immunity against extracellular parasites. An abnormal response of Thl and
Th2 cells and imbalance between the subsets are charasteristic of several diseases. Thl
specific reactions and cytokines have been detected in autoimmune diseases, while Th2
specific response and cytokine profile is common in allergy and asthma.

In this Ph.D. thesis mass spectrometry-based proteomics was used to study the
effects of Thl and Th2 promoting cytokines IL-12 and IL-4 on the proteome of Th
lymphocytes. Characterization of microsomal fraction proteome extracted from IL-12
treated lymphobasts and IL-4 stimulated cord blood CD4+ cells resulted in finding of
cytokine regulated proteins. Galectin-1 and CD7 were down-regulated in IL-12 treated
cells, while IL-4 stimulation decreased the expression of STAT1, MXA, GIMAPI1, and
GIMAPA4. Interestingly, the transcription of both GIMAP genes was up-regulated in
Thl polarized cells and down-regulated in Th2 promoting conditions.

Keywords: Proteomics, mass spectrometry, stable isotope labeling, Th1/Th2
differentiation, cytokine
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Kvantitatiivinen proteomiikka T-auttajasolujen erilaistumisen tutkimisessa

Turun Biotekniikan keskus, Turun Yliopisto ja Abo Akademi; Lddketieteellinen
biokemia ja molekyylibiologia, Turun Yliopisto; Kansallinen bioinformatiikan ja
rakennebiologian tutkijakoulu

TIIVISTELMA

Proteomilla tarkoitetaan organismin solujen tai kudosten tietylld ajanhetkelld
ilmentdmid proteiineja. Proteomiikka puolestaan késittdd menetelmét, joiden avulla
tutkitaan proteomeja. Ndihin menetelmiin kuuluvat kromatografiset ja elektroforeettiset
tekniikat proteiinien ja peptidien fraktiointiin, massaspektrometria niiden
tunnistamiseen seké tietojenkésittely menetelmét avustamaan tietojen analysointia.

Viitoskirjan osatdiden tarkoituksena oli pystyttdd, optimoida ja kehittda
proteomiikan tutkimusmenetelmid T-auttajasoluista (Th) eristettyjen proteiinien
tutkimiseen. Aluksi pystytettiin ja optimoitiin LC-MS/MS- ja ICAT-menetelmét. Th-
solujen mikrosomaalisten fraktioiden analysoimiseksi. Myohemmin iTRAQ-
menetelmd optimoitiin Th-solujen tuman proteomin tutkimiseksi. ICAT- ja iTRAQ-
menetelmien kaltaiset LC-MS/MS-menetelmit tuottavat paljon tietoa, minka
analysoimiseksi tarvitaan tehokkaita tietokoneohjelmia ja tietojen
analysointijarjestelmid. Tdmén vuoksi vditoskirjatydssd arvioitiin massaspektrometrilld
mitattujen spektrien analysointiin soveltuvia tietokoneohjelmia. Lisdksi kehitettiin
algoritmi, jonka avulla voidaan erotella laadultaan hyvét ja huonot spektrit toisistaan
ennen tietokantahakuja.

Th-solut voivat erilaistua Thl- tai Th2-soluiksi ympérdivien antigeenien, ko-
stimuloivien molekyylien ja sytokiinien vaikutuksesta. Molemmilla alatyypeilld on
yksilolliset sytokiinien tuottoprofiilit ja spesifiset tehtévit. Thl-solut osallistuvat
soluvilitteiseen immuniteettiin solunsisdisid taudinaiheuttajia vastaan, kun taas Th2-
soluilla on tirked rooli vasta-ainevilitteisessd immuniteetissd solunulkoisia loisia
vastaan. Thl- ja Th2-solujen epé&normaali vaste ja solupopulaatioiden vélinen
epitasapaino voivat johtaa sairauksiin. Th1-soluille ominaisia reaktioita ja sytokiineja
on havaittu autoimmuunisairauksissa, kun taas Th2-soluille tyypillinen vaste ja
sytokiiniprofiili ovat ominaisia allergiassa ja astmassa.

Téssd viitoskirjatyossd tutkittiin massaspektrometriaan perustuvan proteomiikan
avulla Thl ja Th2 erilaistavien sytokiinien IL-12 ja IL-4 vaikutusta Th-solujen
proteomiin. IL-12:lla stimuloiduista perifeerisen veren Th-soluista ja IL-4:114
stimuloiduista napaveren Th-soluista eristettiin mikrosomaaliset fraktiot, joiden
proteomeissa havaittiin sytokiinien sdételemid proteiineja. Galektiini-1:n ja CD7:n
ekspressio vaheni IL-12:n vaikutuksesta ja IL-4 puolestaan vdhensi STAT1:n, MXA:n,
GIMAPI:n ja GIMAP4:n ilmenemistd. Molempien GIMAP geenien transkription
havaittiin vihenevén IL-4:n vaikutuksesta ja lisddntyvén IL-12:n vaikutuksesta.

Avainsanat: Proteomiikka, massaspektrometria, stabiilit isotooppileimat, Th1l/Th2
erilaistuminen, sytokiini
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ABBREVIATIONS

2-DE 2-dimensional electrophoresis

c-maf musculoaponeurotic fibrosarcoma -protein
DiGE difference gel electrophoresis

DTT dithiothreitol

ER endoplasmic reticulum

ESI electrospray ionization

FITC fluorescein isothiocyanate

FoxP forkhead box protein

FTICR fourier transform ion cyclotron resonance
yc cytokine receptor common y—chain

GATA gata-binding protein

GIMAP GTPase of the immunity associated protein
GM-CSF granulocyte-macrophage colony-stimulating factor
ICAT isotope-coded affinity tag

IEF isoelectric focusing

IFN interferon

IL interleukin

IL-#R interleukin-# receptor

IPG immobilized pH gradient

IT ion trap

iTRAQ isotope tagged relative and absolute quantitation
JAK Janus kinase

MALDI matrix assisted laser desorption ionization
MS mass spectrometry

MS/MS tandem mass spectrometry

NK cell natural killer cell

PAGE polyacrylamide gel electrophoresis

PBMC peripheral blood mononuclear cells

PHA phytohemagglutinin

PMF peptide mass fingerprinting

PFF peptide fragment fingerprinting

QQQ triple quadrupole

RP reversed-phase chromatography

R-PE R-phycoerytherin

RT-PCR reverse transcriptase-polymerase chain reaction
SCX strong cation exchange

SDS sodium dodecyl sulfate



SEC
SILAC
STAT
TAP
T-bet
TBP
Tc cell
TCEP
TCR
TEAB
TGF
Th cell
TNF
TOF
Tr cell
TYK

size exclusion chromatography
stable isotope labeling with amino acids in cell culture
signal transducer and activator
tandem affinity purification
t-box expressed in T cells
tributylphosphine

cytotoxic T cell
tris(2-carboxyethyl)phosphine
T cell receptor

triethyl ammonium bicarbonate
transforming growth factor

T helper cell

tumor necrosis factor
time-of-flight

regulatory T cell

tyrosine kinase
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1 INTRODUCTION

The term proteome can be defined as a complete set of proteins expressed by a cell
(Wilkins et al., 1996), while proteomics refers to the large-scale analysis of proteins
(Pandey and Mann, 2000). Proteomics includes many different methods to analyse
proteins of a proteome, for example, chromatographic and electrophoretic techniques
for protein or peptide fractionation, labeling reagents for their quantification, mass
spectrometers to analyse them, and software programs to assist in the data analysis
(Pandey and Mann, 2000; Righetti et al., 2003; Stults and Arnott, 2005; Zhu et al.,
2003). The development of LC-MS/MS instruments and related applications has
improved the large-scale analyses of complex protein mixtures. The capacity of the
analyses to detect proteins has improved and automation of the methods has increased
the throughput of the analyses. Isotope-coded labeling reagents used in combination
with LC-MS/MS have improved the quantitative analyses of complex protein mixtures.
These stable isotopes can be metabolically, chemically, or enzymatically incorporated
to the proteins (Corthals and Rose, 2007; Goshe and Smith, 2003; Ong and Mann,
2005). Despite recent instrumental and methodological developments, the cellular
proteome is still far too complicated to be completely analysed. Therefore, the
experimental design should be planned carefully based on the biological question.

There are two main subsets of T helper (Th) cells, which both differentiate from naive
Th cells based upon the surrounding antigens, costimulatory molecules and cytokines
(Agnello et al., 2003; Constant and Bottomly, 1997; Lee et al., 2006; Mosmann et al.,
1986; Mosmann and Coffman, 1989b). Cytokines IL-12 and IL-4 promote Thl and
Th2 differentiation, respectively (Hsieh et al., 1992; Hsieh et al., 1993; Kobayashi et
al., 1989; Manetti et al., 1993; Seder et al., 1992; Swain et al., 1990). Both subsets
have distinct cytokine secretion profiles and functions. Thl cells secrete interferon
(IFN)-y , interleukin (IL)-2, and lymphotoxin-B, which promotes cellular immunity
against intracellular pathogens (Glimcher and Murphy, 2000; Mosmann and Coffman,
1989a; Paul and Seder, 1994). Th2 cells participate in humoral immunity by secreting
IL-4, IL-5, IL-6, IL-9, IL-10 and IL-13 (Glimcher and Murphy, 2000; Mosmann and
Coffman, 1989a; Paul and Seder, 1994). Imbalance between Thl and Th2 subsets, and
their selective activation is associated with pathophysiological conditions like allergy,
asthma, and certain autoimmune diseases (Romagnani, 1994; Romagnani, 1996).

In this Ph. D. thesis high-throughput LC-MS/MS, stable isotope labeling, and data
analysis methods were set-up to elucidate the effects of Thl and Th2 promoting
cytokines IL-12 and IL-4 on the proteome of Th lymphocytes.
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2 REVIEW OF THE LITERATURE

2.1 Proteins, proteome, and proteomics

Proteins are organic molecules, which are composed of amino acids linked to each other by
peptide bonds. Proteins were discovered in the 19" century by Jons Jakob Berzelius, who
named them npwtelo in Greek meaning “we’re number one”. As their name indicates
these molecules have a crucial role for all living organisms. Proteins can act as enzymes,
accelerating many important chemical reactions, for example, in cellular metabolism.
Proteins also form the backbone of the cells and different cellular structures. Furthermore,
they participate in cell motility, signalling, mitosis, etc. The importance of the proteins is
highlighted by their involvement in most of the cellular processes and functions.

The central dogma of molecular biology enunciated by Francis Crick in 1958 (Crick,
1970), describes the protein synthesis in the cells according to the genetic code.
Genetic information is stored in DNA, except in some viruses as RNA. A gene
represents a DNA sequence, which codes the corresponding protein. In protein
synthesis, DNA is first transcribed to a messenger-RNA transcript, which is further
translated to a protein by transfer-RNA in ribosomes.

The terms proteome and proteomics were coined, only as late as 1994, by Marc
Wilkins, even if proteins have been studied since their discovery and, in particular,
after their importance for all living organisms was recognized. The term proteome was
abbreviated from “PROTEin complement of the genOME” meaning the complete set
of the proteins expressed by the cell (Wilkins et al., 1996). Proteomics, for one, could
be described as simply as “the large-scale analysis of proteins” (Pandey and Mann,
2000) or more thoroughly: “Proteomics includes not only the identification and
quantification of the proteins, but also the determination of their localization,
modifications, interactions, activities, and, ultimately, their function.” (Fields, 2001)

Proteins are the active agents in the cells, tissues, and organisms and have an essential
role in determining the phenotype of an organism. Even if all the organisms have one
unique genome, the proteome of the organism can vary and create different phenotypes
for the organism. As a classical example a caterpillar and a butterfly are often shown
representing a common genome but different proteomes. Similarly, the phenotypes of
many diseases are consequences of abnormalities in the proteome, even if they have
genetic background. Human genome consists of ~ 2.85 billion nucleotides divided into
24 chromosomes. It is estimated to contain 20000-25000 genes coding for proteins
(International Human Genome Sequencing Consortium, 2004; Lander et al., 2001;
Venter et al., 2001). However, mRNA transcripts can be alternatively spliced and
translated proteins can be cleaved or chemically modified in the cell. At least 200
different post-translational modifications of the proteins have been documented so far,
creating a complex milieu of proteins in the cell (Krishna and Wold, 1993). In addition,
functionality of the proteins often demands specific protein-protein interactions
forming functional protein complexes (Dziembowski and Seraphin, 2004). Figure 1
schematically illustrates the complexity of the cellular proteome.
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Figure 1: Proteome is much more complex than the corresponding genome. Figure 1 illustrates
the proteome created from the expression of three genes. First the genes are transcribed to mRNA,
which can be alternatively spliced (in the figure genes 1 and 2 produce two splice variants and
gene 1 produces one). Resulting mRNA is translated then to proteins, which can be cleaved and/or
modified with different kinds of post-tranlational modifications (in the figure protein 1.1 is
cleaved, protein 2.1 is modified either with glycosylation or lipid, protein 3 is phosphorylated).
Localization of the proteins and their interactions with other proteins and molecules plays an
important role for their functionality. Post-translational modifications can affect to the protein
localization and interactions, and vice versa (in the figure protein 1.1 is cleaved in the cellular
organelle resulting to cleaved protein pro, which is secreted from the cell; protein 1.2 is a cytosolic
protein; glycosylated and/or lipidoylated protein 2.1 localizes to the plasma membrane, while
protein 2.2 localizes to the nuclear membrane; protein 3 is a cytosolic protein, which can be
phosphorylated and binds to protein 2.2; diphosphorylated form of protein 3 localizes to nucleus
and binds to DNA). Part of the figure adapted from Peng and Gygi (2001).

2.2 Methods used in proteomics

There is a wide variety of methods, reagents, instrumentation and data analysis tools
available to design a proteomics experiment (reviewed for example in the following
articles Pandey and Mann, 2000; Righetti et al., 2003; Stults and Arnott, 2005; Zhu et
al., 2003). The proteomics experiment consists of four basic stages, namely 1) sample
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preparation, 2) sample fractionation, 3) mass spectrometry analysis, and 4) data
analysis. In quantitative proteomics proteins are usually labeled during sample
preparation and quantified during sample fractionation (2-DE based proteomics) or MS
analysis (MS based proteomics). Figure 2 summarizes these stages usually present in
proteomics experiments. All the methods used in different stages are interlocked very
closely with each other, for example sample preparation goes hand in hand with sample
fractionation and a suitable MS analysis method should be selected based on the
sample fractionation.

Quantitative labelling |

Biological Sample Sample MS Data
sample preparation fractionation analysis analysis

| Quantitation |

Figure 2: The experimental design in proteomics experiment commonly consists of four stages
(sample preparation, sample fractionation, MS analysis, and data analysis). In quantitative
proteomics abundances of the proteins are measured during sample fractionation (2-DE based
proteomics) or MS analysis (MS based proteomics).

2.3 Sample preparation

The sample material used in proteomics studies varies a lot. Proteins can be extracted
from many different sources such as cultured cells, tissues, body fluids etc. A
successful proteomics experiment would benefit from having the genome sequence
available for the studied organism. Genetic code can be translated in databases to
protein sequences, which facilitates the identification of the proteins during data
analysis. Without genetic information proteins can be identified either by de novo
sequencing (Horn et al., 2000; Standing, 2003) or by comparing to the genomes of
other organisms (Liska and Shevchenko, 2003) but it will make the data analysis much
more complicated and does not favour the high-throughput analysis.

The classical phrase “junk in, junk out” best defines the importance of sample
preparation in a proteomics experiment. Contaminated or otherwise poor quality
samples just can not be processed into high quality data and results. So, all samples
should be handled accurately with carefully chosen sample preparation methods.
Special attention should be paid to prevent contamination of samples during sample
preparation. Many chemicals, for example, those used in cell biology should be
removed carefully from the samples before the MS analysis, because their presence can
interfere with the analysis. Nonetheless, the most common contaminant keratin, which
is present in all of us, emphasizes the importance of a careful sample handling.

Sample preparation starts usually by culturing and lysing cells, homogenizing tissues,
or preparing body fluids to extract the proteins. The extracted proteins are denatured
and chemically modified to solubilize them and to prevent their aggregation and
protease activity within the sample. Proteins can be denatured either by heat or
chemicals such as urea or different detergents (reviewed by Gorg et al., 2004 and
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Molloy, 2000). However, detergents can create a background signal in MS that may
mask peptide derived signals. Therefore, the amount of detergents should be kept
minimal, or alternatively they should be removed or diluted, before protein digestion
and MS analysis. Denatured proteins are further reduced and alkylated to prevent their
aggregation via formation of crosslinks between cysteinyl thiols. The most commonly
used reducing agents are beta-mercaptoethanol, dithiothreitol (DTT), tributylphosphine
(TBP) and tris(2-carboxyethyl)phosphine (TCEP), while iodoacetamide, acrylamide
derivatives and vinylpyridines are also used as common alkylating reagents (Bai et al.,
2005; Herbert et al., 2001; Righetti, 2006; Sebastiano et al., 2003). The final step in the
sample preparation is the digestion of the proteins to peptides. A lot of different
chemicals and enzymes with different specifities are available for the digestion (see
e.g. au.expasy.org/tools/peptidecutter/peptidecutter enzymes.html). Trypsin is the
most commonly used enzyme for protein digestion. It cleaves peptides very
specifically after the basic amino acid residues lysine and arginine (Olsen et al., 2004a;
Wilkinson, 1986). After trypsin digestion, the resulting peptides remain charged which
improves their ionization in the MS analysis. Trypsin is also efficient and cost-
effective to use.

2.4 Sample fractionation

Even if proteomics instrumentation has significantly improved during the last decade
(Patterson and Aebersold, 2003), the whole cellular proteome is still far too
complicated to measure. Therefore, sample fractionation is a crucial step in a
proteomics experiment that can increase the number of protein identifications and
allow detection of low-abundance proteins. The samples can be fractionated by using
different prefractionation methods as well as by electrophoresis- and chromatography-
based fractionation. There are many ways to prefractionate the sample during the
sample preparation and by that way reduce the complexicity of the sample. Instead of
using whole cell lysates subcellular organelles can be isolated and characterized
(Pasquali et al., 1999). If protein complexes are studied, these can be enriched by using
cloned epitope or affinity purification tags (Fritze and Anderson, 2000; Terpe, 2003).
Some high-abundance or artificial proteins can be removed from the samples by
specific antibodies, for example serum albumin from plasma samples (Steel et al.,
2003). Even if there are many ways to prefractionate the sample, it is usually necessary
to continue the fractionation with chromatography or electrophoresis or their
combination before the MS analysis.

2.4.1 Subcellular fractionation

The localization of proteins in the cell is important for their functionality. Therefore
studying subcellular compartments provides information about the localization of
proteins and reduces sample complexity. There are many different methods available
for isolation and purification of the organelles (reviewed by Pasquali et al., 1999).
These include classical density-gradient centrifugation and affinity purification using
antibodies detecting transmembrane proteins in different organelles. Different
electrophoresis techniques such as free flow -, high resolution density gradient -, and
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immune free flow electrophoresis can be used as well. Organelles can also be sorted
with flow cytometry-based methods. During last few years a number of studies have
characterized the proteomes of distinct cellular organelles (Andersen and Mann, 2006;
Righetti et al., 2005; Yates et al., 2005). The number of protein identifications in these
studies varies from tens to thousands of identified proteins depending on the studied
organelle and the methods used. Table 1 shows some selected sub-proteome studies
and numbers of identified proteins in them.

Table 1: Cellular organelles have been characterized in many subproteome studies. The table
summarizes applied fractionation methods and number of protein identifications in the selected
studies. The number of protein identifications in the parentheses indicates all the detected spots
from the 2-DE gels. However, only some of the protein spots are prepared for the MS analysis.

Abbreviations in the table: ab; antibody based affinity chromatography; de, dimensional
electrophoresis; dg, density gradient centrifugation; hilic, hydrophilic interaction
chromatography; rp, reversed-phase chromatography; sol, solubility; scx, strong cation-
exchange chromatography.

Cells: Organelle: Fractionation: Protein Reference:
identifications:

human liver nucleus dg; 2-de 15 (1497) Jung et al., 2000

hela cells nucleolus dg; 1-de; 2-de 213 Scherl et al., 2002

hela cells nucleolus dg; 1-de; rp; 489 Andersen et al., 2005
silac

rat liver mitochondrion dg; 2-de 196 (1596) Lopez et al., 2000b

human heart mitochondrion dg; 1-de 615 Taylor et al., 2003

rat liver golgi dg; rp; scx; hilic 421 Wu et al., 2004

rat liver lysosome dg; sol; 1-de; rp 215 Bagshaw et al., 2005

yeast peroxisome dg; ab; scx; 70 Marelli et al., 2004
avidin; rp; icat

mouse liver endoplasmic dg; 2-de 141 (>2000) Knoblach et al., 2003

reticulum

2.4.2 Purification of protein complexes

In addition to the correct localization, the function of the proteins often requires
interactions with other proteins. The most commonly used methods to purify protein
complexes are cloned epitope and purification tags. These tags are usually short
polypeptides or small proteins, which are fused to the target proteins by DNA cloning.
Proteins of interest and interacting or complexed proteins are then purified by an
antibody recognizing the tag by using immunoprecipitation or immunoaffinity
chromatography. A number of different tags have been developed and succesfully used
in characterization of functional protein complexes (Terpe, 2003). The TAP tag, for
example, has been used in more than one hundred different studies (Dziembowski and
Seraphin, 2004; Rigaut et al., 1999). Immunoprecipitation and DNA affinity
purification are other commonly used methods to enrich protein complexes, which are
then characterized by MS-based methods. Such a strategy was used, for example, to
characterize protein complexes in yeast cells (Ranish et al., 2003).
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2.4.3 Electrophoresis-based fractionation

Gel electrophoresis based techniques are used often in the proteomics studies to separate
proteins. Both one- and two-dimensional gels are used depending on the complexity of
the sample. In expression proteomics studies of complex protein mixtures, for example,
two-dimensional gel electrophoresis (2-DE) is the most popular. 2-DE was originally
developed independently by three different research groups (Klose, 1975; O'Farrell,
1975; Scheele, 1975). With 2-DE proteins are fractionated according to their isoelectric
point and their molecular weight by isoelectric focusing (IEF) and SDS-PAGE,
respectively. Proteins are quantified from the gels by different staining and labeling
methods. After this quantitative analysis, the protein spots of interest are cut from the gel,
and prepared for the MS analysis for protein identification.

2-DE has many benefits that explain its popularity in the proteomics studies. First, it
visualizes the protein map of the studied proteome unlike chromatography-based
fractionation methods. This enables easier identification of protein isoforms and their post-
translational modifications. These protein maps can also be compared to other existing
maps using databases. For example, the SWISS-2DPAGE database contains more than
1000 protein maps (Hoogland et al., 2004). The resolution of 2-DE gels is nowadays
sufficient to routinely detect ~2000 proteins. Using larger gels or multiple narrow
overlapping IPGs (immobilized pH gradients) allows identification of up to 5000-10000
proteins (Gorg et al., 2004; Wittmann-Liebold et al., 2006). The development of IPGs has
removed former limitations of carrier ampholyte-based 2-DE gels such as technical
reproducibility and detection of low-abundance, acidic, and basic proteins (Bjellqvist et al.,
1982; Gorg et al., 2004). Methodological progress in the 2-DE sample preparation has also
advanced the analysis of membrane proteins, which have been traditionally extremely
difficult group of proteins to study with 2-DE (Molloy, 2000).

Capillary electrophoresis has also been successfully used to fractionate protein
samples. As the name implies proteins are separated by electrophoresis using a
capillary instead of a gel. Capillary electrophoresis separations are most often based on
proteins charge-to-mass ratio, size, interactions with ligands, or hydrophobicity/
hydrophilicity (Huang et al., 2006).

2.4.4 Chromatography-based fractionation

Chromatography-based techniques are another powerful way to fractionate protein
samples. In chromatography-based methods proteins are usually digested to peptides
prior to their separation with multidimensional chromatography and automated
MS/MS analysis. In multidimensional chromatography different chromatographic
fractionations are performed online. Many different kinds of chromatographic
stationary phase materials can be used for multidimensional chromatography, like
reversed-phase (RP), size exclusion (SEC), strong cation exchange (SCX), anion
exchange, affinity, and hydroxyapatite columns (Righetti et al., 2005). In the first
proteomics applications of multidimensional chromatography either SEC or SCX were
combined online with RP to fractionate peptides (Link et al., 1999; Opiteck et al.,
1997). Since these initial experiments many other combinations of chromatography
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separations have been introduced and used with HPLC instruments connected online to
a MS/MS instrument.

The increasing popularity of the chromatography-based fractionation is a consequence of
its capability to overcome some of the limitations encountered with 2-DE-based methods.
Chromatography-based techniques have shown to be a powerful approach to study certain
proteins that are difficult to study with 2-DE including membrane and low-abundance
proteins (Blonder et al., 2004; Han et al., 2001; Peng and Gygi, 2001; Stockwin et al.,
2006; Washburn et al., 2001; Wu et al., 2003). The reason for this is simple: In 2-DE
proteins are solubilized and fractionated, while in multidimensional chromatography
proteins are first digested to peptides and then fractionated. Multidimensional
chromatography also allows higher throughput than 2-DE due to the better automation
capability. Resolution of multidimensional chromatography is as excellent as with 2-DE
enabling the identification of more than 1000 proteins. However, the detection of protein
isoforms and post-translational modifications is more complicated than with 2-DE.
Recently, the use of stable isotope labeling has increased the use of the chromatography-
based fractionation in quantitative proteomics experiments.

Both the electrophoresis- and chromatography-based fractionation methods have
advantages and disadvantages and the fractionation method should be selected
carefully for each sample and study. These methods can be often used in parallel and
by that way obtain complementary information (Kim et al., 2006; Kubota et al., 2003;
Schmidt et al., 2004; Schmidt et al., 2006; Tian et al., 2004).

2.5 Biological mass spectrometry

Mass spectrometry (MS) is an analytical method used to measure mass-to-charge (m/z)
ratio of molecules. This is achieved by ionisizing the molecules, separating them
according to their mass-to-charge ratio, and finally detecting their abundances. The
first mass spectrometers were developed in the beginning of the 20" century. However,
the development of soft ionization techniques in late 1980°s revolutionized the use of
MS in life sciences and enabled the analysis of biomolecules including proteins (Fenn
et al., 1989; Karas and Hillenkamp, 1988; Tanaka et al., 1988). The importance of
electrospray ionization (ESI) and matrix assisted laser desorption ionization (MALDI)
techniques were acknowledged in 2002, when their developers were awarded with the
Nobel prize in chemistry. Nowadays more powerful MS instruments are available and
MS is used routinely in most well-equipped laboratories. In proteomics applications
mass spectrometers are used in three major areas; (1) to identify proteins, (2) to detect
their covalent modifications including post-translational modifications, and (3) to
characterize and control the quality of recombinant proteins (Mann et al., 2001).

2.5.1 MS instrumentation

Different types of mass spectrometers, compatible for peptide and protein analysis,
have emerged since the development of soft ionization techniques. In principle, all M'S
instruments consist of an ion source, a mass analyser, and a detector. These
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components can be combined to different configurations to create mass spectrometers
with diverse features in terms of speed, resolution, sensitivity, accuracy, mass range,
and price (Aebersold and Mann, 2003; Domon and Aebersold, 2006).

In the MS analysis molecules are ionized to gas phase. The ESI is used to ionize the
molecules present in liquid phase, while with MALDI molecules are crystallized with
matrix and then ionized with laser pulses. Then the ions enter the mass analyser, in
which they are separated according to their m/z. The most commonly used mass
analysers are quadrupole (Q), time-of-flight (TOF), ion trap (IT), and Fourier transform
ion cyclotron resonance (FTICR). From the mass analyser the ions enter the detector,
which measures the abundances of each ion with specific m/z. Todays mass
spectrometers can detect routinely femtomole quantities of peptides, but even
zeptomole sensitivity can be achieved (Belov et al., 2000). At the same time the most
accurate FTICR instruments can reach the resolution > 1000000 (meaning the
separation of m/z 1000.001 from 1000.000) (Wysocki et al., 2005).

2.5.2 Identification of proteins with mass spectrometry

Peptide mass fingerprinting (PMF) by MS (Henzel et al., 1993; James et al., 1993; Mann
et al., 1993; Pappin et al., 1993; Yates et al., 1993) and peptide sequencing by MS/MS
(Hunt et al., 1986; Johnson and Biemann, 1987) are the most commonly used MS-based
methods to identify proteins. In both methods proteins are digested to peptides, which are
then analysed by MS. In the PMF analysis the studied sample should contain peptides
from only one or at most a few different proteins. Therefore, PMF is an optimal way to
identify proteins derived e.g. from 2-DE gels. In the PMF analysis peptide masses of the
digested protein are simply measured by MS. Different search algorithms are then used
to match the detected peptide masses against the theoretical peptide masses of different
proteins that are present in the protein databases. The PMF is a simple and robust method
to identify purified proteins, however MS/MS is needed to analyse complex protein
mixtures. In the MS/MS instruments two mass analysers are joined together. In the first
analyser a peptide with specific m/z ratio is selected from the complex mixture of
peptides. The selected peptide is then dissociated to multiple fragment ions by collision
with inert gas. The resulting fragment ion masses are then measured in the second mass
analyser. The detected fragment ion masses are used to determine amino acid sequence
of the peptide and to identify the corresponding protein. Proteins can be identified from
MS/MS spectra by two main approaches, namely de novo sequencing and peptide
fragment fingerprinting (PFF) (Hernandez et al., 2004). In both approaches peptide
sequences are used for protein identification but the major difference is that PFF uses
protein and/or DNA sequences present in the databases for peptide sequencing, while de
novo sequencing is performed without the database information. Powerful computer
software algorithms assist the interpretation of the MS/MS spectra in both approaches.

2.6 Quantification & quantitative labeling

Quantification means measuring a property existing in a range of magnitudes, for
example, weight, volume, and concentration are typical quantities measured in
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chemistry. Quantification can be divided to absolute and relative quantification. Within
quantitative proteomics the latter one is much more commonly used. In relative
quantification protein abundances are measured between two or more different biological
conditions and compared with each other. All the quantitative methodologies described
in this thesis represent relative quantification. However, it should be noted that absolute
quantities can also be measured in proteomics, for example, by adding known
concentrations of internal standard peptides to the samples and comparing their
quantitities to the studied peptides present in the sample (Gerber et al., 2003).

Measuring peptide abundances within complex biological samples with a mass
spectrometer is not a simple task. Different peptides have different chemical and
physical properties, which have an impact on their preparation and fractionation, and
finally on their ionization and volatilization in the MS analysis. Therefore, quantities of
different peptides can not be compared with each other. In principle, a peptide with low
quantity but with good ionization properties might show in the MS spectrum higher
intensity than a peptide with higher quantity but worse ionization properties. Therefore,
only quantities of identical peptides can be compared with each other. Relative
quantification methods used in proteomics studies can be divided to two main
categories, namely gel- and MS-based quantifications.

2.6.1 Gel-based quantification

In gel-based quantification proteins are detected and quantified from the gel used for
sample fractionation. Due to the popularity of 2-DE in proteomics, a great number of
different staining and labeling methods have been developed to detect and quantify
proteins from gels (Miller et al., 2006; Patton, 2002). Radioactive labeling and non-
radioactive staining with dyes are the main techniques used in gel-based quantification.

2.6.1.1 Metabolic labeling with radioactive labels

For metabolic labeling, cells are cultured either in normal medium or in medium
containing amino acids labeled with radioactive isotopes, for example *°S-labeled
methionine (Kettman et al., 1986; Westbrook et al., 2001). During cell culture these
radioactive amino acids are incorporated into cellular proteins during their synthesis.
These radioactively labeled proteins are detected with autoradiography from a 2-DE
gel after sample preparation and fractionation. Protein spots of interest can be then cut
from the gel and identified either with PMF by MS or with peptide sequencing by
MS/MS. Figure 3a summarizes the steps used in the metabolic labeling of proteins
with **S-labeled methionine. Metabolic labeling with radioactively labeled amino acids
offers a great sensitivity to detect even low-abundance proteins. Unfortunately
metabolic labeling has some serious disadvantages such as the hazardous nature and
high-cost of radioactively labeled amino acids. Also, metabolically incorporated
radiolabels affect cells by inducing DNA fragmentation, elevating p53 tumor
suppressor protein levels, altering cellular morphology, and by causing cell cycle arrest
or apoptosis (Patton, 2002). Non-radioactive quantification methods have been
developed to avoid these disadvantages.
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Figure 3: A flow-chart presentation of different stages present in the quantitative proteomics
experiments: A) Metabolic labeling, B) DIGE, C) SILAC, D) ICAT, E) iTRAQ, and F)
enzymatic '*O incorporation. Methods A and B present gel-based methods, while C-F present
MS-based methods. Stable isotopes are incorporated in the MS-based methods metabolically
(C), chemically (D, E), or enzymatically (F). Different symbols and solid lines in the figure
indicate the stages performed in the method, while the stages marked with dashed lines are not
necessary in the method. Numbers inside the symbols describe the number of samples that the
method is capable to analyse. Red circles describe the labeling stage, and hexagons with id
and/or q indicate the identification and quantification stages, respectively.

Abbreviations: DIGE, difference gel electrophoresis; ICAT, isotope-coded affinity tag; iTRAQ,
isotope tagged relative and absolute quantitation; SILAC, stable isotope labeling with amino
acids in cell culture

2.6.1.2 Protein staining in the gels with dyes

A major alternative for radioactive labeling within gel-based quantification is the use
of different dyes to stain the proteins in the gels. Proteins can be stained either with
colorimetric (Coomassie, silver staining) or fluorescence (SYPRO, Cyanine based
dyes) detectable dyes either before or after electrophoresis. Table 2 summarizes these
staining techniques. Patton (2002) and Miller et al. (2006) have carefully reviewed
different protein staining techniques available.
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Table 2: SDS-PAGE separated proteins can be stained from the gels for their quantification.
Table summarizes the features characteristic for Coomassie, silver, SYPRO ruby, and CyDye
stainings.

Dye: Coomassie: Silver: SYPRO Ruby: CyDyes:

Detection: colorimetric colorimetric fluorescence fluorescence

Staining: post-electrophoresis post-electrophoresis post-electrophoresis pre-electrophoresis
Detection limit (ng): ~ 8-10 ~1 ~1 ~2

Linearity range (fold): 10-30 10 1000 1000

# of samples / gel: 1 1 1 2-3

MS compatibility: +t () ++t +t

Comments: not an endpoint stain, minimal protein labeling

overstaining

Both Coomassie (Fazekas de St Groth, S. et al., 1963) and silver staining methods
(Switzer et al., 1979) were developed several decades before the current era of
proteomics, yet they are still standard methods to detect proteins in gels. In both
methods the proteins are separated by PAGE gels, which are then stained with the dye.
Coomassie stain is a disulfonated triphenylmethane textile dye, which binds to the
amino groups of proteins in acidic solutions. The benefits of Coomassie staining are its
easiness of use, low cost, and compatibility with downstream methods such as MS.
Coomassie staining has been optimized a lot to reduce the background staining of the
gels as well as to improve the sensitivity and linear range of detection (Candiano et al.,
2004; Diezel et al., 1972; Neuhoff et al., 1985). However, the sensitivity and linear
range of Coomassie are still the major limitations of the method, in addition to
difficulty to control the staining reproducibility between the gels (Patton, 2002). Silver
staining is usually performed by using silver nitrate and formaldehyde developer in
alkaline carbonate buffer although many alternative protocols exists (Rabilloud, 1990).
In silver staining, the gels are saturated with silver, which binds more tightly proteins
than the PAGE gel. Gel bound silver is removed by washing steps, while silver bound
to the proteins is reduced to visible metallic form. Silver staining is relatively sensitive
method enabling the detection of protein quantities of 1 ng but even 0.1 ng levels have
been detected (Heukeshoven and Dernick, 1988). The narrow linear range is the major
disadvantage of silver staining, and thus the quantification results are not very reliable
(Patton, 2002). Moreover silver staining reaction needs to be stopped at an arbitrary
time point to prevent over staining. This causes problems with the reproducibility of
the stained gels (James et al., 1993). Silver staining also interferes later with the MS
analysis by reducing the number of identified peptides and the sequence coverage of
the proteins (Scheler et al., 1998). However, careful optimization of the staining
protocols and use of robotic staining devices (Sinha et al., 2001) has improved the
quantitative results obtained with the silver staining (Giometti et al., 1991).

The development of fluorescent dyes has improved dramatically quantification of
proteins from the 2-DE gels (Patton and Beechem, 2002; Patton, 2002). The dyes have
increased the dynamic range of quantification as well as the reproducibility. Proteins
are stained with fluorescent dyes either before or after electrophoresis, and they are
detected after the dye is excited by UV or laser light. SYPRO Ruby is a post-
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electrophoresis staining method, while CyDyes are used to label the proteins before
electrophoresis. SYPRO Ruby is a ruthenium metal chelate, which binds to basic
amino acid residues (Berggren et al., 1999). It is as sensitive as silver staining, but it
offers a significantly broader linear dynamic range. It is also easy to use thus
improving the reproducibility of the quantitative results. SYPRO Ruby staining is also
compatible with MS further stressing its superiority in comparison to conventional
colorimetric methods like Coomassie and silver staining (Lopez et al., 2000a). Another
option to detect proteins in gels with fluorescent dyes is to use CyDyes, which are used
in a method referred to as difference gel electrophoresis (DiGE) (Tonge et al., 2001;
Unlu et al., 1997). These succinimidyl esters of the cyanine dyes Cy2, Cy3, and Cy5
covalently link to lysine residues in proteins. Proteins are labeled with CyDyes before
2-DE and three different samples can be labeled, each with a different dye. After
labeling the samples are combined and electrophoresed simultaneously on a single 2-
DE gel. Finally the stained proteins are detected from the gel with a fluorescence
scanner by exciting the dyes with their charasteristic wavelengths of light. DiGE
protocol is schematically summarized in Figure 3b. DiGE allows the detection of
quantitative differences in protein expression between the samples from one gel, which
at the same time both improves the reproducibility of the results and reduces the work
needed. Sensitivity of CyDyes is between silver and Coomassie staining, but the
dynamic range is much wider. Disadvantages concerning CyDyes mainly relate to
necessary minimal labeling of proteins (1-3%) required to keep them soluble during the
electrophoresis. This causes a small change in the molecular masses of the labeled
proteins resulting in slightly different migration of unlabeled and labeled proteins in
SDS-PAGE (Tonge et al., 2001). This is a problem when the detected protein spot,
representing the labeled minority of the protein, is cut off from the gel for MS analysis.
Therefore, CyDye labeled gels are often stained with another stain, for example,
SYPRO Ruby before cutting the spots (Gharbi et al., 2002). Another drawback of the
methodology is the high cost of the dyes and the equipment to detect them.

2.6.2 MS-based quantification — isotope-coded tags

In MS-based proteomics relative quantification is often achieved using protein or
peptide labeling with stable isotopes. One of the samples is labeled with a light (=
natural) isotope, while the other sample is labeled with the corresponding heavy
isotope. Thus peptides, labeled either with light or heavy isotope, produce peak pairs in
MS analysis with the mass difference of the used isotopes. Relative abundances of the
peptides can be measured by comparing areas of these peaks. Alternatively, peptides
can be labeled with isobaric tags, in which case the labeled peptides have equal masses.
However, in MS/MS analysis these tags produce distinguishing fragment ions, which
can be used for the quantification.

Stable isotopes can be incorporated to the samples metabolically, chemically or
enzymatically (Fig. 3) (Corthals and Rose, 2007; Goshe and Smith, 2003; Ong and
Mann, 2005). In metabolic labeling stable isotopes are incorporated to the proteins
during cell culture. Enzymatic incorporation, in turn, is performed during the trypsin
digestion of the proteins. In chemical labeling either proteins or the digested peptides
are labeled with isotope-coded reagents. Isotope-coded tags are often used to analyse
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complex protein mixtures. Therefore, careful sample fractionation is essential for
comprehensive identification of different proteins.

Recently, MS-based proteomics applications without protein labeling has been
developed. In such applications peptides derived from different protein samples are
analysed in multiple LC-MS analyses, so that each analysis represent one of the
samples. The LC-MS data sets derived from different samples are aligned by powerful
software programs. Then, the areas of selected peptide peaks can be compared to
determine the quantities of the peptide present in different samples.

2.6.2.1 Chemical labeling with stable isotopes — ICAT and iTRAQ

Chemical labeling is a commonly used way to incorporate stable isotopes to proteins or
peptides. Different isotope-coded chemicals are available with different binding
specifities, stable isotopes, and purification tags (Leitner and Lindner, 2004; Leitner
and Lindner, 2006). Isotope-coded reagents react chemically with proteins or peptides,
usually either with the amino group present in N-terminus of peptides and in lysine
residues or with the sulfhydryl groups present in cysteines. There are also reagents with
chemical reactivity with carboxyl groups, tryptophan residues, and phosphorylated
serine and threonine residues. The stable isotopes used in these reagents are most often
hydrogen/deuterium ('H/*H), carbon ('C/"*C), and nitrogen ('*N/'°N). The reagents
may also include a purification tag to specifically isolate the labeled peptides, as for
example in ICAT reagents, where a biotin tag enables avidin chromatography
purification. Table 3 represents isotope-coded reagents available for protein and
peptide labeling (reviewed recently by Corthals and Rose, 2007; Leitner and Lindner,
2004; Leitner and Lindner, 2006; Ong and Mann, 2005).
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Table 3: Stable isotope labeling reagents used for chemical labeling of proteins and peptides.
Table summarizes the specificity of each reagent and the stable isotopes present in the reagent.
(* metal ions in chelate).

Target: Reagent or method: Isotope: ~ References:
Amine  iTRAQ (Isotope tagged relative and absolute quantitation) C, N, O Ross et al., 2004
Amine  Sulfopropionic acid N-hydroxysuccinimide ester C Keough et al., 2003
Amine  N-acetoxysuccinimide H Chakraborty and Regnier, 2002; Ji et al., 2000
Amine  Nicotinoyloxysuccinimide (Nic-NHS) D Munchbach et al., 2000; Schmidt et al., 2005
Amine  Phenyl isocyanate H Mason and Liebler, 2003
Amine  Isotope coded n-terminal sulfonation (4- C Lee et al., 2004; Samyn et al., 2004
sulphophenylisothiocyanate)
Amine  Anhydrides: Succinic, acetic, propionic H Che and Fricker, 2002; Nam et al., 2005; Noga
et al., 2005; Wang and Regnier, 2001; Yu et al.,
2004; Zappacosta and Annan, 2004; Zhang et
al., 2002b
Amine  Formaldehyde H Hsu et al., 2003
Amine  N-isotag (aminobutyric acid) H Smolka et al., 2005
Amine  Sulfo-NHS-SS-biotin and methyliodide H,C Hoang et al., 2003
Amine  Trimethylammonium butyrate H Riggs et al., 2005
Amine,  2MEGA (N-terminal dimethylation (2ME) after lysine  H, C Jietal., 2005
Lys guanidination (GA))
Carboxyl Methyl/ethyl esterification H Goodlett et al., 2001; Syka et al., 2004
Cys Acrylamide H Cahill et al., 2003; Gehanne et al., 2002; Sechi,
2002
Cys ALICE (Acid-labile isotope-coded extractant) H Qiu et al., 2002
Cys ICAT cleavable C Hansen et al., 2003; Li et al., 2003b; Oda et al.,
2003
Cys ECAT (Element coded affinity tags) * Whetstone et al., 2004
Cys HysTag H Olsen et al., 2004b
Cys ICAT H Gygi et al., 1999
Cys lodoacetanilide C Niwayama et al., 2003
Cys N-t-butyliodoacetamide H Pasquarello et al., 2004
Cys ICAT solid phase H Zhou et al., 2002
Cys Solid phase mass tagging (iodoacetmide) C Shi et al., 2004
Cys Vinylpyridine H Sebastiano et al., 2003
Cys N-alkylmaleimide H Niwayama et al., 2001
Cys N-ethyliodoacetamide (ICROC) H Shen et al., 2003
Cys IBTP [(4-iodobutyl)triphenylphosphonium] H Marley et al., 2005
Cys VICAT (visible isotope-coded affinity tag) C,N Luetal., 2004b
Lys 2-methoxy-4,5-dihydro-1H-imidazole H Peters et al., 2001
Lys Guanidination (O-methylisourea) C,N Brancia et al., 2004
Lys MCAT (mass coded abundance tagging) - Cagney and Emili, 2002
[Guanidination (0-methylisourea)]
Lys QUEST (Quantitation using enhanced sequence tags) - Beardsley and Reilly, 2003
[Guanidination (o-methylisourea))
0O-GlcNac BEMAD (Beta eliminationand Michael addition with H Wells et al., 2002
dithiothreitol)
P Phiat Phosphoprotein isotope-coded affinity tag) H Goshe et al., 2001
P Phist (Phosphoprotein isotope-coded solid-phase tag) C, N Qian et al., 2003
Trp 2-nitrobenzenesulfonyl chloride c Kuyama et al., 2003
Variable Tandem mass tag Thompson et al., 2003
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The development of isotope-coded affinity tag (ICAT) labeling (Gygi et al., 1999) was
a breakthrough in MS-based quantitative proteomics that enabled the high-throughput
identification and quantification of the proteins within complex protein mixtures. The
ICAT reagent consists of three functional parts, namely reactive group, isotope-coded
linker, and biotin tag (Fig. 4). The reactive group is iodoacetamide, which covalently
links the reagent to sulfhydrul groups of cysteines. The biotin tag enables the
purification of the ICAT labeled peptides with avidin affinity chromatography. The
linker chain between iodoacetamide and biotin is coded with eight deuterium atoms in
heavy reagent, while light reagent has eight hydrogen atoms. In cleavable ICAT
reagent nine carbon isotopes (‘°C/°C) were used instead of the hydrogen isotopes.
With the ICAT labeling protocol, proteins from two samples are labeled, one with light
and other with heavy reagent, and then mixed and digested with trypsin. The resulting
peptides are first fractionated, for example with SCX chromatography, to several
fractions, which are then purified by avidin chromatography. Affinity purified ICAT
labeled peptides are separated by RP chromatography in nanoLC prior to MS/MS
analysis. In the MS analysis the peptides are quantified by comparing the areas of light
and heavy labeled peptide peaks and the peptides are identified by MS/MS. Figure 3d
schematically describes the ICAT labeling protocol.
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Figure 4: Isotope-coded affinity tag reagent includes cysteine reactive iodoacetamide, a linker
chain coded with light or heavy isotopes (indicated with *), and a biotin tag.

ICAT labeling has been used in many proteomics studies to obtain novel insights into
cellular mechanisms (Han et al., 2001; Karsan et al., 2005; Li et al., 2003a; Martin et
al., 2004; Meehan and Sadar, 2004; Shiio et al., 2002), protein complexes (Ranish et
al., 2003; Zhou et al., 2004), and cellular organelles (Dunkley et al., 2004; Marelli et
al., 2004). It has also been successfully used to study membrane proteins, which have
been difficult to study by 2-DE-based methods (Dunkley et al., 2004; Han et al., 2001;
Marelli et al., 2004; Tam et al., 2004). One important benefit of the ICAT methodology
is the potential for automated high-throughput analysis. However, such analyses create
enormous amounts of data, which is difficult to handle and analyse. Multiple powerful
protein identification and quantification algorithms exist, but it is still relatively slow to
validate all results obtained from the ICAT analyses. The detection of post-
translational modifications with the ICAT is also a more complex than with 2-DE
based methods, because the ICAT reagent reacts only with cysteine residues.

Following the success of the ICAT labeling Applied Biosystems developed a new
generation of isotope coded reagents, namely isotope tagged relative and absolute
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quantitation (iTRAQ) (Ross et al., 2004). There are four isotopically different forms of
the iTRAQ reagents (nowadays eight) that are composed of a reactive, a balance, and a
reporter group (Fig. 5). The reactive group is N-oxysuccinimide, which reacts with the
amino groups of lysine residues and N-termini of peptides. The reporter groups are
isotopically labeled N-methylpiperazine derivatives, which have molecular masses of
114, 115, 116 and 117 in the different reagents. These reporter ions are detected in
MS/MS analysis and used for peptide quantification. The balance group equalizes the
masses of the different reagents, so that the total mass of each reagent is 145. In the
iTRAQ labeling protocol proteins are first digested with trypsin to peptides, which are
then labeled with the different iTRAQ reagents. All the labeled samples are combined
and fractionated, for example, with SCX chromatography and the resulting fractions
are analysed by LC-MS/MS. Proteins are identified based on the peptide sequences
obtained from the MS/MS analysis and quantified on the grounds of the reporter ion
intensities that are fragmented in the MS/MS analysis. Figure 3e summarizes the
iTRAQ labeling protocol.
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Figure 5: Isotope tagged relative and absolute quantitation reagent consist of amino group
reactive N-oxysuccinimide (A), a balance group (B), and a reporter group (C).

iTRAQ reagents represent an advanced labeling method, which allows simultaneous
analysis of four samples. In the second generation iTRAQ kit even eight samples can
be analysed at the same time. Due to the isobaric nature of the tag all the peptides
labeled with the different tags have the same molecular mass meaning four times
smaller sample consumption, when compared to traditional tags like ICAT. The
1TRAQ reagent is incorporated to all the peptides present in the sample, what increases
the confidence of the protein identifications due to higher sequence coverage.
However, as iTRAQ does not reduce the sample complexity like ICAT, fractionation is
of great importance in iTRAQ experiments. The bottleneck in the iTRAQ experiments,
as in the ICAT, is the data handling, storage, and analysis, as very large amounts of
data are generated, even from a single sample. Zieske (2006) and Gan et al. (2007)
have recently reviewed the iTRAQ labeling applications.

2.6.2.2 Metabolic labeling with stable isotopes: SILAC

Stable isotopes can be incorporated to proteins also metabolically during the cell
culture. Cells are grown both in normal medium and in medium enriched with stable
isotope labeled compounds such as '*N-labeled salts, *C-labeled glucose, or amino
acids labeled with different stable isotopes (Ong and Mann, 2005). In metabolic
labeling cells incorporate the stable isotopes to the synthesized proteins and by that
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way the whole proteome is converted to isotopically labeled one. Cells cultured in both
conditions are combined already during harvesting, and therefore all sample
preparation and fractionation steps are identical for both samples. Simultaneous sample
handling improves the accuracy of the quantification. Otherwise, sample preparation
and fractionation, as well as identification and quantification of the proteins, are almost
similar to the ICAT labeling method. Figure 3a illustrates the principle of metabolic
labeling with stable isotopes.

In the initial reports where stable isotopes were used for metabolic labeling, "N and
PC enriched medium was used (Langen et al., 1998; Oda et al., 1999). The major
drawback in this methodology was that the mass change of the peptides could not be
predicted, because both backbone and side-chain nitrogen atoms of the peptides were
labeled. This makes the quantification of the peptides difficult in complex samples.
The development of stable isotope labeling with amino acids in cell culture (SILAC)
has circumvented the problem encountered with °N- and "*C-labeling (Ong et al.,
2002). In SILAC, cells are cultured either in a normal medium or in a medium where
certain amino acids are labeled with stable isotopes. Therefore, either non-labeled or
labeled amino acids are incorporated to the cellular proteins during protein synthesis
that creates a predictable mass difference between the labeled peptides. Most
commonly used stable isotope labeled amino acids are *H-leucine, C-lysine and
PC/"®N-arginine (Ong et al., 2002; Ong et al., 2003). *H-leucine is an economical
choice and labels ~70% of the amino acids, while all the tryptic peptides are labeled by
using "C-lysine and "C/"°N-arginine. Recently three different forms of isotopically
labeled arginine were used to compare three samples simultaneously (Blagoev et al.,
2004). The major benefit of the SILAC and other metabolic labeling techniques is the
simultaneous sample preparation and fractionation and their major limitation is that
they can be applied only for cell culture samples, so analysing for example proteins
from body fluids or tissues is not possible. The interpretation and handling of the data
is also quite difficult, as it is with all the MS-based quantification methods.

2.6.2.3 Enzymatic labeling with stable isotopes: Proteolytic "*O labeling

Peptides can be labeled with stable isotopes also during their enzymatic digestion.
Most commonly *O is incorporated to the peptides during trypsin digestion, although
other enzymes like Lys-C can be used as well (Desiderio and Kai, 1983; Miyagi and
Rao, 2007). Proteins extracted from two different cell states are digested with trypsin
in a buffer including either regular H,O or H,"%0 (Yao et al., 2001). 80 from the water
is transferred to the C-termini of the peptides during the cleaving reaction. These
peptides are fractionated and analysed by MS and MS/MS basically in similar way as
ICAT or SILAC labeled peptides (Fig. 3f). With enzymatic labeling all peptides
present in the sample are labeled that creates a highly complex peptide mixture.
Therefore, careful sample fractionation is needed. The incorporation efficiency of '*O
during trypsin digestion is another problem related to proteolytic '*O labeling. Some
peptides can be even less than 50% labeled with 'O after trypsin digestion, which
complicates the quantification (Hicks et al., 2005).
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2.7 Proteomics data analysis

Today’s proteomics research facilities with MS instruments capable of high-throughput
analyses create enormously data. One automated LC-MS/MS run generates thousands
of spectra and multiple runs are done every day. As manual interpretation of such data
amount is not possible powerful software algorithms and data processing pipelines are
necessary. Even though a lot of effort has been invested to developing such software
tools, data analysis is still often the bottleneck in proteomics studies. The main tasks of
the software programs are identification and quantification of proteins from data
involving thousands of MS and MS/MS spectra. In addition, tools for data storing,
visualization, validation, and format changing are needed. Recent review articles by
Palagi et al. (2006) and Lisacek et al. (2006) summarize the most common
bioinformatics tools used to process and analyse proteomics data.

2.7.1 2-DE image analysis software

Protein maps on 2-DE gels can easily have > 1000 protein spots and multiple gels are
commonly analysed in a single 2-DE experiment. Accordingly, many software
programs have been developed to analyse gel images (recently reviewed by Palagi et
al.,, 2006 and Raman et al., 2002). The basic functions of these software packages
include visualization of the gels, spot detection, matching protein maps of different
gels, and quantification of the protein spots (Raman et al., 2002).

2.7.2 Software tools for protein identification

Peptide mass fingerprinting by MS and sequencing by MS/MS are currently the mostly
used MS-based approaches to identify proteins in proteomics studies. Different
software tools have been developed to assist the protein identification by both of the
approaches. These software programs compare the experimental spectra with
theoretical spectra derived from DNA or protein sequence databases such as UniProt
(www.ebi.uniprot.org) and NCBI (www.ncbi.nlm.nih.gov). If there is no genome
sequence information available for the studied organism, proteins can be identified by
de novo sequencing (Hernandez et al., 2006; Standing, 2003).

In PMF peptide masses of a specifically digested protein are simply measured by MS.
These observed peptide masses are then compared to theoretical peptide masses of in
silico digested proteins. Different kind of of PMF tools such as Mascot (Perkins et al.,
1999), MS-Fit (Clauser et al., 1999), Profound (Zhang et al., 2002b), PeptideSearch
(Mann and Wilm, 1994), Peptldent (Wilkins and Williams, 1997), Aldente (Tuloup et
al., 2003) and PepFrag (Fenyo et al., 1998) assist to evaluate the similarity between
experimental and theoretical spectra. All these programs give a score, which describes
how well the experimental and theoretical spectra match with each other. Many factors
are taken into consideration, when the matching spectra and identified proteins are
scored. These include the accuracy of matching peptide peaks, intensities of the peaks,
missing peptide peaks, modified amino acids, missed or non-specific cleavages during
protein digestion, errors in database sequences, calibration of the instrument, and peaks
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originating either from other peptides and contaminant molecules, or background noise
(Palagi et al., 2006). In some algorithms the scoring is based simply on the number of
matching masses, while the others use more sophisticated algorithms like MOWSE,
which is based on the distribution of peptide masses in the databases (Pappin et al.,
1993). Due to the differences in search algorithms the results of these PMF may differ.
Chamrad et al. (2004b), for example, compared Profound, Mascot, and MS-Fit and
noticed that MS-Fit was able to identify less of proteins from their dataset than the two
other algorithms. Therefore, it is beneficial to validate the results obtained by one
algorithm with another one or alternatively use statistical methods to estimate the
significance of identifications.

Sequencing by MS/MS can be done either by de novo sequencing or peptide fragment
fingerprinting. The latter one is usually used for identification of proteins within
complex mixtures, when there is genome sequence information available for the
studied organism. In automated MS/MS analyses, the mass spectrometer selects peaks
from the MS spectrum for fragmentation and MS/MS analysis. Such analyses easily
create hundreds of spectra/hour that illustrates the requirement of efficient data
analysis programs. These high-throughput proteomics analyses have facilitated the
development of many software packages for analysing MS/MS data such as Mascot
(Perkins et al., 1999), SEQUEST (Eng et al., 1994), ProbID (Zhang et al., 2002a),
Phenyx (Colinge et al., 2003), X!Tandem (Craig and Beavis, 2004), GutenTag (Tabb et
al., 2003), NoDupe (Tabb et al., 2003), Sonar (Field et al., 2002), ProID&ProlCAT
(ABI), and SpectrumMill (Agilent). All these tools compare experimentally collected
MS/MS spectra with theoretical MS/MS spectra of peptides derived from either DNA
or protein database sequences and provide a score for the matching spectra. Each
software tool applies different specialized algorithms and scoring functions to take into
account factors influencing the MS/MS identification of proteins. These are, for
example, the presence of contaminants and co-eluting peptides in the analytes, missed
and non-specific proteolytic cleavages, modified amino acids, non-annotated mutations
and splice variants of proteins, accuracy of the peptides precursor masses as well as
fragment masses and their intensities, and sequencing errors present in the databases
(Hernandez et al., 2006; Palagi et al., 2006). The performance of some software
packages and implemented algorithms has been evaluated and compared. Chamrad et
al. (2004b) compared the performance of Mascot and SEQUEST, while Moulder et al.
(2005) evaluated the programs SEQUEST, SpectrumMill, and ProlICAT. Later Kapp et
al. (2005) compared SEQUEST, Mascot, SpectrumMill, X!Tandem, and Sonar. In all
these comparisons the different software programs produced overlapping protein
identifications, especially with high-abundance proteins, but also unique protein
identifications for each individual software program.

There are many MS instruments and software packages available for analysing
different proteomics samples. This abundance of methods and tools easily creates
variability to the results. Comparing software programs clearly demonstrated that the
different software tools produce somewhat different results, even if the search
parameters are adjusted as similarly as possible (Chamrad et al., 2004b; Kapp et al.,
2005; Moulder et al., 2005). This variability is further increased when different users
have different parameters in the data processing (Chamrad et al., 2004b; Omenn et al.,
2005). This highlights the importance of validating the protein identifications in order
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to increase the confidence of the correct identifications and to prevent false positive
identifications. There are many options available to validate the results in addition to
manual validation (Nesvizhskii and Aebersold, 2004). Multiple identification
algorithms can be used for identification of the proteins. The rate of false positive
identifications can be determined by reversed or randomized database searches (Peng
et al., 2003). In such searches the amino acid sequences present in the used databases
are either reversed or mixed randomly. In addition, software programs are available,
which help the validation process like PeptideProphet (Keller et al., 2002),
ProteinProphet (Nesvizhskii et al., 2003), and DTASelect (Tabb et al., 2002). Recently,
Kim et al. (2007) published a method, which assesses reproducibility of relative
quantification strategies used MS-based proteomics. Journals specialized in proteomics
have also published guidelines for publishing proteomics data (Carr et al., 2004;
Wilkins et al., 2006).

2.7.3 Protein quantification algorithms

In MS-based quantification software programs are needed to calculate the relative
quantities of isotopically tagged peptides and corresponding protein abundances. Such
programs basically calculate the peptide abundances by integrating areas of the tagged
peptides from the ion chromatogram or MS spectrum, determine relative abundances of
the peptides by matching corresponding peptides with each others and, finally,
combine peptide level information into protein abundances. Many different stable
isotope labeling methods exist and often the software programs used for quantification
are specialized for certain types of tags. XPRESS (Han et al., 2001), ASAPRatio (Li et
al., 2003c), and ProlCAT (Applied Biosystems) are specialized in quantifying ICAT
labeled peptides, ZoomQuant (Halligan et al., 2005) measures '*O-labeled peptides,
and ProQuant (Applied Biosystems) is used to quantify either ICAT or iTRAQ labeled
peptides. MSQuant (msquant.sourceforge.net), RelEx (MacCoss et al., 2003), Pepquan
in Bioworks (Thermo Electron), Protein Pilot (Applied Biosystems), and Spectrum
Mill (Agilent) are able to quantitate different types of stable isotope labels, including
SILAC. Later versions of XPRESS are also able to quantify SILAC labeled peptides.

2.7.4 Data analysis pipeline

High-throughput analyses in proteomics also demand automated robust data handling
and processing. Therefore so-called data analysis pipelines are often built to analyse
the proteomics data in high-throughput fashion. In these pipelines a number of features
exist to process and handle the data starting from the raw data and ultimately finishing
by integrating the data to data generated by other approaches like transcriptomics and
metabolomics. Figure 6 shows schematically some basic functions, which could be
performed for the data in such data analysis pipeline. Institute for Systems Biology has
been one of the pioneers in developing tools for efficient data analysis pipelines. In
their Sashimi project (sashimi.sourceforge.net) they have a variety of data converters to
change the raw data format to appropriate format to analyse it with different software
programs like SEQUEST and Mascot. Data conversion is necessary, because
instruments and software programs manufactured by different companies are quite
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often incompatible with each other. The converted data can then be pre-filtered prior to
analysis with search program like SEQUEST. PeptideProphet and ProteinProphet can
be used to validate peptide and protein identifications generated by SEQUEST, while
XPRESS and ASAPRatio are available to quantify the peptides and corresponding
proteins. All these results can be then summarized with INTERACT (Han et al., 2001).
Finally the proteomics results can be stored and integrated to data from other cellular
levels with SBEAMS (Marzolf et al., 2006).
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Figure 6: High-throughput proteomics analyses create a lot of data that demand effective
automated data analysis pipelines. Figure summarizes common tools used for data analysis in
such pipelines.

2.8 Lymphocytes present in the immune system

By exposure to our surrounding environment alone we are constantly exposed to
potentially harmful microbes and toxins. During evolution our immune system has
therefore evolved to protect us from these hazards. The immune system can be divided
into the innate and adaptive immune systems. The innate immune system consists of
phagocytes, natural killer (NK) cells, antimicrobial peptides, complement, and
cytokines. The innate immune system plays an important role in rapid immune
response, when microbes and toxins are encountered. The main function of the
adaptive immune system is to generate specific antibodies against antigens. In addition
to antibodies the adaptive immune system includes cells such as B- and T-
lymphocytes, and different cytokines and chemokines. Cytokines are secreted peptides
and proteins that mediate signals of immune system. Cytokines include molecules like
interferons (IFN), interleukins (IL), and tumor necrosis factors (TNF). Innate and
adaptive immunity consist of these specialized cells and secreted molecules, which
function cooperatively to provide an optimal host defence.

Leucocytes mediate cellular functions in the immune system. All leucocytes are
derived from pluripotent stem cells, which can differentiate either to lymphoid or
myeloid cells. Lymphoid cells can be divided to T, B, and NK cells, which all have
divergent functions within the immune system (reviewed by Alam and Gorska, 2003).
T cells maturate in the thymus either to T helper cells (Th) or cytotoxic T cells (Tc). Th
cells play an important role in immune system by activating and directing other cells
involved in the immune response. These functions are mediated both by direct cell-to-
cell interactions and by secreting cytokines. Tc cells recognize antigens presented by
MHC (major histocompatibility) class I molecules and mediate their cytotoxic
functions either by perforin or Fas ligand mechanisms. Tc cells are also able to secrete
different cytokines e.g. IFN-y, IL-4, and IL-5. B cells maturate in the bone-marrow and
have a crucial role in adaptive immunity. Their main function is antibody production
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and secretion. B cells also participate in antigen presentation to T cells. NK cells have
a role both in innate and adaptive immune system. Their main task is to mediate
cytotoxicity against cells, which lack or have a reduced amount of MHC class I
molecules on their surface, for example, cells infected with certain pathogens and
tumour cells. However, NK cells are able also to recognize and destroy cells ‘marked”
with antibodies. NK cells produce also cytokines e.g. IL-4, IFN-y, and TNF-a.

2.8.1 Th cells

Th cells can be divided into two main subsets, namely Thl and Th2 cells, which both
differentiate from precursor Th cells (Mosmann et al., 1986; Mosmann and Coffman,
1989b). Thl or Th2 polarization of the cells is dependent on many factors such as
antigen presentation and co-stimulatory molecules, genetic background of the cells,
induction of key transcription factors, and cytokine environment (Agnello et al., 2003;
Constant and Bottomly, 1997; Lee et al., 2006). Thl and Th2 cells display distinct
cytokine secretion profiles and different functions within the immune system. Th1 cells
secrete cytokines like IFN-y, IL-2, and lymphotoxin-f3, while Th2 cells produce 1L-4,
IL-5, IL-6, IL-9, IL-10, and IL-13 (Glimcher and Murphy, 2000; Mosmann and
Coffman, 1989a; Paul and Seder, 1994). Figure 7 summarizes cytokine secretion
profiles charasteristic for Th1 and Th2 subsets. Thl cells promote cellular immunity to
destroy intracellular pathogens. Th2 cells participate in humoral immunity against
extracellular pathogens. Imbalance and abnormal activation of the Thl and Th2 cell
populations is associated with certain pathophysiological conditions (Romagnani,
1994; Romagnani, 1996; Romagnani, 2004). Thl cytokines have been detected in
autoimmune diseases, while Th2 specific reactions have been observed in diseases like
allergy and asthma. However, the pathophysiologies of such diseases are more
complicated including many other factors in addition to an abnormal Th lymphocyte
response. Differentiation of Th cells is also much more complex process than just a
dichotomy between Thl and Th2 cells. Recently, new Th cell subtypes have been
characterized like FoxP3" T regulatory (Tr) cells, IL-10 producing Trl cells,
transforming growth factor (TGF)-B-secreting follicular Th cells, and IL-17A-
producing Th17 cells (Reinhardt et al., 2006). Th17 subset and regulatory T cells have
been reported to play a role in diseases, such as autoimmunity and allergy (reviewed by
Reiner, 2007; Azfali et al., 2007; Romagnani, 2004).

2.8.2 Cytokines promoting Thl and Th2 differentiation

Antigen encounter triggers the cells of the immune system to secrete cytokines. The
created cytokine milieu plays an important role in the immune response by directing
other cellular responses. The cytokine environment also has a great effect on Th cell
differentiation. 1L-12 and IL-4 are considered the classical cytokines promoting Th
differentiation. IL-12 polarizes the cells to Thl direction and prevents Th2
differentiation (Hsieh et al., 1993; Kobayashi et al., 1989; Manetti et al., 1993), while
IL-4 acts on the contrary by promoting the cells towards Th2 phenotype and inhibiting
formation of Thl cells (Hsieh et al., 1992; Seder et al., 1992; Swain et al., 1990). Both
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of the cytokines have been used traditionally for in vitro differentiation of Th1 and Th2
cells from Th precursor cells.

In addition to IL-12 several other cytokines and signalling cascades have been shown
to affect Th1 differentiation including IL-18, IL-23, IL-27, IFN-a, and IFN-y (Agnello
et al., 2003). STAT1, STAT4, and T-bet are central transcription factors involved in
the Th1 differentiation (Berenson et al., 2004; Trinchieri, 2003). Figure 7 summarizes
key cytokines and transcription factors involved in Th1 differentiation.

Th2 differentiation also involves many cytokines and signalling molecules. IL-4 is the
hallmark Th2 directing cytokine, while cytokines IL-2, IL-6, IL-10, IL-13, and IL-21
have been observed to have minor roles in the differentiation (Agnello et al., 2003;
Constant and Bottomly, 1997; Mowen and Glimcher, 2004). GATA3, STAT®6, and c-
Maf are the key transcription factors in the Th2 cell development (Mowen and
Glimcher, 2004). Cytokines and transcription factors playing a crucial role in Th2
differentiation are summarized in figure 7.
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Figure 7: Key cytokines and transcription factors involved in Thl and Th2 differentiation.
Figure also presents cytokines secreted by Thl and Th2 subsets.

2.8.2.1 IL-12 and Thl differentiation

IL-12 is a pro-inflammatory cytokine, which plays an important role in the cellular
immunity against intracellular pathogens (reviewed by Gately et al., 1998; Trinchieri,
2003). It induces activated T and NK cells to proliferate, enhances their cytolytic
properties, and triggers them to produce Thl specific cytokines like [IFN-y (Chan et al.,
1991; Chouaib et al., 1994; Gately et al., 1991; Gately et al., 1992; Gately et al., 1994;
Kobayashi et al., 1989; Perussia et al., 1992; Robertson et al., 1992; Robertson et al.,
1992; Stern et al., 1990). Most importantly, IL-12 is the key cytokine inducing Thl
differentiation. This has been demonstrated in several studies, for example, by
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induction of Th precursor cells towards Thl phenotype with IL-12, inhibition of Thl
response with IL-12 neutralizing antibodies, and the study of animals genetically
deficient for IL-12 signalling, such as IL-12 (Magram et al., 1996), IL-12R (Wu et al.,
2000), and STAT4 (Kaplan et al. 1996a) knock-out mice (reviewed by Agnello et al.,
2003; Gately et al., 1998; Trinchieri, 2003). All these knock-out mice have impaired
Th1 lymhocyte development and reduced IFN-y production.

IL-12 belongs to the group of long chain type I cytokines (Boulay et al., 2003). This
heterodimeric protein consists of p35 and p40 subunits, which do not have sequence
homology to each other (Gubler et al., 1991; Kobayashi et al., 1989; Stern et al., 1990).
Although the subunit p40 does not have any cytokine homologues, it does belong to
the hemopoietin receptor family and has homology to the extracellular domains of the
cytokine receptors (Gearing and Cosman, 1991). The p35 subunit shares homology
with cytokines IL-6, granulocyte colony stimulating factor, and chicken
myelomonocytic growth factor (Merberg et al., 1992). Separate genes located in human
chromosomes 3p12-q13.2 and 5q31-33 encode the p35 and p40 subunits, respectively
(Sieburth et al., 1992). Neither of the subunits is biologically active alone, instead a
heterodimeric form is necessary to biological response.

Intracellular pathogens like bacteria and viruses trigger the production of IL-12 in
phagocytes (macrophages, monocytes, and neutrophils) and in dendritic cells
(Gazzinelli et al., 1994; Hsieh et al., 1993; Macatonia et al., 1995). IL-12 signalling is
mediated through the IL-12 receptor (IL-12R), which is present primarily on the
surfaces of activated T cells and NK cells, but is also present on B cells and dendritic
cells (Airoldi et al., 2000; Desai et al., 1992; Grohmann et al., 1998; Presky et al.,
1996). Functional IL-12R, like its ligand, is composed of two subunits, namely
IL12RB1 and IL12RP2 (Chua et al., 1994; Chua et al., 1995; Presky et al., 1996). TCR,
CD28, IFN-y, IFN-a, TNF, and IL-12 signalling enhances the expression of the 2
subunit, which enables the formation of functional IL-12R and IL-12 signalling (Rogge
et al., 1997; Szabo et al., 1997). When IL-12 binds to its receptor, Janus kinase family
members JAK2 and TYK2 bind to the intracellular domain of IL-12R, where they are
phosphorylated (Bacon et al., 1995a; Zou et al., 1997). JAK2 and TYK2, in turn,
activate STAT1, STAT3, STAT4, and STATS. However, tyrosine phosphorylated
STAT4 is the major mediator of IL-12 response (Bacon et al., 1995b; Jacobson et al.,
1995). The phosphorylated STAT4 dimer localizes to the nucleus, where it binds to
specific DNA sequences, and promotes IL-12 responsive genes (reviewed by Agnello
et al., 2003; Gately et al., 1998; Trinchieri, 2003).

2.8.2.2 IL-4 and Th?2 differentiation

Cytokine IL-4 participates powerfully in humoral immune response against
extracellular parasites by directing activated Th cells towards the Th2 subset and by
stimulating B cells (reviewed by Nelms et al., 1999, and Mowen and Glimcher, 2004).
Th2 cell differentiation leads to an increased production of IL-4 and other Th2 specific
cytokines, thus strengthening the effects of IL-4 signalling. At the same time IL-4
strongly inhibits the development of IFN-y producing Th1 cells. In addition to its major
role in Th2 differentiation, IL-4 also directs B cells in the humoral immune response.
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IL-4 switches the isotype of the immunoglobulins produced in B cells towards IgE and
IgG1 or IgE and IgG4 in mouse and human, respectively (Coffman et al., 1986; Gascan
et al., 1991; Vitetta et al., 1985). IL-4 also acts as a mitogen for B cells and increases
their MHC class II expression on the cell surface (Nelms et al., 1999). The impaired
Th2 differentiation capacity and decreased IgE production of mice that are genetically
deficient for IL-4 signalling, such as IL-4 (Kopf et al., 1993; Kuhn et al., 1991), IL-4R
(Noben-Trauth et al., 1997), and STAT6 (Kaplan et al., 1996b; Shimoda et al., 1996;
Takeda et al., 1996) knock-outs, demonstrates the importance of IL-4 for Th2 cell
development.

IL-4 is a short chain type I cytokine that belongs to the IL-4 family of genes (Boulay et
al., 2003). This gene family is clustered within 600 Kb at the chromosomal region
5931 in human and encodes cytokines IL-4, IL-13, IL-3, IL-5, and GM-CSF. In
addition to TCR activated Th2 cells, basophils, and mast cells, NK cells, y/6 T cells,
and eosinophils have also been reported to produce IL-4 (Nelms et al., 1999; Seder and
Paul, 1994). Cellular response for IL-4 is mediated through the IL-4 receptor (IL-4R),
which is expressed on the surfaces of the cells originating from hematopoietic,
endothelial, epithelial, muscle, fibroblast, hepatocyte, and brain tissues (Ohara and
Paul, 1987). IL-4R is composed of two subunits, namely IL-4Ra and common y chain
(y ¢). IL-4 binds to the IL-4Ra and the receptor-ligand complex thus formed is then
recognized by the y ¢ (Galizzi et al., 1990; Letzelter et al., 1998; Russell et al., 1993).
Ligand induced heterodimerization of y ¢ to IL-4Ra is required for physiological IL-4
signalling (Russell et al., 1993). Signalling via IL-4R phosphorylates JAK1 and JAK3,
which will bind to IL-4Ra and y c, respectively (Leonard and O'Shea, 1998; Nelms et
al., 1999; Reichel et al., 1997; Russell et al., 1994; Witthuhn et al., 1994). These JAKs
induce phosphorylation of IL-4Ra leading to binding, phosphorylation, and
dimerisation of STATG6 that then locates to the nucleus and activates 1L-4 responsive
genes (reviewed by Andrews et al., 2002; Hebenstreit et al., 2006; Mowen and
Glimcher, 2004; Nelms et al., 1999).

2.9 Transcriptome and proteome analyses create novel insights about T
helper cell signalling and differentiation

Th cells and their differentiation play an important role in immune responses and
pathological conditions. It is therefore important to find factors involved in these
processes. The development of transcriptomics and proteomics techniques has enabled
large-scale screening of gene and protein expression that has been widely used to study
both Th cells and other lymphocytes (reviewed by Cristea et al., 2004; D'Ambrosio et
al., 2005; Di Bartolo and Acuto, 2004; Granucci et al., 2001; Thadikkaran et al., 2005).
In microarray based transcriptome studies the gene expression of whole genome can be
measured in one measurement. Such studies have revealed already several important
genes involved in Th cell signalling and differentiation (Bosco et al., 2006; Chen et al.,
2003; Chtanova et al., 2001; Chtanova et al., 2004; Chtanova et al., 2005; Lu et al.,
2004a; Lund et al., 2003; Lund et al., 2005; Lund et al., 2004; Lund et al., 2007; Rogge
et al., 2000). Whilst in transcriptome studies, the gene expression is measured at
mRNA level, proteomics studies can offer novel information about the changes in
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protein expression and about post-translational modifications. Proteome databases have
been established both from primary T cells and T cell lines like Jurkat cells (reviewed
by Thadikkaran et al., 2005). At the moment there is not capacity to measure whole
cellular proteome. Complexity of the studied proteome can be reduced, for example, by
isolating certain cellular organelles. Such an approach also offers additional
information about the protein localization. For example, mitochondria (Rezaul et al.,
2005; Thiede et al., 2002), plasma membrane/lipid raft (Bini et al., 2003; Loyet et al.,
2005; Von Haller et al., 2003), and nuclei (Hwang et al., 2006) of T cells have been
characterized. Proteomics applications have also shed light on many biological and
physiological functions and responses encountered in T cells, for example, their
activation (Bini et al., 2003; Risso et al., 2005; Stentz and Kitabchi, 2004; Von Haller
et al., 2003), cytokine signalling and Th differentiation (Filen et al., 2005; Loyet et al.,
2005; Nyman et al., 2000; Rautajoki et al., 2004; Rautajoki et al., 2007; Rosengren et
al., 2005a; Rosengren et al., 2005b), apoptosis (Hwang et al., 2006; Thiede et al., 2001;
Thiede et al., 2002; Thiede et al., 2006), post-translational modifications (Brill et al.,
2004; Cao et al., 2006), and response for oxidative stress (Fratelli et al., 2002). Studies
by Ideker et al. (2001) and Washburn et al. (2003), and others, have highlighted the
importance of integrating biological data from transcriptome and proteome levels to
gain a more extensive view on biological processes and phenomena in different
biological systems.
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3 AIMS OF THE STUDY

The overall aim of this Ph. D. study was to set-up, optimize, develop, and apply
proteomics methods which could be used to elucidate the effects of cytokines IL-12
and IL-4 on the proteome of Th lymphocytes. These methods included protein sample
preparation, fractionation, high-throughput LC-MS/MS, data analysis, and, in
particular, stable isotope labeling methods e.g. ICAT and iTRAQ. These
methodologies are compatible for analysing also membrane proteins, which have been
difficult to study by 2-dimensional electrophoresis based proteomics. These methods
enabled characterization of cellular membranes in Th lymphocytes. The specific aims
of the research projects in this Ph. D. thesis were:

- To characterize the microsomal fraction proteome human lymphoblasts
cultured with cytokine IL-12 (I).

- To characterize the microsomal fraction and nuclear proteome in human naive
CD4+ lymphocytes cultured with cytokine IL-4 (11, unpublished results).

- To screen IL-4 and IL-12 regulated proteins in human Th lymphocytes (I, II,
unpublished results).

- To set up proteomics methods, in particular, I[CAT and iTRAQ labeling
method to achieve the aims above (I, unpublished results).

- To evaluate the MS/MS data analysis algorithms and build a data analysis
pipeline to process MS/MS data created in high-throughput LC-MS/MS
analyses (III).

- To create an algorithm to pre-filter good quality MS/MS spectra prior to
database searching (IV).
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4 MATERIALS AND METHODS

4.1 Standard protein mixture
Two standard protein mixtures were prepared with different protein concentrations.

The proteins present in the mixtures and their relative concentrations are shown in
Table 4. All the proteins were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Table 4: Proteins and their relative concentrations present in the standard protein mixtures.

Protein: C4/Ca:
Alpha-lactalbumin 0.2
Beta-galactosidase 5.0
Beta-lactoglobulin 1.5
Cytochrome C 10
GAPDH 0.1
Glycogen phosphorylase 0.7
Lactoferrin 1.0
Lysozyme C 2.0
Ribonuclease A 0.5

4.2 Human Th cell cultures

Th lymphocytes were isolated either from leukocyte-rich buffy coats (Red Cross
Finland Blood Service, Helsinki) or from cord blood samples collected from healthy
neonates at Turku University hospital.

4.2.1 CD8+ depleted peripheral blood mononuclear cells

PBMC were isolated from buffy coats by Fiqoll-Paque density gradient centrifugation
(Amersham Pharmacia, Uppsala, Sweden). Erythrocytes were lysed with 0.83%
Ammonium chloride, after which adherent cells and CD8+ cells were removed by
incubating the cells first on a plastic cell culture plate and then with anti-CD8 magnetic
beads (Dynal, Oslo, Norway). Aliquots of the remaining cell populations were analysed
by flow cytometry. Cells were cultured at cell density 2 x 10° /ml in RPMI medium
(Sigma-Aldrich) with 10% fetal calf serum (Gibco BRL, Invitrogen Life Technologies,
Carlsbad, CA, USA), 2 mM L-glutamine (Sigma-Aldrich), streptomycin (Sigma-
Aldrich), and penicillin (Sigma-Aldrich). Cells were activated two days with 500 ng/ml
of phytohemagglutinin (PHA) (Murex Diagnostics, Chatillon, France). Cytokine IL-2
(17 ng/ml; R&D Systems, Minneapolis, MN, USA) was then added to induce the
proliferation of the cells and IL-12 (2.5 ng/ml; R&D Systems) to polarize the cells
towards Th1 phenotype. The cells were then cultured for two days and harvested.
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4.2.2 CD4+ cells extracted from PBMC and CB

Mononuclear cells were isolated either from cord blood or buffy coat samples by
Fiqoll-Paque and anti-CD4 magnetic beads (Dynal). Purified CD4+ cells were cultured
in Yssel’s medium (Yssel et al., 1984) supplemented with 1% human AB-serum (Red
Cross Finland Blood Service). Cells were activated with 500 ng/ml of platebound anti-
CD3 (Immunotech, Marseille, France) and 500 ng/ml of soluble anti-CD28
(Immunotech). Alternatively the cells were activated with 100 ng/ml PHA (Murex
Diagnostics, Chatillon, France) and irradiated CD32/B7 transfected mouse L
fibroblasts. Cells were polarized towards Th1l or Th2 phenotype by adding either 2.5
ng/ml of IL-12 (R&D Systems) or 10 ng/ml of IL-4 (R&D Systems). No cytokines
were used for neutral ThO condition. Cells were cultured 2 h, 6 h, 12 h, 1d,2d, or 7 d
and harvested. In order to enhance proliferation of the cells, 17 ng/ml IL-2 (R&D
Systems) was added to the 7 d cultures on the second culture day.

4.3 Flow cytometric analyses

Cell populations of CD8+ depleted peripheral blood mononuclear cells were analysed
by FACS Scan flow cytometer (BD Biosciences, San Jose, CA, USA) with CD4, CD8,
CD14, CD16, and CD19 antibodies conjugated with R-phycoerytherin (R-PE) (Caltag,
Burlingame, CA, USA). FITC conjugated CD69 antibody (BD Biosciences) was used
to measure the activation of the cells. CD7 expression was measured with anti-CD7
(BD Biosciences) as primary antibody and antimouse IgG (H+L) (Caltag) as a
secondary antibody. Mouse IgG;-PE (Caltag) and mouse IgG,-FITC (Caltag) were
used for isotype controls.

4.4 Cell fractionation

Microsomal fractions and nuclear extracts were enriched from the harvested cells.
During the cell fractionations all the steps were done at +4°C, unless otherwise
indicated. Total cell lysates were prepared for Western blot analyses.

4.4.1 Microsomal fraction

Washed cells were incubated 10 min in hypotonic buffer (10 mM Tris-HCI, pH 7.6, 0.5
mM MgCl,) supplemented with Complete Mini protease inhibitor cocktail (Roche,
Mannheim, Germany) and then lysed with a dounce homogenizer. After
homogenization NaCl was added to the hypotonic buffer at 0.15 M concentration. Cell
lysate was centrifuged first at low speed (800 g, 5 min) to collect post-nuclear
supernatant, which was then centrifuged (100000 g, 1 h) to collect the microsomal
fraction.
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4.4.2 Nuclear extract

Enrichment of nuclear fraction including DNA-binding proteins was slightly modified
from Andrews and Faller (1991). Washed cells were lysed with 10 min incubation in
buffer containing 0.2 % NP-40, 10 mM HEPES pH 7.9, 0.5 mM DTT, 1.5 mM MgCl,,
10 mM KCI, 1 mM NaF, I mM Na;VO, and Complete Mini protease inhibitors
(Roche). Cell lysates were then centrifuged quickly and pellets were suspended to
buffer consisting of 20mM HEPES pH 7.9, 420mM NaCl, 25% glycerol, 0.5 mM DTT,
1.5 mM MgCl,, 0.2 mM EDTA, 1 mM NaF, 1 mM Na;VO,, and Complete Mini
protease inhibitors (Roche). Samples were incubated 20 min and then centrifuged
(13000 rpm, 15 min) to collect the supernatant containing nuclear proteins.

4.5 ICAT labeling of the samples

Microsomal fraction proteins and standard protein mixture were prepared and labeled
with ICAT or cleavable ICAT reagents according to the previously described methods
(Gygi et al., 1999; Han et al., 2001) and the protocol provided with the ICAT reagents
(Applied Biosystems, Foster City, CA, USA). In summary, proteins were solubilized
into denaturing buffer (6 M urea, 0.05 % SDS, 5 mM EDTA, and 50 mM Tris, pH 8.5)
and reduced with tris(2-carboxyethyl)phosphine (TCEP) for 30 minutes. Then the
proteins were labeled either with light or heavy ICAT reagent (2 mM). Labeling
reaction was stopped by addition of 10 mM DTT. Proteins labeled with light and heavy
ICAT reagents were mixed, diluted, and digested with trypsin (sequencing grade
modified trypsin, porcine; Promega, Madison, WI, USA).

4.6 iTRAQ labeling of the samples

iTRAQ labeling for nuclear proteins was performed according to the iTRAQ labeling
protocol (Applied Biosystems). Equal amounts of nuclear proteins (90-100 pg) from
four cell states were determined with the Bradford assay. Acetone precipitated proteins
were dissolved with 0.1 % SDS in 40 pl of triethyl ammonium bicarbonate (TEAB)-
buffer provided with the iTRAQ reagents. Proteins were reduced with TCEP (4.5 mM),
and their cysteines were blocked with methyl methanethiosulfonate (MMTS; 8.7 mM).
Proteins were then digested to peptides with trypsin (10 pg), and proteins of each
sample were labeled with different iTRAQ reagents. Labeled peptides were combined
and evaporated before the sample fractionation.

4.7 Chromatographic fractionation of the peptides

Both ICAT and iTRAQ labeled peptides were fractionated with strong cation-exchange
(SCX) and reversed-phase (RP) chromatography. ICAT labeled peptides were
additionally purified with avidin affinity chromatography. SCX fractionation was
carried out with BioCAD HPLC (Perseptive Biosystems, Freiburg, Germany) by using
a 4.6 mm x 200 mm Poly-sulfoethyl A column (Poly LC, Columbia, MD, USA).
Peptides were eluted with KCI gradient in buffer containing 5 mM KH,PO, and 25 %
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acetonitrile (pH 3.0). SCX fractions including the ICAT labeled peptides were further
purified with the avidin affinity chromatography according to the manufacturer’s
instructions (Applied Biosystems). Finally, the fractions including either iTRAQ
labeled or ICAT labeled peptides were evaporated and dissolved with 1 % HCOOH.
The samples were desalted with p-tips containing RP-material (either Oligo R3,
Perseptive Biosystems, Framingham, MA, USA or Empore C18, 3M, St. Paul, MN,
USA) prior to nanoLC fractionation and MS/MS analysis.

4.8 nanoLC-ESI-MS/MS analysis

The LC-MS/MS analyses of peptides were achieved by reversed-phase (RP) liquid
chromatographic (LC) separation with a nanoL.C coupled on-line to a quadrupole time-
of-flight mass spectrometer. The LC-MS configuration consisted of nanoLC system,
including Famos, Switchos II, and Ultimate (LC Packings, Amsterdam, Netherlands),
coupled online to a QSTAR Pulsar mass spectrometer (Applied Biosystems/MDS
Sciex). PepMap C18 p-pre-columns (0.3 mm x 5 mm) (LC Packings) were used for
rapid sample loading and desalting and were coupled to either PepMap C18 (75 pm x
15 cm) (LC Packings) or in-house packed Magic C18 (Michrom Bioresources Inc.,
Auburn, CA, USA), analytical separation columns. The peptides were eluted from the
column to the mass spectrometer with an increasing acetonitrile gradient. The mass
spectrometer was set to collect 1 s of MS scan followed by 3 s MS/MS scans of the
two most intense ions present in the MS scan.

4.9 Data processing tools

Table 5 summarizes all the software programs, databases, and parameters used in LC-
MS/MS data processing and analysis.

Table 5: Software programs and databases used in the data analysis of tandem mass
spectrometry data.

Software: Manufacturer: Description: Studies:
MS instrument control:
Analyst QS ABI e Controlling MS instrument -V

. Describing IDA parameters

e Visualization of raw MS and MS/MS data

. Data in *.wiff format

Data format conversion

MzStar Sashimi e Converting files in *.wiff format to mzXML format v,V
mzXML20ther Sashimi e Converting files in mzXML format to .dta format v,V
Out2Summary Sashimi e  Converting SEQUEST results files in *.out format v

to html format

Database search and quantification’
ProlCAT ABI e I|dentification and quantification of ICAT or cICAT LIV, V
labeled proteins
o Specified modifications: ICAT, cICAT
ProlD ABI e I|dentification of non-labeled proteins Il
e Specified modifications: Carbamidomethyl
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Spectrum Mill Agilent e Identification and quantification of non-labeled and IV
stable isotope labeled proteins
o  Specified modification: ICAT
e Trypsin digestion
SEQUEST and Thermo e |dentification and quantification of non-labeled and IV, V
XPRESS stable isotope labeled proteins
e Compatibility with many useful tools present in
Sashimi
e  Specified modification: ICAT
. In XPRESS default mass tolerance 1.0
ProQuant ABI e I|dentification and quantification of iTRAQ labeled I
proteins
e Specified modifications: MMTS, iTRAQ
Mascot Matrix Science e |dentification of non-labeled and stable isotope I, v
labeled proteins
. Available in internet
e Specified modifications: MMTS, iTRAQ, ICAT,
clCAT
Databases
SwissProt . Human Nl
e Allorganisms
. Reversed database
NCBI . Human v,V
e Allorganisms
. Reversed database
Subsetdb Sashimi e Creating reversed databases Il
Interrogator ABI . Database used with ProlCAT and ProQuant |-V
software.
e  Creates a database from any * fasta format
database
Data validation and annotation
Peptide Prophet Keller et al., 2002 I
Protein Prophet Nesvizhskii et al., 2003 Il
PIGOK Jacob and Cramer, 2006 1l
Classification
WEKA Witten and Frank, 2000 V
Data sort, comparison, and statistical process
Interact Sashimi I
Excel, Access Microsoft -V
Kensington Discovery edition Inforsense -V

1) In database searches the MS and MS/MS tolerance was set to 0.3 and 0.2, respectively.

Sashimi: free open source software tools at sashimi.sourceforge.net/index.html (Institute for Systems Biology)

ABI: Applied Biosystems, Foster City, CA, USA

Agilent: Agilent Technologies, Palo Alto, CA, USA

Thermo: Thermo Finnigan, San Jose, CA, USA

Inforsense: Inforsense Limited, London, UK

4.10 Western blot analyses

SDS-PAGE loading buffer was added to the cell lysate and microsomal fraction
samples and boiled for 5 min prior to loading to the SDS-PAGE gels (10 %, 12 %, and
15 % gels were used). After the electrophoresis proteins were transferred to a
nitrocellulose membrane (Amersham Pharmacia; Schleicher & Schuell GmbH, Dassel,
Germany). Table 6 summarizes all the antibodies used in the Western blotting. The
proteins were finally detected with ECL.
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Table 6: Antibodies used in the Western blot analyses.
Antibody: Organism: Host: Dilution: Manufacturer:
B-actin human mouse 1:10000 Sigma-Aldrich
Galectin-1 human mouse 1:200 Novocastra
GATA3 human mouse 1:100 Santa Cruz Biotechnology
GIMAP4 human rabbit 1:5000 Cambot et al., 2002
1gG (HRP conjugated) mouse goat 1:5000/1:10000 BD
1gG (HRP conjugated) rabbit goat 1:5000/1:10000 Cell Signalling
MxA human rabbit 1:2000 Julkunen
Phospho-STAT4 human rabbit 1:1000 Zymed
Phospho-STAT6 human rabbit 1:1000 Cell Signalling
STAT1 human rabbit 1:1000 Cell Signalling

Novocastra Laboratories (Newcastle upon Tyne, UK); Santa Cruz Biotechnology (Santa Cruz, CA, USA); Zymed Laboratories (San

Francisco, CA, USA)

4.11 Quantitative real-time RT-PCR

Rneasy Mini kit (Qiagen, Valencia, CA) was used to extract total RNA from the cells.
RNA (1 pg) was treated with Dnase I (Invitrogen, Carlsbad, CA) and used for cDNA
synthesis by SuperScript II (Invitrogen). Table 7 shows the primers and the probes
used for detection of GIMAP4 and GIMAPI mRNA. Housekeeping gene EEF1A was
used for normalization. ABI Prism 7700 Sequence Detector (Applied Biosystems) was
used in the quantitative real-time RT-PCR analyses.

Table 7: Primers and probes present in the table were used in quantitative real-time RT-PCR.

Gene name:

Probe:

GIMAP1

GIMAP4 (long and short)
GIMAP4 (splice variants)
EEF1A

Universal ProbeLibrary probe #24

5'-FAM-acaaggcaacaggcgctgagca-TAMRA-3'
5'-FAM-ttcctgctccggttttacccactaacac-TAMRA-3'

5'-FAM-agcgccggctatgccectg-TAMRA-3'

Gene Name: Primers:
GIMAP1 5'-cgtggacactccggacat-3'
GIMAP1 5'-tcctcacagccaggatctgt-3'

GIMAP4 (long and short)
GIMAP4 (long and short)
GIMAP4 (splice variants)
GIMAP4 (splice variants)
GIMAP4 (splice variants)
EEF1A

EEF1A

5'-tgaccgctactgtgcgttaaa-3'
5'-tggatcaggcccagcaa-3'
5'-gagagggcattcagtgctcc-3'
5'-caggggccagttatgggce-3'
5'-gcagtgccagaatgaaacactt-3'
5'-ctgaaccatccaggccaaat-3'
5'-gccgtgtggcaatccaat-3'
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5 RESULTS AND DISCUSSION

5.1 Characterization of microsomal fraction proteome in Thl and Th2
polarized lymphocytes by using isotope-coded affinity tags and tandem
mass spectrometry (I-1I)

The different roles of Thl and Th2 lymphocytes in immune response also imply
differences in their gene expression. Microarray studies, measuring the gene expression
at mRNA level, have already brought out several differentially expressed genes
between Thl and Th2 cells (Bosco et al., 2006; Chen et al., 2003; Chtanova et al.,
2001; Chtanova et al., 2004; Chtanova et al., 2005; Lu et al., 2004a; Lund et al., 2003;
Lund et al., 2005; Lund et al., 2004; Lund et al., 2007; Rogge et al., 2000). Gene
expression of Th cells has also been studied at protein level by using gel- and MS-
based proteomics. Our group has earlier established a proteome database of primary Th
cells and further studied the effects of IL-4, IL-12, and IFN-a on the differentiation by
2-DE based approach (Nyman et al., 2000; Rautajoki et al., 2004; Rautajoki et al.,
2007; Rosengren et al., 2005a; Rosengren et al., 2005b). Due to the limitations to study
membrane proteins by 2-DE, ICAT was selected to study them in Th cells polarized
towards Thl or Th2 by IL-12 or IL-4, respectively. Figure 8 summarizes the
experimental design of the cell cultures used in the studies.

Figure 8. A summary of | | IL-2 “Th'I "
cell cultures used as the IL-12 . PHA- |
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Abreviations PBMC and \ -CD8* / blasts
CB indicate peripheral g %75&\ P .. N
blood mononuclear cells IL-2 “ PHA-
and cord blood, 48 h ‘3 blasts ~
respectively. A y
1 acD3 111
aCD28 <= acD3 o
I-a TN acD28 | poiarized.
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e 7 [c 7 6h,
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5.2 Characterization of microsomal fraction proteome in human
lymphoblasts reveals the down-regulation of galectin-1 by interleukin-12 (I)

ICAT labeling and analysis protocol was set up during this project to characterize the
membrane proteome of Thl polarized lymphoblasts and by that way to screen novel
proteins involved in IL-12 induced Thl differentiation. Although this project revealed
the complexity and some of the problems with the data analysis of complex proteomic
samples, it gave an excellent data set, representing complex biological sample, for
evaluating and optimizing data analysis tools needed in these studies.

5.2.1 Characterization of microsomal fraction proteome in human lymphobasts
polarized towards Th1 phenotype by interleukin-12

The analysis of microsomal fraction proteins labeled with the ICAT reagents resulted
in a total of ~ 21000 MS/MS spectra. In this study the data was analysed with software
tool ProlCAT from Applied Biosystems. The data was filtered with ProlCAT stringent
filter, which requires peptides to satisfy good-quality scores and high confidences.
Altogether 1281 and 965 peptide sequences were identified from the two replicate
samples that resulted in identification of 499 and 359 proteins. To prevent false
positive identifications, proteins having at least two matching peptides (manually
validated, > 5 amino acids), were accepted to high-confidence protein identifications.
A total of 120 and 77 proteins fulfilled these criteria (I, Table 2). The identified
proteins were categorized based on their cellular localization (I, Fig. 1). With this
classification plasma membrane originating proteins were found to represent 25 % of
the total. These included several Th cell surface receptors i.e., CD2, CD5, CD6, CD7,
CD8, CD44, CD45, and MHC I, which were also identified from plasma membrane
preparations by Loyet et al., 2005. Ribosomal and ER proteins constituted 22 % of the
proteins, while almost 24 % of the proteins were from mitochondria, golgi, lysosomes,
or nuclei. The rest of the proteins were cytoskeletal, cytoplasmic, or non-classified
(proteins with unknown localization).

5.2.2 Galectin-1 and CD7 expression was decreased in human lymphoblasts
treated with interleukin-12

Altogether 12 and 29 proteins were at least 1.5-fold up- or down-regulated,
respectively. Only three of the proteins, namely Galectin-1, malate dehydrogenase, and
annexin A-11, had significant expression changes in both the experiments, while the
rest were either not identified or did not have significant change (> 1.5-fold) in the
other experiment.

Galectin-1 and CD7 were selected from the differentially regulated proteins for further
validation due to their immunoregulatory properties. The ICAT analysis showed that
both of the proteins had smaller expression in the cell membranes, when the cells were
treated with IL-12 (I, Fig. 2). Down-regulation of Galectin-1 was corroborated with
Western blotting both in microsomal fraction of PBMC and in CD4+ Th cells isolated
from cord blood (I, Fig. 3). CD7 expression on Th cell surface was measured with flow
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cytometry, showing a slight down-regulation of CD7 both in IL-12 treated PBMC and
cord blood CD4+ cells (I, Fig. 4).

Galectin-1 has been shown to participate in the regulation of cell growth, apoptosis,
cell adhesion, and cytokine production (Allione et al., 1998; Baum et al., 2003; Blaser
et al., 1998; Gabius, 2001; Liu et al., 2002; Perillo et al., 1995; Rabinovich et al.,
1999a; Rabinovich et al., 1999b; Rabinovich et al., 2000; Rabinovich et al., 2002;
Santucci et al., 2000; Santucci et al., 2003; Vespa et al., 1999; Zuniga et al., 2001).
Gal-1 treatment has also been shown to prevent and suppress the symptoms of
experimental autoimmune disorders like autoimmune encephalomyelitis, collagen —
induced arthritis, concanavalin A induced hepatitis, experimental colitis, and graft
versus host disease (Baum et al., 2003; Offner et al., 1990; Rabinovich et al., 1999b;
Santucci et al., 2000; Santucci et al., 2003). In such autoimmune disorders immune
response favours the production of Thl type cytokines, however Gal-1 treatment
reduced their production (Baum et al., 2003; Rabinovich et al., 1999b; Santucci et al.,
2000; Santucci et al., 2003). Interestingly, Gal-1 is linked to CD7 via apoptosis,
because Gal-1 acts as a ligand for CD7 inducing apoptosis (Pace et al., 2000; Perillo et
al., 1995; Rabinovich et al., 2000; Vespa et al., 1999). Transmembrane glycoprotein
CD7 has also many other immune response related functions, like co-stimulatory
activity in T-cell receptor signalling and regulation of integrin adhesiveness (Chan et
al., 1997; Stillwell and Bierer, 2001). Our results indicate that Thl promoting IL-12
signalling reduces the expression of both Gal-1 and CD7. This effect might play a role
in a selection of a specific Th cell population and cytokine environment creation during
Th cell differentiation.

5.3 Characterization of microsomal fraction proteome in human Th
lymphocytes polarized towards Th2 phenotype by interleukin-4 (II)

Characterization of the membrane proteome of Th2 polarized Th lymphocytes and
screening of novel proteins involved in the Th2 differentiation was a direct
continuation for the corresponding Thl study. This time the Th lymphocytes were
extracted from cord blood. Based on the experiences with complexity of the data
analysis, encountered with the Th1 experiment and those obtained from the evaluation
of the data analysis tools (II), the data analysis pipeline was automated and improved.

5.3.1 Characterization of microsomal fraction proteome in naive human Th
lymphocytes polarized towards Th2 phenotype by interleukin-4

In this study microsomal fraction proteins were extracted from Th lymphocytes of cord
blood, which were activated by TCR stimulation and cultured either in the presence of
Th2 promoting cytokine IL-4 or without. High-throughput nanoLC-MS/MS combined
with cICAT labeling was used for the characterization of the membrane proteome and
to screen for novel proteins involved in IL-4 signalling and Th2 differentiation. The
MS/MS data was analysed with the paired algorithms combined with the reversed
database searches to identify proteins as confidently and comprehensively as possible.
Software programs ProlCAT/ProlD and SEQUEST/XPRESS were used to analyse the
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data. Details of the data analysis protocol and the used parameters are presented in the
experimental procedures and in Figure 1 of report II. ProlCAT/ProID analysis resulted
in 2636 identified peptides, while SEQUEST/XPRESS was able to identify 2007
peptides. These peptides matched to 474 and 432 distinct proteins with at least two
matching peptides. 349 of these protein identifications were common to both the
algorithms. The ProlCAT and XPRESS algorithms were used for relative
quantification of the protein abundances between IL-4 treated and non-treated Th
lymphocytes that resulted in 304 protein quantifications. Supplementary Table 1 in
report Il presents protein identifications and quantifications. The rate of false positive
identifications was estimated with the reversed database searches by using the
relationship described by Peng et al. (2003). False positive rates < 0.1 %, < 1.4 %, and
< 8.8 % were determined for proteins identified with ProlCAT, SEQUEST, and ProlD,
respectively. The number of peptide and protein identifications and false positive rates
are summarized in Table 1 of report II.

5.3.2 GIMAP1, GIMAP4, STAT1, and MxA were down-regulated in interleukin-4
treated Th lymphocytes

Altogether 304 proteins were quantified with ProlCAT and XPRESS algorithms.
Filtering of proteins that had at least 1.4-fold difference between IL-4 treated and non-
treated cells resulted in eight proteins detected by both of the algorithms, 13 with
ProIlCAT only, and 25 with SEQUEST/XPRESS only. Table 2 and Figure 2 in report 11
summarize these proteins and the correlation of quantifications between the two
different algorithms. Our results indicate that protein identification and quantification
with two different algorithms increases the confidence of the results obtained with both
algorithms. However, at the same time the number of proteins identified and quantified
with a single algorithm increases the scope of the detected proteins. Even if these
proteins detected with a single algorithm include more false positive identifications and
quantification errors than the proteins detected with two different algorithms, they may
be biologically important and offer novel biological information.

In this study we selected four differentially regulated proteins, namely STAT1, MxA,
GIMAPI1, and GIMAP4, for further analysis based on their immunological and
biological properties. Cellular expression levels of STAT1, MxA, and GIMAP4 and
their abundances in the microsomal fraction were validated with Western blotting. The
expression change of GIMAP1 was detected only with MS (II, Fig. 4), because at the
time of this study GIMAP1 antibody wasn’t available. The Western blot results show
that IL-4 clearly decreased both the cellular and microsomal amount of the studied
proteins. Figure 3 in report II represents Western blot results from one of the samples.

GIMAP1 and GIMAP4 belong to a protein family of GTPases of the immune-
associated proteins. This family includes seven proteins, which all contain a common
AIG1 domain with a GTP binding motif (Krucken et al., 2004). The expression of the
GIMAP family members is highest in tissues of the immune system (Cambot et al.,
2002; Dion et al., 2005; Krucken et al., 2004; Nitta et al., 2006; Poirier et al., 1999;
Schnell et al., 2006; Stamm et al., 2002). GIMAP proteins have been shown to have a
significant role and important functions in the immune system. They have been
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reported to participate in thymocyte development (Nitta et al., 2006), T cell apoptosis
(Carter et al., 2007; Schnell et al., 2006), anti-apoptotic effects (Krucken et al., 2005),
T cell survival (Hernandez-Hoyos et al., 1999; Pandarpurkar et al., 2003),
autoimmunity (Hellquist et al., 2007; MacMurray et al., 2002) and leukemia (Zenz et
al., 2004).

The expression of GIMAPI and GIMAP4 genes was studied in human cord blood
CD4+ cells polarized towards Thl or Th2 lineage. Quantitative real-time RT-PCR
analyses showed that IL-12 up-regulated and IL-4 down-regulated both GIMAPI and
GIMAP4 (11, Fig. 5). Interestingly, the gene expression profiles of the genes were
remarkably similar. Two alternatively spliced forms of GIMAP4 were found, when the
gene was cloned. In addition to the previously described short isoform (e.g.
NM _018326) (Cambot et al., 2002), there is a 42 amino acids longer isoform described
as a full-length EST in GenBank (e.g. CF594134). Both of the splice variants were up-
regulated in IL-12 treated cells and down-regulated in IL-4 treated cells (II, Fig. 6).
Even if the long isoform showed more difference in the expression than the short one,
the latter is expressed ~44-fold more in Thp cells.

The expression of GIMAPI and GIMAP4 genes and the corresponding proteins suggest
their importance for Th differentiation. The role of GIMAP4 in Th differentiation is
further supported by the phenotype of inbred Brown Norway rats. These rats carry a
natural hypomorphic variant of GIMAP4 that leads to Th2 type immune response and
elevated IgE levels (Carter et al., 2007; Hylkema et al., 2000; Prouvost-Danon et al.,
1981). Moreover, these rats are susceptible to Th2 mediated autoimmunity (Fournie et
al., 2001).

5.4 Determination of expression changes in nuclear proteins extracted from
Th2 polarized cord blood CD4+ cells (unpublished results)

Transcription factors play an essential role in the Th cell differentiation. Therefore we
focused to detect changes in the nuclear proteome of cord blood CD4+ during the early
stages of Th2 polarization. LC-MS/MS and four-plex iTRAQ labeling were used to
screen the changes in the nuclear proteome of cells cultured under activating conditions
with or without IL-4 for 6 or 24 hours.

To increase the statistical weight and confidence of the results, altogether three
biological and technical replicates were analysed. In addition, all the biological
samples represented cell pools, which were extracted from at least six different
individuals. In the LC-MS/MS twenty SCX purified fractions were analysed from each
sample resulting in 180 LC-MS/MS runs for the complete experiment. The data set was
processed with software programs ProQuant and Mascot against SwissProt database.
Reversed database was used to estimate the false positive rate. The data analysis of the
biological and technical replicates established a list of 700 proteins confidently
identified in all three biological replicates representing a false positive rate of 1%.
PIGOK software was used to annotate the dataset to ascertain information of the
protein functions and localizations. The data analysis by ProQuant also included the
quantification of the peptides. All the quantifications of unique peptides were
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normalized, weighted, and averaged according to ProQuant and ProGroup user manual
and Gan et al., 2007. Weighed averages were also calculated for all the proteins
quantified in different samples. Z-scores describing the confidence of the quantitative
results were determined for protein quantifications that were based on at least five
measurements. Although the magnitude of all the detected changes in the protein
expressions were small (< 2-fold), they were statistically significant for many proteins
(z > 1.96). We detected, for example, interferon-regulated proteins, which were down-
regulated in the nuclei of Th2 polarized cells (Table 8a). Interferons are known to
polarize Th cells towards Thl phenotype and it is known that IL-4 inhibits production
of interferon-y. We also detected proteins, which are known to be up-regulated under
Th2 promoting conditions (Table 8b). In addition to these Th1/Th2 ‘markers’ we were
also able to find other differentially regulated proteins, which were novel in this
context. A number of differentially regulated proteins were selected as candidates for
validation by Western blotting based on the observed results and protein functions.
These studies are in progress.

In a technical respect, we were able to identify more proteins with the iTRAQ method
than with the earlier employed ICAT method. However, in this study the sample
material was different and more analyses were performed. Therefore, the direct
comparison of this study with studies 1 and II is difficult. iTRAQ method also
improved the confidence of the protein identifications, because all the peptides are
labeled and more peptides are present in the samples for each protein. Therefore, the
detection of post-translational modifications is also easier than with the ICAT labeling
method.

Table 8: Interferon-regulated proteins, which are up-regulated in Thl specific conditions, were
down-regulated in the nuclear fraction of IL-4 treated cells (A). SATB1 and STAT6, which are
associated to Th2 differentiation were both up-regulated in the nuclear fractions of IL-4 treated
cells (B).

A)

Protein_Name: Calcs. 6h +/- 4 24h +/- 4
Interferon-induced guanylate-binding protein 2 11 1,01 0,07 0,14 0,82 0,06 2,93
Gamma-interferon-inducible protein Ifi-16 145 1,00 0,02 0,14 085 0,02 7,78
Interferon regulatory factor 8 16 1,13 0,06 215 0,80 0,06 297
Interferon-stimulated gene 20 kDa protein 6 1,03 0,06 041 0,81 0,08 223
Interferon-induced GTP-binding protein Mx1 12 099 0,06 0,17 0,38 0,06 6,86
Signal transducer and activator of transcription 1 21 0,9 0,05 067 085 0,06 252
T-box transcription factor TBX21 5 0,98 0,10 0,22 0,64 0,04 7,78
Tripartite motif protein 22 12 0,86 0,05 237 082 0,07 236
B)

Protein_Name: Calcs. 6h +/- Y4 24h +- z
DNA-binding protein SATB1 47 1,10 0,03 346 1,21 0,05 5,13

Signal transducer and activator of transcription 6 11 1,42 0,10 506 1,16 0,08 224
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5.5 A comparative evaluation of software packages to analyse MS/MS data
of ICAT-labeled complex protein mixture (I1I)

Analysing MS/MS data of complex protein mixtures demands powerful and robust
software programs to allow for high-throughput analyses. Since the manual validation
of all the MS/MS spectra of the fragmented peptides is a highly labour intensive
process, the performance of three different MS/MS data processing programs that
could be used in the high-throughput MS/MS data analysis pipeline were tested. The
programs ProlCAT (Applied Biosystems), SEQUEST (Eng et al., 1994) [now included
as a part of Bioworks package (Thermo Electron)], and Spectrum Mill (Agilent) were
compared in terms of protein identification and quantification. As a test material we
used a standard protein mixture and a complex biological sample (I), which both were
labeled with ICAT reagents. In the standard protein mixture altogether nine proteins
were present at a range of relative concentration ratios from 0.1 to 10, while
microsomal fractions prepared from IL-12 induced human Th lymphocytes represented
the complex biological sample (I).

When the standard protein mixture was analysed with the different programs, they all
identified eight of the nine proteins present in the mixture. None of the programs were
able to identify ICAT-labeled peptides of Cytochrome C. The number of identified
peptides/protein varied between the different programs as illustrated in a Venn diagram
(I, Fig. 2). Altogether 60 peptides were identified with at least some of the programs
(72 cysteine containing peptides with molecular mass 500-3500 would be theoretically
present in the mixture). All the programs were able to identify 21 common peptides,
while 25 peptides were identified with two software programs, and the rest 14 with a
single algorithm. ProICAT identified most of the peptides, altogether 51, while
SEQUEST and Spectrum Mill were able to identify 43 and 33 peptides, respectively.
These results indicate a reasonable concordance of qualitative results between the
different software algorithms, however it is notable that the programs produce
complementary peptide identifications with each other. Quantification properties of the
software programs were also evaluated with the protein mixture with known quantities
of proteins. Quantitative results generated by the different programs showed no
significant differences, when compared to the known quantities of the proteins (IlI,
Table 3). When the sum of errors (comparison between software value and known
value) were calculated SEQUEST showed the smallest value, while Spectrum Mill
showed the largest one. One important observation in the analysis of the standard
protein mixture was that the parameters used to filter significant peptide hits have
dramatic effect also on quantitative results. When the results generated by ProlCAT
were filtered more stringently, the standard deviation of lactoferrin changed from 0.33
to 0.10. With Spectrum Mill similar kind of change in standard deviation from 0.47 to
0.09 was observed.

A complex protein mixture extracted from a biological sample presents a much more
demanding task in respect of data analysis. When the MS/MS data from such a
complex biological sample was analysed, similar differences were observed with the
peptide and protein identifications as with the standard protein mixture. The different
programs were able to identify altogether 720 peptides. 175 of these were identified
with all the three algorithms, while 227 peptides were identified with two programs,
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and the rest 318 peptides were identified with a single algorithm. ProICAT was able to
identify the highest number of peptides and proteins, 544 and 328, respectively, while
SEQUEST produced 484 peptides and 318 proteins, and Spectrum Mill 269 and 146.
Figure 5 in report III summarizes all the peptide and protein identifications generated
from different software programs. Quantitative results of the common peptide and
protein identifications showed no statistically significant differences between the
software programs (III, Table 3).

In similar kind of studies Chamrad et al. have compared the performance of software
programs SEQUEST and Mascot (Chamrad et al., 2004a), and Kapp et al. have
evaluated SEQUEST, Mascot, Spectrum Mill, Sonar, and X ! Tandem (Kapp et al.,
2005). In the study by Chamrad et al. MALDI-PSD was used in the analysis of 2-DE
separated mouse brain proteins. Mascot identified 16 proteins and SEQUEST produced
33 identifications out of which 15 were common to both programs. Kapp et al.
compared the performance of altogether five software programs to analyse
chromatographically fractionated blood samples from HUPO Plasma Proteome Project.
Interestingly, among the tested software tools were Mascot, SEQUEST, and Spectrum
Mill, thus enabling the comparison with our results and the results of Chamrad et al. In
comparison between SEQUEST and Mascot Kapp et al. found 463 common peptides
with 29 for Mascot alone and 63 for just SEQUEST. In the case of SEQUEST and
Spectrum Mill, there were 402 peptides identified by both, while SEQUEST identified
124 peptides alone and Spectrum Mill 74. Figure 9 illustrates the performance of
SEQUEST, Mascot, and Spectrum Mill in the different studies.

SEQUEST Mascot SEQUEST SpectrumMill

18 [ 15
(53%)\(44%)

269 (215 54

Chamrad et al. 2004 Moulder et al. 2005
complex sample

(35%)\ (49%)) (16%)

Moulder et al. 2005
std protein sample

463 402
(83%) (67%)
Kapp et al. 2005 Kapp et al. 2005

Figure. 9: Comparison of results between Chamrad et al. 2004, Moulder et al. 2005, and Kapp
et al. 2005.
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5.6 Quality classification of tandem mass spectrometry data (IV)

After the evaluation of MS/MS data analyzing software packages, the project was
continued with creating a new data algorithm to help in MS/MS data analysis process.
A pre-filtering software tool was created in order to classify MS/MS spectra to two
categories: 1) Good-quality spectra containing valuable information for peptide
identification and 2) bad-quality spectra originating not from peptides or containing
insufficient information for interpretation. Pre-filtering is performed prior to data
analysis with database search programs, thus allowing the removal of bad-quality
spectra before the database searching. In this way both the database search time is
reduced and the opportunities for false positive identifications decreased.

The classification of the spectra was achieved by monitoring certain spectral features
and using decision-tree supervised classification techniques to predict the quality of the
spectra. Previously, Bern et al. (2007) had described a set of seven spectral features
(B1-B7) that were used to classify and prefilter MS/MS data. In this study additional
features were tried to find to improve the classification results. Nine features (F1-F9)
were employed that measure both the overall (F1-F3) and specific (F4-F9) attributes of
the spectrum. The latter features were developed in concordance with the guidelines
for manual interpretation of MS/MS spectra (Kinter and Sherman, 2000). Table 9
summarizes all the used spectral features, which are described more carefully in the
reports by Bern et al. 2004 and Salmi et al. 2005 (IV). After the features were
computed for each spectrum present in the MS/MS data, supervised classification
methods were used to classify the good- and bad-quality spectra.

Table 9: Following spectral features were monitored to assist in the classification of good- and
bad-quality spectra. Column “Freq.” indicates frequency of the features selected for
classification by Random Forest.

Feat.: Description: Freq.:
F1 The average intensity of the peaks 4
F2 The standard deviation of the peaks 1
F3 The total intensity of the exceptionally high peaks 10
F4 The presence of immonium ions 1
F5 The total intensity of peaks resulting from the ICAT reagent 2
F6 The total intensity of y1-ion peak of tryptic peptide 7
F7 The total intensity of precursor ion 4
F8 The total intensity of ions yn.2, by, and bp.q 2
F9 A score based on the mass-ladder, a preliminary peptide sequence, built using rank- 1

normalized peaks
B1 The total intensity 3
B2 The intensity balance 3
B3 The number of peaks 3
B4 The total intensity of peaks with water losses 1
B5 The total intensity of peaks with isotopes 1
B6 The total intensity of peak pairs with mass gap similar to a known mass gap of an 0
amino acid
B7 The total intensity of pairs of peaks which have the sum of masses similar to the 5
parent ion mass
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MS/MS data originating from a standard protein mixture (III) and from a complex
biological protein sample (I) were classified both by features F1-F9 and B1-B7. The
resulting classifications were then compared against results obtained by manual
classification. ROC-curves describe the performance of the two sets of the features to
classify the MS/MS spectra present in the different data sets (solid line represents
classification with features F1-F9 and dotted line with features B1-B7) (IV, Fig. 2). In
Figure 2 the vertical axis represents the true positive rate (TPR) and the horizontal axis
the false positive rate (FPR). In the optimal classification the TPR=1, the FPR=0, and
the area under curve (AUC) should be 1, meaning that the line should be as close the
upper left corner as possible. The averages of the calculated AUC values and their
standard deviations were 0.84+0.04, 0.77+0.03, and 0.84+0.04 for the features F1-F9,
B1-B7, and the both features, respectively (IV, Table 2). FPR values were also
calculated when the TPR value was fixed to 0.9 meaning a 10% loss of good-quality
spectra (IV, Table 2). The FPR averages were 0.39+0.10 for F1-F9, 0.50+0.06 for B1-
B7, and 0.38+0.11 for combined features. These results indicate that features F1-F9
classify the MS/MS spectra in this study material slightly better than features B1-B7
resulting in improved pre-filtering. However, it should be noted that the analysed
MS/MS data (different types of MS-instruments, ICAT labeling) and different data
classification and validation methods might have effect on the results.

The importance of the different features for the classification was also studied.
Therefore the features, which were selected most often for the classification by the
Random Forest, were determined. Table 9 summarizes the frequency of the selected
features. Feature F3 monitoring the total intensity of high peaks in the spectrum was
the only feature, which was selected in every test material. However, features F6, F7,
and B7 monitoring the presence of yl-ion peak of tryptic peptides and the precursor
ion peaks were frequently selected in the test materials. Nevertheless, as all the features
were selected at least in one of the test materials, all the features (B1-B7 and F1-F9)
were included in the classification in order to achieve the best possible results.
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6 SUMMARY

In this Ph.D. thesis, proteomics applications were used to study the early regulation of
Th lymphocyte differentiation. The aim of the studies was to elucidate the effects of
IL-4 and IL-12 on the proteome of Th lymphocytes. In particular, the goal was to
screen and identify proteins with novel roles in respect to Thl and Th2 differentiation.
To achieve the aims, high-throughput LC-MS/MS, stable isotope labeling, and data
analysis tools were set-up. Even though proteomics methods are nowadays technically
quite straightforward, careful optimization of the methods is needed for each research
question. Therefore, sample preparation, fractionation, and analysis methods were
optimized for ICAT and iTRAQ labeling in these studies (I, III, IV, unpublished data).

Th lymphocytes were extracted from either leucocyte-rich buffy coat samples or cord
blood samples. The cells were activated and cultured with either Thl promoting IL-12
or Th2 promoting IL-4. Microsomal fraction and nuclear proteins were isolated and
studied with stable isotope labeling, microsomal fractions with ICAT (I, II) and nuclear
proteins with iTRAQ (unpublished results). The increasing number of identified and
quantified proteins that were determined during the studies reflected technological
development. Even if the sample material, the number of analysed samples, labeling
methods, and data analysis programs and parameters differed between these
experiments, the trend with the improved results was clear. Differentially regulated
proteins were also successfully identified in these proteomics applications.

In the characterization of microsomal fraction proteins extracted from IL-12 treated
lymphoblasts Galectin-1 and CD7 were found to be down-regulated (I). Interestingly,
Galectin-1 is a ligand for CD7 and this ligand-receptor pair induces apoptosis. Gal-1
has also been demonstrated to affect on cytokine production. In particular the treatment
of experimental autoimmune diseases with Gal-1 has been shown to reduce the
production of Thl type cytokines. These observations suggest that Gal-1 expression
influences the cytokine production and vice versa cytokine signalling has an effect on
Gal-1 expression. Proteome profiling of microsomal fractions from IL-4 treated cord
blood CD4+ cells resulted in finding of STAT1, MXA and GIMAP family members 1
and 4, which all were down-regulated (II). GIMAP1 and GIMAP4 belong to the same
protein family of GTPases of the immune-associated proteins. Quantitative real-time
RT-PCR analyses showed that IL-12 up-regulated and IL-4 down-regulated both
GIMAPI and GIMAP4, while Western blotting showed the up-regulation of GIMAP4
by IL-12 and down-regulation by IL-4. These results imply that GIMAP family
members have a role in Th cell differentiation. Biological findings, related to the
characterization of nuclear proteins extracted from IL-4 treated cells, are currently the
focus of functional studies.

Stable isotope labeling methods, like ICAT and iTRAQ, combined with high-
throughput LC-MS/MS quickly create a lot of data. Therefore, powerful software
programs are needed for data processing, handling, and storing. The need to improve
and automate the data analysis pipeline, after the first study, resulted in the evaluation
of database search programs ProlCAT, SEQUEST, and SpectrumMill (III). This
comparative study and similar studies by Kapp et al., 2005 and Chamrad et al., 2004b
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have shown that different data analysis algorithms have variability in the protein
identifications, especially when analyzing data from complex protein samples.
However, the correlation of quantitative results was excellent between all the evaluated
software tools. This software evaluation was continued by creating a pre-filtering
algorithm, which is able to distinguish the good- and bad-quality spectra (IV). By this
means, bad-quality data is removed prior to database searches thus reducing the time
spent for data processing and potentially reducing the number of false positive protein
identifications. The data classification was based on a set of spectral features, which
were monitored from the MS/MS spectra and their quality was predicted with a
decision-tree supervised classification techniques. The performance of the algorithm to
classify the spectra was compared with a pre-filtering too described earlier Bern et al.,
2004. Our results showed that the new pre-filtering algorithm classified good- and bad-
quality data better than the earlier one. Furthermore these results indicated its
suitability for incorporation in our data analysis pipeline in the processing of MS/MS
data originating from ICAT labeled samples.

Altogether, these studies have revealed new aspects of the proteome of Th cells
polarized towards Thl or Th2 subset with IL-12 or IL-4, respectively. Furthermore,
differentially regulated proteins, novel in this context, were identified. In addition to
these biological discoveries, the establishment of these methods in our research
laboratories, and associated national collaborations, has brought methodological
progress for proteomics research in Finland.
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