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Abstract 
 
 
Tyrosine kinase 2 (Tyk2) is involved in the intracellular signal transduction of a large 

number of cytokines. The aim of the presented studies is to improve our 

understanding of the molecular function of Tyk2 in macrophages using two-

dimensional difference gel electrophoresis (2D-DIGE) for protein quantification and 

matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry (MALDI-

TOF-MS) in combination with bioinformatic tools for protein identification. 

Immunological and enzymatic-colorimetric analyses were employed for further 

verification and more detailed biological investigations. 

The macrophage proteome was investigated before and after treatment with 

poly(I:C), which mimics the presence of microbial double-stranded RNA. Data 

emphasise the important role of Tyk2 for the regulation of cellular immune responses 

and further show that Tyk2 influences the abundance of proteins (incl. isoforms) 

involved in lipid and carbohydrate metabolism after poly(I:C) treatment. The 

participation of Tyk2 in metabolic pathways was shown by cholesterol and lactate 

measurements. The results provide evidence for a novel function of Tyk2 linking 

metabolic and immune response networks. 

This work further contributed to the identification of proteins in Tyk2-deficient 

macrophages after lipopolysaccharide treatment, a major component of the outer 

membrane of Gram-negative bacteria. 27 proteins (incl. isoforms) were 

unambiguously identified by MALDI-TOF-MS/bioinformatics and assigned to various 

functional categories including immune response, oxidative stress, metabolism and 

cytoskeleton architecture. 

Finally, the fast quality control of protein samples (e.g. derived from body fluids) 

which are prone to technical artefacts (e.g. enzymatic degradation) was studied by 

two techniques. SDS-PAGE and capillary gel electrophoresis (CGE)-on-the-chip 

were both suitable as pre-screening methods for a fast quality evaluation prior to 

complex MS-based analysis. Differences between samples were easily observed on 

SDS-PAGE images, but time consumption, sample amount and statistical evaluation 

were in favour of the technique CGE-on-the-chip. 
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Zusammenfassung 
 
 
Tyrosine Kinase 2 (Tyk2) ist an der intrazellulären Signalübertragung bei einer 

großen Anzahl von Zytokinen beteiligt. Das Ziel der durchgeführten Studie war, das 

Wissen um die molekulare Funktion von Tyk2 in Makrophagen zu erweitern. Die von 

uns verwendete Strategie basierte auf 2-dimensionaler differentieller Gel-

Elektrophorese (2D-DIGE) für die Proteinquantifizierung und Matrix-unterstützte 

Laser-Desorption/Ionisation-Flugzeit-Massenspektrometrie (MALDI-TOF-MS) in 

Kombination mit Bioinformatik für die Proteinidentifizierung. Immunologische und 

enzymatisch-colorimetrische Analysen wurden für die Verifizierung und für 

detailliertere biologische Studien angewendet.  

Das Proteom der Makrophagen wurde vor und nach Stimulation mit poly(I:C), 

welches die Anwesenheit mikrobieller doppel-strängiger RNA simuliert, untersucht. 

Die gewonnenen Daten unterstreichen die bedeutende Rolle von Tyk2 für die 

Regulation der zellularen Immunantwort. Darüber hinaus konnte gezeigt werden, 

dass Tyk2 die Regulation von einigen Proteinen und deren Isoformen des Fett- und 

Kohlenhydratstoffwechsels nach Behandlung mit poly(I:C) beeinflusst. Der Einfluss 

von Tyk2 auf Stoffwechselwege konnte durch Cholesterin- und Laktatmessungen 

bestätigt werden. Die Ergebnisse dieser Studie zeigten erstmals, dass Tyk2 bei der 

molekularen Kommunikation zwischen Immunantwort und Metabolismus eine Rolle 

spielt.  

Des Weiteren trug diese Arbeit zur Identifizierung von Proteinen in Tyk2-defizienten 

Makrophagen nach Behandlung mit Lipopolysaccharid, einem Hauptbestandteil der 

äußeren Zellwand von Gram-negativen Bakterien, bei. 27 Proteine inklusive deren 

Isoformen wurden eindeutig mittels MALDI-TOF-MS und Bioinformatik identifiziert 

und konnten verschiedenen funktionalen Kategorien (z.B. Immunantwort, oxidativer 

Stress, Metabolismus und zytoskeletale Architektur) zugeordnet werden. 

Zum Schluss wurde ein methodischer Vergleich von zwei schnellen Techniken für die 

Beurteilung von Proteomproben (z.B. aus Körperflüssigkeiten gewonnen), die 

besonders anfällig für technische Artefakte (z.B. enzymatischer Abbau) sind, 

durchgeführt. SDS-PAGE und Kapillargelelektrophorese-am-Chip stellten sich beide 

als geeignete Methoden für eine schnelle Qualitätskontrolle vor komplexen MS-

basierenden Analysen heraus. Unterschiede zwischen den Proteomproben konnten 

einfacher in der SDS-PAGE visuell beobachtet werden, jedoch Zeitaufwand, 
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Probenverbrauch und die statistische Auswertung solcher Bilder, geben der 

Kapillargelelektrophorese-am-Chip den Vorzug. 
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Introduction 
 
 
Part I – Biological background 
 
1. Innate immune recognition 
 

A variety of host defence mechanisms have evolutionary developed against microbial 

pathogens and are basically mediated by two types of immune defence: innate (or 

natural) and adaptive (or acquired) immunity. The innate immune system serves as 

first line in defence against pathogenic microbes. Unlike the adaptive immune 

system, it does not provide exquisite specificity and immunological memory 

(Medzhitov 2007). 

A substantial requirement in the earliest phase of host defence is to recognise 

invading pathogens. Pathogens exhibit conserved molecular structures, termed as 

pathogen associated molecular patterns (PAMPs), which are essential for their 

survival. They are recognised by the host through a limited set of evolutionary 

conserved pattern recognition receptors (PRRs), which are germ-line encoded and 

nonclonal. Two different types of PRRs are described based on their cellular location. 

The well-known family of toll-like receptors (TLRs) detect pathogens at either the cell 

surface or at lysosomal/endosomal membranes. 13 mammalian members have been 

identified so far and are implicated in the recognition of a wide range of pathogens, 

such as bacteria, fungi, protozoa and viruses. For example, TLR1, 2 and 6 detect 

lipids and carbohydrate compounds of Gram-positive bacterial cell walls, TLR4 

recognises lipopolysaccharides (LPS), a cell-wall component of Gram-negative 

bacteria, and TLR3, 7, 8 and 9 are receptors for nucleic acids. The more recently 

emerging cytoplasmic PRRs are currently roughly subclassified into nucleotide 

binding oligomerisation domain (NOD)-like receptors (NLRs) and retinoic acid-

inducible gene I (RIG-I)-like receptors (RLRs). These receptors are essential for the 

recognition of microbial components in the cytoplasma (Akira et al. 2006; Medhzitov 

et al. 2007; Kumagai et al. 2008; Uematsu et al. 2008).  

All PRRs couple ligand binding to cell activation through a distinct set of downstream 

adapter proteins. Different combinations of adapter molecules ensure specific signal 

transduction initiated by different types of ligands and PRRs. Subsequently, signals 

are translated into several distinct intracellular signalling pathways, which finally 
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converge to activate a common set of transcription factors, most notably nuclear 

factor-κB (NF-κB) and certain members of the interferon regulatory factor (IRF) 

family. NF-κB is essential for the production of proinflammatory cytokines, such as 

interleukin-1 (IL-1), interleukin-6 (IL-6) and tumor necrosis factor α (TNF-α), whereas 

the most prominent target genes of IRFs are type I interferons (IFNs; IFNα/β). 

Secreted cytokines act in an autocrine and paracrine manner, induce innate immune 

effector mechanism and mediate communication between cells of the innate and 

adaptive immunity (Honda et al. 2006; Kawai et al. 2007). 
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2. Signalling pathways induced by double-stranded RNA  
 
2.1. Recognition of microbial dsRNA 
Double-stranded RNAs (dsRNAs) are PAMPs and their major sources are viral 

infections. They can be present as viral genomes and released into the cytoplasm 

during virus entry or appear later during viral life cycles as a replication intermediate 

of ssRNA viruses or as a by-product during transcription of DNA viruses (Akira et al. 

2006). Furthermore, dsRNA can be found in apoptotic bodies from virally infected 

cells and be released by apoptotic and necrotic cells (Matsumoto et al. 2008). 

Polyriboinosinic-polyribocytidylic acid (poly(I:C)) is structurally similar to dsRNA and 

experimentally used to mimic dsRNA. It is synthetically produced and is a highly 

potent IFNα/β inducer. Poly(I:C) was initially shown to be recognised by membrane-

bound TLR3 (Alexopoulou et al. 2001). TLR3 is predominantly, but not exclusively, 

expressed in cells of the innate immune system. TLR3 is mainly localised in the 

endosomal compartment, but can also be expressed at the cell surface in some cell-

types (Matsumoto et al. 2008). Usually, extracellular poly(I:C) must be internalised to 

get recognised by endosomal TLR3, a process which is suggested to be mediated by 

the cell-surface receptor CD14 and by a clathrin-dependent endocytic pathway (Lee 

et al. 2006; Itoh et al. 2008). In addition to TLR3, the cytoplasmic RLRs, melanoma 

differentiation associated antigen 5 (MDA-5) and retinoic-acid-inducible protein I 

(RIG-I), recognize poly(I:C) (Yoneyama et al. 2005). Recent studies suggest that 

MDA-5 and RIG-I differentially recognise dsRNA in a size dependent manner (Kato 

2008; Saito 2008), whereby long dsRNA activates MDA-5 and RIG-I recognises short 

dsRNA motifs. Poly(I:C) is characterised as long synthetic co-homopolymer RNA and 

consistently its recognition is triggered in dependence of MDA-5 (Kato et al. 2006).  

TLR3 and MDA-5/RIG-I dependent core signalling pathways are schematically 

depicted in Fig. 1 and described below. 

 

2.2. TLR3-dependent signalling 
Upon binding of poly(I:C), the adaptor molecule Toll/IL1 receptor (TIR)-domain 

containing adapter protein-inducing IFNβ (TRIF) is recruited to the TLR3 receptor 

complex. TRIF interacts with tumor necrosis factor receptor-associated factor 3 

(TRAF3), TRAF6 and receptor interacting protein 1 (RIP1). TRAF3 triggers the 

induction of IFNβ in dependence on interferon regulatory factor 3 (IRF3). IRF3 is 
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activated by a complex containing the inhibitory κB-kinase signalosome (IKKε) and 

(TANK)-binding kinase 1 (TBK1), which mediate IRF3 phosphorylation. Activated 

IRF3 molecules form homodimers, migrate into the nucleus and bind to consensus 

elements in promoter regions of responsive genes (e.g. IFNβ) (Matsumoto et al. 

2008; Takeuchi et al. 2007; Uematsu et al. 2008; Kawai et al. 2007). IRF7 is similarly 

activated and induces expression of IFNβ and IFNα subtypes, but in most cell-types 

IRF7 is not constitutively expressed. IRF7 is synthesised in response to type I IFNs 

and, consequently, leads to auto-amplification of type I IFN expression (Marie et al. 

1998). Parallel to IKKε/TBK1 activation, TRAF6 and RIP1 lead to the activation of 

NF-κB, which is mediated by the ubiquitin-dependent kinase TAK1 complex that 

targets the IKK complex. Phosphorylated NF-κB translocates into the nucleus and 

binds to genes containing NF-κB consensus elements in their promoter regions 

including IFNβ (Matsumoto et al. 2008; Takeuchi et al. 2007; Uematsu et al. 2008; 

Kawai et al. 2007). 

 
2.3. MDA-5/RIG-I -dependent signalling 

MDA-5/RIG-I recognises dsRNA and interacts with the adaptor protein IFNβ promoter 

stimulator-1 (IPS-1), which is localised on the outer mitochondrial membrane. TRAF3 

associates with IPS-1 recruiting IKKε and TBK1 which further cooperate with TRAF 

family member-associated NF-κB activator (TANK), NAK associated protein 1 

(NAP1) and similar to NAP1 TBK1 adaptor (SINTBAD) leading to the activation of 

IRF3. The IRF3-dependent signalling pathway induced by TLR3 and MDA5/RIG-I 

overlaps at the level of TRAF3-IKKε/TBK1. In addition to TRAF3, FAS-associated 

death domain-containing protein (FADD) associates with IPS-1 leading to the 

cleavage of caspase-8/-10 which downstream induces NF-κB signalling (Takeuchi et 

al. 2007; Takeuchi et al. 2008; Saito et al. 2008; Yoneyama et al. 2008). 
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Fig.1 Poly(I:C) induced core signalling pathways. dsRNA is recognised by TLR3 

and MDA-5/RIG-I and this leads to the production of type I IFNs and proinflammatory 

cytokines (see text for details). 
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3. JAK-STAT pathway 
 
3.1. JAK-STAT signalling 
The Janus kinase (JAK) - signal transducer and activator of transcription (STAT) 

signalling pathway is utilised by a variety of cytokines and some growth factors, 

which are involved in host defence, differentiation, proliferation and oncogenesis. In 

principle, the JAK-STAT pathway is activated upon cytokine binding to the 

appropriate receptor and is responsible for the signal transduction from the plasma 

membrane to the nucleus in order to reprogram gene expression in response to an 

extracellular stimulus. JAK-STAT signal transduction is performed by a 

phosphorylation cascade and is described in more detail exemplified for type I IFN 

signalling (see Fig. 2) (Kisseleva et al. 2002; Schindler et al. 2007). 

Type I IFNs bind to the same cell-surface receptor complex, known as type I IFN 

receptor (IFNAR) that is composed of two subunits, IFNAR1 and IFNAR2. The Janus 

kinases TYK2 and JAK1 are pre-associated with the IFNAR1 and IFNAR2 chain of 

the type I IFN receptor, respectively. Following binding of type I IFNs, TYK2 and 

JAK1 become activated and mediate phosphorylation of receptor tyrosine residues 

which attract STATs. This leads to the formation of phosphorylated STAT1-STAT2 

heterodimers which subsequently associate to IFN regulatory factor 9 (IRF9) forming 

a complex, called IFN-stimulated gene factor 3 (ISGF3). ISGF3 translocates to the 

nucleus and binds to specific consensus elements in the promoter region of 

responsive genes. In addition to ISGF3, which is the main transcription factor 

complex responsible for type I IFN responses, other STAT homo- and heterodimers 

and additional signalling cascades can be induced in a cell-type specific manner. 

JAK-STAT signalling is also negatively regulated at several levels of the signalling 

cascade, including the receptors, and JAKs and STATs themselves (Decker et al. 

2005; Platanias 2005; Schindler et al. 2008). 
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Fig. 2: Type I IFN signalling: the JAK-STAT pathway. Type I IFNs activate the 

JAK-STAT pathway and initiate the induction of target genes (see text for details).  

 

3.2. JAKs and STATs 

All four members of the JAK family (JAK1, 2, 3 and TYK2) are non-receptor tyrosine 

kinases. JAK proteins range in a size from 120-140kDa and feature seven conserved 

regions of homology, named JAK homology domains (JH1-7). JAKs exhibit at the 

protein C-terminus a catalytically active kinase domain (JH1) and an adjacent 

pseudokinase domain (JH2). JAKs are unique among protein tyrosine kinases 

containing a pseudokinase domain (Ihle 2001). JAK activation requires 

phosphorylation of tyrosines in the JH1 domain, while JH2 negatively regulates 

kinase activity. The JH3-7 domains have been implicated in receptor association and 

specificity (Vainchenker et al. 2008; Schindler et al. 2007; Kisseleva et al. 2002). 

At present seven STATs (STATs 1, 2, 3, 4, 5a, 5b, 6) are described with apparent 

molecular weights of 90-115kDa. They are composed of six different structural and 

functional domains, most importantly the phosphotyrosine-binding Src homology 2 

(SH2) domain for receptor binding and dimerisation. Central for the activation of 
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STATs is the phosphorylation of a single conserved tyrosine residue near the protein 

C-terminus, which is required for dimerisation, nuclear translocation and DNA binding 

(Levy et al. 2002; Brierley et al. 2005; Schindler et al. 2007). All STATs except 

STAT2 undergo inducible serine phosphorylation, which promotes their 

transcriptional activity (Decker et al. 2000). 
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4. Tyrosine kinase 2 (TYK2) 
 

TYK2 was originally described to be essential in type I IFN signalling. Signalling of 

IFN-α in human fibrosarcoma cells was completely impaired in the absence of TYK2 

(Velazquez et al. 1992). Later it was shown that the IFNAR1 subunit of the type I IFN 

receptor complex requires the expression of TYK2 for transport/stabilisation at the 

cell surface in human cells (Gauzzi et al. 1997; Ragimbeau et al. 2003; Kumar et al. 

2008). In addition to type I IFNs, TYK2 is activated by a large number of other 

cytokines, including IL-10, IL-6, IL-23 and IL-12 (Kotenko et al. 2000). In contrast to 

human TYK2, in most cases (including type I IFNs) murine TYK2 is partially required 

for functional signalling (Shimoda et al. 2000; Karaghisoff et al. 2000).  

TYK2-deficient mice are viable, fertile and show normal hematopoietic development 

(Karaghisoff et al. 2000; Shimoda et al. 2000). The role of TYK2 in vivo has been 

evaluated in various experimental disease models and revealed essential functions 

of TYK2 as well as detrimental or neutral effects in host responses. Reports 

concerning antiviral responses showed a selective contribution of TYK2 to the host 

defence against certain viruses. On one hand, TYK2 is dispensable for survival upon 

Vesicular Stomatitis Virus (VSV) infection in vivo (Karaghiosoff et al. 2000). On the 

other hand, a protective role of TYK2 in vivo was reported for Vaccinia Virus (VV), 

Lymphocytic Choriomeningitis Virus (LCMV), and Murine Cytomegalovirus (MCMV) 

(Karaghiosoff et al. 2000; Strobl et al. 2005). Challenge of TYK2-deficient mice with 

VV resulted in elevated viral replication in spleens as compared to wild-type mice. 

LCMV infected TYK2-deficient mice revealed a significant reduction of cytotoxic T 

lymphocyte (CTL) activity (Karaghiosoff et al. 2000). Strongly reduced survival rates 

were shown in TYK2-deficient mice in response to MCMV. Both, initial control of viral 

replication and virus clearance from organs at later stages of infection are dependent 

on TYK2. Furthermore, it was demonstrated that TYK2 is essential for the control of 

MCMV replication in primary macrophages in vitro (Strobl et al. 2005).  

In vivo and in vitro studies using TYK2-deficient mice underline the importance of 

TYK2 for the host defence against viral infections and suggest essential molecular 

functions of TYK2 in promoting antiviral defence mechanisms. 
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Introduction 
 
 
Part II - Proteomics 
 
The proteome is defined as all proteins expressed in an organism, tissue, cell or 

body fluid at a given time under defined conditions. Integrated in the scale-free 

network of the genome, transcriptome and metabolome, proteome properties are 

influenced by the resulting multitude of complex interactions and feedbacks 

(VanRegenmortel 2007). The characterisation of the proteome, termed proteomics, 

encompasses a variety of technologies to systematically identify proteins in complex 

samples and to measure differences in protein abundance between samples due to 

various stimuli like environmental, pharmacological, genetic or pathological changes 

(Cox et al. 2007; Hamdan et al. 2005). Quantification at the protein level is 

indispensable as quantities at the transcriptome level can not necessarily be 

correlated to protein quantities. In addition, possible post-transcriptional (e.g. RNA 

stability) and post-translational modifications (PTMs; e.g. phosphorylation) determine 

protein functions, localisations and activities and play an important role in cellular 

regulations (Hamdan et al. 2005). 

The proteomics workflow is a multi-step analysis including sampling, sample 

preparation and storage, protein separation, protein quantification, protein 

identification, protein characterisation and verification. The following chapters will 

give a short overview in sampling, sample preparation and storage, protein 

quantification and identification and furthermore will particularly focus on methods 

and techniques which were used within our proteomic workflow (see chapter 2.2. for 

protein separation and quantification; chapter 3.2. for protein identification).  
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1. Sampling, sample preparation and storage 
 
1.1. Impact of variables prior to proteomics analysis 
Possible specimens of proteome analyses used for animal and human studies are 

body fluids, tissues and cells including whole cells, cell compartments or biological 

membranes. Basic requirements for a “perfect sample” include simple access, easy 

sampling, almost no further sample preparation, no change in protein composition 

and/or concentration during long-term storage. This would in fact minimise 

experiment-to-experiment variation and improve the reproducibility giving more 

confidence in conclusions drawn from a complete proteome study (Molloy et al. 

2003). In practice those requirements are rarely fulfilled and at least all substantial 

factors which may affect the obtained results require observance and/or control to 

minimise potential variations. Variations can be classified on the basis of their origin, 

either as biological or technical. 

Biological variations derive from features such as gender, age and, in animal studies, 

genotypes, which are clearly assigned to a subject. In contrast, factors such as 

nutrition, life style, physical activities and health state are more variable. The latter 

can be controlled to a large extent for animal studies. However, in human clinical 

trials they can be standardised only to some degree based on a proper patient 

selection (Ferguson et al. 2007; Eyk et al. 2008). 

All steps of the proteomic workflow are sensitive to technical variations, most notably 

during sample collection, preparation and storage. Once the sample is removed from 

the homeostatic environment, biochemical processes are driven to reach an 

equilibrium adapted to the new environment. During that process proteins are 

especially susceptible to chemical modification or proteolytic degradation (Ferguson 

et al. 2007). Therefore, regardless of processing biological fluids, tissue or cell 

lysates, the time span from sampling to safe storage has to be minimised, protease 

inhibitors might be added or it has to be strictly stuck to certain incubation times. 

Additionally, it should be considered that light, temperature, pH, types of sample 

containers, purity of additives can influence sample integrity during the whole 

process. The majority of protein samples are stored at -20°C or at -70 to -80°C 

varying from weeks to several years. For reanalysis the number of freeze-thaw cycles 

has to be minimised, likewise the time period of freezing and thawing of the samples 

(Eyk et al. 2008; Hsieh et al. 2006; West-Nielsen et al. 2005).  
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Many samples have to be particularly prepared before complex proteome analysis 

according to the specific question that is being addressed in the study. Key options 

for sample preparation often include sample concentration, sub-cellular fractionation, 

and minimisation of sample complexity by selective protein enrichment or depletion 

and removal of excess contaminants. But one has to be aware that each additionally 

introduced step potentially biases the composition of the proteome (Ferguson et al. 

2007; Eyk et al. 2008; Hsieh et al. 2006; Nielsen et al. 2006; Jiang et al. 2008). 

 

1.2. Screening prior to proteomic analysis 
Sources of effects prior to analysis have already been recognised for specific 

analytes in clinical chemistry and diagnostics. Exploring the whole proteome such 

effects become even more apparent because proteomics methods have high 

sensitivity and resolution (Ferguson et al. 2007). To overcome this problem, standard 

sample handling protocols within the laboratory may be implemented. For that the 

Proteomics Standards Initiative (PSI) tries to provide a good basis by defining 

community standards for sample preparation and handling between different 

proteomic laboratories (Taylor et al. 2007) (see chapter 4.). 

However, in some cases a pre-screening of samples to check the sample quality is 

indicated prior to complex, time consuming and expensive proteomic studies to get a 

well defined and constant starting material. That should be considered for samples 

derived from in vivo experiments having an inherently higher variation compared to in 

vitro experiments, for samples with possible higher technical variations due to certain 

sample preparations such as pre-fractionation and samples with high proteolytic 

activity like blood plasma.  

A prerequisite for a good screening method is as little sample manipulation as 

possible, as little time-consumption as possible and easy access to the result without 

complex data manipulation. Pre-screening requires a method of protein profiling 

either for comparing protein patterns of high abundance proteins to a reference 

material or for the assessment of sample homogeneity within the sample pool. 

Further, the workflow of suspicious samples could be traced back and possible 

causes are uncovered and removed for future analysis. 
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2. Global proteomic quantification 
 
2.1. Overview 
Global quantitative proteomic approaches can be classified according to different, 

nevertheless linked strategies (Table 1): (a) gel-based or gel-free separation of 

proteins and/or peptides (b) non-labelling or labelling of primary structures and (c) 

spectroscopic-based or mass spectrometry (MS)-based detection (Hamdan et al. 

2005). 

 

 Gel-based Gel-free 

Label-based Fluorescence labelling 
(e.g. DIGE) 
Radio isotope labelling 
Stable isotope labelling 
(e.g. SILAC, ICAT, ITRAQ
ICPL) 

 
 
 
Stable isotope labelling 
(e.g. SILAC, ICAT, ITRAQ
ICPL) 

Label-free Non-covalently bound 
dyes (e.g. fluorescence 
dyes, Coomassie, silver 
staining) 

Global approaches  
(e.g. MasterMap) 
Targeted approaches 
(e.g. SRM) 

 

Table 1: Classification of global quantitative proteomic approaches according to 

applied separation methods and labelling. DIGE, difference gel electrophoresis; 

SILAC, stable isotope labelling of amino acids in cell culture; ICAT, isotope coded 

affinity tags; ITRAQ, isobaric tag for relative and absolute quantification; ICPL, 

isotope-coded protein labels; SRM, selected reaction monitoring. 

 

(a) Gel-based and -free separation:  

Simultaneous quantification of various proteins in a mixture within a wide dynamic 

range requires separation techniques in order to reduce sample complexity. Two-

dimensional gel electrophoresis (2-DE) (O'Farrell 1975), a widely used gel based 

approach, separates proteins according to their isoelectric points and molecular 

weights and quantification is done at the protein or peptide level (Patterson et al. 

1995; Oda et al. 1999). Gel-free separation approaches are based on 



- 25 - 

(multidimensional) liquid chromatography (LC) (Gygi et al. 1999; Davis et al. 2001) 

and capillary electrophoresis (CE) (Cao et al. 1998) combined with quantification only 

at the peptide level using MS.  

The major advantage of quantifying at the protein level is that information about the 

whole protein (e.g. protein isoform, possible degradation or PTM) remains, whereas 

by quantifying at the peptide level the association between the particular measured 

peptides and the proteins is lost. However, gel-free approaches are less labour 

intensive and especially qualified for high-throughput proteome analysis (Hamdan et 

al. 2005). 

(b) Label-based and -free approaches:  

Label-based approaches include any kind of labelling that is introduced into a protein 

or covalently attached to one or more amino acids of the protein/peptide backbone. 

Labels can be introduced and detected at the protein or peptide level within the 

experimental workflow. Ideally, different labels have identical physico-chemical 

properties, which are important for the separation, but can still clearly be 

distinguished allowing quantitative analyses. Thus, several differentially labelled 

samples can be co-processed and distinguished in the same experiment according to 

their characteristic readout. That allows multiplexing of different targets in the same 

sample and assaying various samples in parallel ensuring accuracy of analysis and 

increasing throughput. Label-based approaches can be subdivided in two categories 

(Hamdan et al. 2005). First, labels are introduced metabolically based on stable 

isotopes (stable isotope labelling of amino acids in cell culture, SILAC) (Oda et al. 

1999; Ong et al. 2002) and radio isotope labelling (Taruvinga et al. 1979) or 

enzymatically based on stable isotopes (16O/18O exchange) (Yao et al. 2001). 

Second, in chemical tagging approaches, the label is covalently attached to either 

specific amino acids (e.g. difference gel electrophoresis, DIGE (Unlu et al. 1998; 

Knowles et al. 2003); isotope coded affinity tags, ICAT (Gygi et al. 1999); isobaric tag 

for relative and absolute quantification, ITRAQ (Ross et al. 2004)) or free amino 

groups of intact proteins (e.g. isotope-coded protein labels, ICPL) (Schmidt et al. 

2005). Although labelling based quantification is widely used, several limitations are 

known including relatively high costs, limited availability of different isotope or 

fluorescence coded labels and labelling-introduced artefacts (Coiras et al. 2008). 

Label-free, MS based quantitative protein profiling would be an attractive alternative. 

In this approach, different variables, MS- or separation-based, or a combination of 
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them are used for quantification implying that multiple LC-MS runs are measured 

under identical conditions with highest possible mass accuracy. In a simple method 

for approximate quantification, termed “spectral sampling”, the number of tandem 

mass spectra collected from a peptide correlates to peptide concentrations (Liu et al. 

2004). More accurate methods are based on global (e.g. MasterMap) or selective 

(e.g. selected reaction monitoring; SRM) measurements of peptides. In MasterMap, 

all peptide ion intensities are directly proportional to the initially introduced serial 

dilution profile and are further linked to results of protein identification (Rinner et al. 

2007). In contrast, targeted quantitative approaches based on selected reaction 

monitoring (SRM) rely on quantifying a predetermined set of peptides. Separation 

specific values of single ions are used in combination with the specific parent-to-

fragment transitions for quantification requiring previous information to define these 

transitions for each targeted peptide (Lange et al. 2008).  

Label-free quantification in combination with 2-DE separation is only provided by 

non-covalently bound staining of protein spots. Visible (e.g. Coomassie and silver 

staining) and fluorescence dyes (e.g. Sypro dyes) are used and obtained relative 

spot intensities are correlated to protein abundance. 

(c) Spectroscopic- or MS-based detection:  

Label-free and label-based approaches in combination with 2-DE are based on 

spectroscopic methods measuring the intensity either of absorbed or emitted light 

that is correlated with the concentration or amount of a given species (Beer’s law). 

Visible and fluorescence spectroscopy are applied to detect quantitative differences 

of protein expression, using image capturing devices such as laser-based detectors, 

charge-coupled device (CCD) camera systems and flatbed scanners.  

Label-based or -free MS based detection relies on the detection of intact peptides or 

peptide fragments. Different compositions of introduced stable isotopes allow 

multiplexing and are used for quantification at the peptide level (e.g. ICAT, SILAC, 

16O/18O exchange) or upon peptide fragmentation (e.g. ITRAQ). In the former case, 

identical peptides of different samples are distinguished by a certain mass shift 

introduced by stable isotopes (e.g. 2 Da shift after 16O/18O exchange) and signal 

intensities of these peptide pairs are correlated to protein abundance. In the latter 

case, isobaric reporter peptides (no mass shift at the peptide level) are generated 

which cannot be assigned to their sample origin until they are fragmented allowing 
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subsequent sample assignment according to distinguishable reporter fragments in 

the low mass range which intensities can be compared.  

Besides other factors, most important for any quantification method is to provide the 

highest possible dynamic range, the concentration range in which a concentration 

dependent signal output is produced (Hamdan et al. 2005). For example, samples 

such as plasma or serum contain proteins in a dynamic range of more than 10 orders 

of magnitude (Anderson et al. 2002). So far the major advantage of spectroscopic 

based detection methods (e.g. Fluorescence detection: 3-5 orders of magnitude 

(Miller et al. 2006)) was a larger dynamic range compared to MS based detection. 

However, the implementation of novel quantification strategies using MS instruments 

shifted that aspect, as the dynamic range is now about four orders of magnitude for 

MS approaches (Blow 2008).  

Gel-based and gel-free approaches provide a large number of different strategies for 

global proteomic quantification, each possessing its specific strength and weakness 

and especially for MS-based methods a broad spectrum of possibilities exists.  

 

2.2. Protein separation and quantification using 2D-DIGE  
2.2.1. Basic principles 
In the last decades, 2-DE has been widely used in protein science allowing the 

separation of several thousand proteins of a single sample (Westermeier et al. 2002). 

Two dimensional difference gel electrophoresis (2D-DIGE) relies on the same 

separation principle but with the supplementary introduction of covalently linked, 

spectrally distinguishable fluorophores prior to electrophoretic separation.  

The majority of 2D-DIGE based quantitative comparative proteomic studies uses 

fluorophores which are attached to lysine residues. Labelling reactions are performed 

in such a dye-to-protein ratio that only 3-5% of the total number of lysine residues are 

labelled (minimal labelling). Three fluorescent CyDyes (Cy2, Cy3 and Cy5) with 

spectrally different excitation and emission wavelengths are commercially available. 

Each dye carries an intrinsic positive charge with a pK value similar to the ε-amino 

side group of lysine preserving the isoelectric point (pI) of the protein after the 

labelling reaction. In practice, a pI shift between labelled and non-labelled proteins 

has not been demonstrated so far (Hrebicek et al. 2007), but cannot be ruled out. 

The three fluorophores are also mass matched, adding approximately 450 Da to 

each protein. Especially at the lower molecular weight range a mass offset of labelled 



- 28 - 

compared to non-labelled proteins was recognised (Lilley et al. 2006; Hrebicek et al. 

2007; Westermeier et al. 2008). Therefore, and to ensure that enough material for 

subsequent MS based protein identification is provided (see chapter 3), restaining of 

the gel with MS compatible, visible staining methods is essential (Westermeier et al. 

2008). 

 
2.2.2. Experimental design and data analysis 
2D-DIGE is capable of comparing relative changes in protein abundance with the 

advantage of low technical variation due to sample multiplexing. Three different 

CyDyes are used for three different samples which are then separated within the very 

same electrophoretic run. One of the CyDyes is used to label an internal standard, 

i.e. a pool of equal amounts of each single sample present within the given proteomic 

study. Cy2 is preferably chosen, because it shows slightly different physico-chemical 

properties compared to Cy3 and Cy5 (Tonge et al. 2001). However, protein-specific 

dye effects between Cy3 and Cy5 are described in the literature and are explained by 

differences in the protein-dye binding affinity, in the migration behaviour of dye 

labelled proteins and in the fluorescent signal and background (Krogh et al. 2007). To 

circumvent this system bias, the dye combination should be reversed within the 

experimental set-up, especially because no global normalisation can remove dye 

effects simultaneously for all protein spots (Krogh et al. 2007). For example, two 

biological replicates are labelled with either Cy3 or Cy5, and furthermore all samples 

are randomly analysed on different gel runs. There are a large number of proteomic 

studies using 2D-DIGE which have demonstrated that the introduction of an internal 

gel-electrophoretic standard allows proper inter- and intra-gel matching and 

minimises gel-to-gel variations (Alban et al. 2003; Friedman et al. 2008) (Fig.1). 

To ensure statistical significance for data obtained from 2D-DIGE experiments the 

study of the total experimental variation (including biological and technical variations) 

is essential for any new application. The calculated experimental variation will 

suggest the threshold for changes in protein expression which can be expected to be 

significant changes based on the number of biological replicates at a given 

confidence level, the so-called minimum of fold change (Karp et al. 2005a/b). 

Samples carrying different fluorescent dyes are separated within the same gel and 

detected by fluorescent scanning for each dye separately to prevent signal overlay. 

Spot signal intensities are normalised to correct dye specific discrepancies arising 
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from differences due to the scanning process (Alban et al. 2003). In the process, spot 

pattern of the internal standard are matched across different gels using dedicated 

software bundles (e.g. DeCyder). Then spot signal intensities derived from different 

labelled samples are normalised to the internal standard giving standardised 

abundances. These are further compared for each sample in multi-gel approaches. 

Thus, spots of interest can be reliably statistically evaluated. Protein spots showing at 

least a minimum of fold change, according to calculated statistical data, are 

candidates for further detailed analysis. 

 

 

 
 
Fig 1. Simplified schematic drawing of a 2D-DIGE study using an internal standard 

pool (Cy2) (based on (Westermeier et al. 2008)). Proteins of samples to be compared 

are labelled with either Cy3 (e.g. control sample) or Cy5 (e.g. treated sample). Each 

2-DE separation within the study will be performed with the Cy2 standard, combined 

with the Cy3 and Cy5 labelled samples prior to electrophoresis. Image derived spot 

intensities from samples labelled with Cy3/5 are normalised based on the 

corresponding Cy2 spot intensities.  
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3. Protein identification by mass spectrometry 

 
3.1. Overview 
Protein identification is primarily based on protein cleavage and peptide analysis with 

subsequent database search. Peptides are generated either by chemical or 

enzymatic cleavage; however, the latter offers mostly better defined cleavage 

specificities under mild conditions (Liebler 2005). Trypsin is the most commonly used 

enzyme and preferentially cleaves C-terminally to arginine and lysine residues 

providing an advantage for MS-based sequencing. The global distribution of arginine 

and lysine residues within proteins (both have an approx. occurrence in proteins of 

5.7 %) results in a selection of peptides of about 5 to 30 amino acids length with only 

few exceptions (e.g. regions without arginine and lysine residues) (Liebler 2005). 

Additionally, the molecular weights of the resulting peptides are mostly in a mass-to-

charge (m/z) range where adequate accuracy and detection limits are achieved by 

mass spectrometers. 

In general, two different approaches are used for peptide analysis by MS: single 

stage mass spectrometry experiments (MS), generating m/z data of the intact peptide 

ions and multi-stage or tandem mass spectrometry experiments (MS/MS), generating 

sequence information from the precursor peptide ion. Electrospray ionisation (ESI) 

(Fenn et al. 1989) and matrix-assisted laser desorption/ionisation (MALDI; Karas 

1987; Karas et al. 1988; Tanaka et al. 1988) were found to be very efficient for the 

desorption and ionisation of biomolecules. Both can subsequently be coupled to 

various mass analysers, most notably time-of-flight (TOF), quadrupole (Q) or ion trap 

(IT) instruments. Peptide measurements using MALDI are often performed on a 

reflectron time-of-flight (rTOF) instrument generating mass spectra of peptide ions 

from a single stage experiment. Additional sequence ion information is obtained 

either from MALDI-rTOF instruments using post-source decay (PSD; see chapter 

3.2.1), a metastable decay of generated ions, or MALDI in combination with Q-RTOF 

and TOF-rTOF analysers where peptide fragmentation is generated through intended 

collisions with gas molecules (collision induced dissociation (CID) or collision 

activated dissociation (CAD)). ESI is mainly performed with mass analysers adapted 

for tandem or multi-stage MS such as tandem, triple quadrupoles, IT, or Q-rTOFs. 

Highest mass accuracy, necessary for valuable protein identification solely based on 

proteolytic peptides, can be achieved by coupling either MALDI or ESI to Orbitrap-
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MS (Makarov 2000) and Fourier Transform ion cyclotron resonance (FT ICR) MS 

(Baldwin 2004).  

Peptide mass fingerprinting (PMF) and peptide sequencing were utilised to perform 

database searching for protein identification. PMF is based on a characteristic 

signature of peptides derived from the parent protein following specific cleavage 

(Wada et al. 1983; James et al. 1993; Mann et al. 1993; Pappin et al. 1993; Yates et 

al. 1993). These experimentally derived peptide masses are compared to peptide 

masses generated in silico from a database of proteins or translated genomic 

sequences. High mass accuracy of the detected peptide ions is a critical factor for 

successful matching to database entries because it limits possible compositions of 

peptides for any given mass (Clauser et al. 1999; Baldwin 2004). Based on the 

increasing number of database entries, sufficient confidence in protein identification 

is only achieved by matching a larger number of peptides to a given protein, thus 

covering a larger percentage of the protein’s total sequence in an equal distributed 

way. Peptide sequencing relies on sequence information by interpretation of 

fragmented peptide ions derived from PSD (Spengler et al. 1992) or tandem MS 

experiments (Biemann et al. 1987; Mann et al. 1994; Eng et al. 1994). Spectra 

derived from any type of peptide fragmentation (e.g. PSD, in-source CID or CID) are 

also suitable to search against comprehensive protein sequence databases using 

again different search algorithms. For example, the “peptide sequence tag” (Clauser 

et al. 1994) approach extracts a partial stretch of an amino acid sequence from the 

spectrum which is a highly specific identifier for the peptide and compares it to the 

sequence tags of all proteins in a database. In the advanced version, “probability 

based matching” (Perkins et al. 1999), the experimentally observed fragment ions are 

compared to all predicted fragments from peptide sequences of the appropriate mass 

in the database. From this comparison the statistical significance of the match is 

calculated by comparing the PSD or CID spectrum and the sequences in the 

database. The probability of a correct identification is correlated to the number of 

peptides being attributed to any protein and the resulting sequence coverage. 

Difficulties are raised if e.g. species are studied with yet uncharacterised or only 

partly characterised genomes hence observed data cannot be matched to the 

database. In that case de-novo peptide sequencing (Taylor et al. 1997) based on 

known fragmentation rules (Roepstorff et al. 1984; Johnson et al. 1987) is the 

method of choice implying a sufficient spectrum quality. 
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Similar to the requirement for protein quantification, sample complexity of protein or 

peptide mixtures should be reduced by a separation step to clearly identify proteins. 

In gel-free approaches complex protein mixtures are cleaved, the resulting peptides 

subsequently separated by liquid chromatography and analysed by MS. A special 

implementation of the so called “shotgun” approach incorporates multidimensional 

high performance liquid chromatography, termed multidimensional protein 

identification technology (MudPIT) (Link et al. 1999). Here, peptides are separated 

according to at least two different separation principles based on different physico-

chemical characteristics (e.g. hydrophobicity and charge) of the analytes prior to 

mass spectrometry.  

Characteristic gel-based workflows for protein identification are: (a) proteins are 

separated by 2-DE, visualised and protein areas of interest are excised from the gel. 

Proteins are then proteolytically in-gel digested and obtained peptides are directly 

submitted to MS (Cordwell 1995) (Jensen et al. 1999) (see chapter 3.2.); (b) proteins 

are separated in a 1-DE gel from which individual bands that may contain multiple 

proteins are cut out, digested and peptides are analysed by LC-MS (Huang et al. 

2002).  

 

3.2. Protein identification using MALDI-rTOF-MS 
3.2.1. Basic principles of MALDI-rTOF-MS 
In MALDI-MS experiments the analyte is mixed with an excess of matrix, a low 

molecular weight, photon-absorbing compound, and is co-crystallised on a target 

(e.g. a stainless steel plate). The target is placed into the high vacuum of the ion 

source of the mass spectrometer and energy provided by pulsed laser shots is 

deposited into the co-crystallites. The matrix absorbs the photon energy of the laser 

light and subsequently the analyte is transferred into gas phase and ionised. The 

ionised analytes are accelerated in an electric field using a high-voltage grid or lens 

and separated by drifting along the field-free TOF mass analyser until they reach the 

detector that counts arriving ions and amplifies signals. M/z values are calculated by 

measuring the flight time of the ions through the drift tube to the detector based on 

the following equations.   
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The kinetic energy Ek of an accelerated ion is calculated by 

                     U. e z
2
v mE 0
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k ==   

m = mass  
v = velocity 
z = number of charges 
e0 = elementary electric charge 
U = acceleration voltage 

 

The velocity for the ion is given by 

.
t
Lv =  

L = drift length 
t = drift time 

 

Replacing v by its value in the previous equation and subsequent conversion to m/z 

results in  
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Assuming a constant flight distance (L) and a given acceleration voltage (U), the m/z 

value is proportional to the square of the drift time for an ion (de Hofmann et al. 2002; 

Lottspeich et al. 2006).  

Unambiguous protein identification largely depends on mass measurement resolution 

and accuracy in the MS analysis. Slight differences in the distribution of the kinetic 

energies of ions with identical molecular weights introduced during the 

desorption/ionisation process and the early acceleration phase can cause signal 

broadening leading to poor resolution. Over the years two additional devices were 

introduced, that could significantly improve mass resolution by compensating this 

energy distribution. First, delayed extraction or time lag focusing (Wiley et al. 1955) a 

technique which turns on the accelerating high electric field with a time delay after 

the pulsed laser desorption/ionisation process was initiated. Ions of the same m/z 

value achieve variable distances from the plate during the desorption/ionisation 

process which correlates to their initial kinetic energy. Upon acceleration voltage is 

turned on, the energy acquired by these ions depends on their position (Hamdan et 

al. 2005). Ions with higher initial velocities cover a longer distance during the time 

delay, but gain a lower kinetic energy from the activated electric field compared to 

ions with lower initial velocities. Second, applying a reflector instrument (Mamyrin et 
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al. 1973), ions of the same m/z drifting in the TOF analyser at different locations 

(again caused by energy distribution) are decelerated in an electric field and reflected 

under a small angle to the detector. Isobaric ions exhibiting a higher kinetic energy 

penetrate the applied electrical field more deeply than ions with lower kinetic energy 

having therefore a longer distance to reach the detector. Hence, after passing the 

reflector, the kinetic energy of isobaric ions is again equalised and mass resolution 

improved (due to energy focusing and a longer flight path). 

MALDI-rTOF-MS peptide sequencing is performed using PSD which is based on 

metastable fragmentation. It occurs when excess of internal energy, introduced 

during the desorption/ionisation process, leads to further, post-source, dissociation of 

the ions while passing the TOF mass analyser before reaching the detector. During 

their drift they dissociate into smaller ion products, so-called fragments, with 

comparable velocities, but different kinetic energies (E = mv2/2). These fragments are 

not distinguishable if a simple TOF analyser (without reflectron) is used. However, in 

the reflectron mode, mass differences are resolvable, because fragments with 

different kinetic energies have different penetration depths into the reflector and 

impinge the detector at different time. 

 

3.2.2. Protein Identification 
Identification using MALDI-rTOF-MS is primarily based on recorded PMF mass 

spectra resulting in a peak list of m/z values. Raw data are corrected for known 

autolytic tryptic peptides, contaminations (e.g. keratin) and matrix clusters (Smirnov 

et al. 2004; Mattow et al. 2004). The remaining m/z list is submitted to different 

search algorithms (e.g. MASCOT (Perkins et al. 1999)), which compare 

experimentally obtained m/z values with those derived from theoretical calculations of 

tryptic peptides of proteins from different applied databases (e.g. SwissProt). Protein 

sequence coverage of more than 20% is likely to be significant, but does not identify 

proteins unambiguously (Biron et al. 2006). Therefore, several peptides probably 

belonging to the protein are selected for further PSD fragment ion analysis. A single 

peptide may not produce an unique result, because frequently a fragmentation 

pattern, particularly obtained from small peptides (< 10 amino acids), results in 

several distinct amino sequences all with statistical significant scores. At least the 

combination of two search algorithms in two different databases obtained from PMF 

and/or PSD experiments, which are independently exceeding their algorithm’s 
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significance threshold, are necessary to correctly identify a protein (Lubec et al. 

2007). Additionally, the primary protein characteristics, namely the useful 

physicochemical attributes (pI and MW) obtained from the prior separation steps (e.g. 

2-DE) can be compared to theoretical values found in protein databases. But this is 

limited by the fact, that additives in the separation process (e.g. urea, reducing 

agents) can alter pI and MW of certain proteins. Nevertheless, the confidence in 

protein identification can hereby be increased and first indications for possible post-

translational modifications or unwanted protein cleavages are available. A 

considerable drawback of 2-DE gel-based protein identification is that, to some 

extent, an apparently well resolved protein spot can contain multiple proteins which 

disable any quantification result (Gygi et al. 2000; Yang et al. 2007). As Western blot 

analysis with highly specific antibodies represents a complementary 

identification/verification method to mass spectrometry it can further corroborate 

mass spectrometric results and is therefore highly recommended for validated protein 

identification. 
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4. Guidelines for reporting the use of gel electrophoretic and mass 
spectrometric data in proteomics 
 

Proteomics experiments comprise many different methods of high complexity. 

Results and data interpretation will differ depending on how the experimental and 

analytical parameters were chosen. Recently, community-based standards and 

guidelines for the analysis and documentation of proteomic experiments were 

developed known as the “minimum information about a proteomics experiment” 

(MIAPE). On that base the following criteria for analysis and documentation have 

been defined for gel electrophoresis and mass spectrometry (Taylor et al. 2007; 

Gibson et al. 2008; Binz et al. 2008) and were tried to be fulfilled throughout this 

thesis. 

 

Gel electrophoresis 

• General features (e.g. type of electrophoresis) 

• Sample preparation (e.g. labels and sample loading) 

• Gel matrix and electrophoresis (e.g. dimension, properties of the gel matrix)  

• Inter-dimension process (e.g. equilibration, protein reduction and alkylation) 

• Detection process (e.g. protein staining, immunoblotting)  

• Image acquisition (e.g. equipment and procedure used for image digitalisation)  

• Image properties (e.g. resolution, bit-depth) 

• Quantification (e.g. DIGE) 

 

Mass spectrometry 

• MS-instrument features including components of ion source, separation and 

detection (e.g. ESI, MALDI; TOF, TOF/rTOF, ion trap) 

• Proteolytic cleavage (e.g. tryptic digest) 

• Peptide separation, concentration and purification (e.g. HPLC, ZipTip-

technology) 

• Information on MS and MS/MS database search (e.g. name and version of 

software and databases, mass tolerance for precursor or fragment ions) 

• Quantification (e.g. ITRAQ, ICAT, SILAC) 
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Aims of the thesis 
 
 
This work was conducted with the following objectives:  

 

(1) Identifying novel molecular functions of Tyk2 in macrophages using a 

proteomics approach.  

 

(a) The aim was to compare Tyk2-deficient and wild-type (control) bone 

marrow-derived murine macrophages before and after poly(I:C) 

stimulation. Whole cell extracts were isolated and differentially 

regulated proteins were found using two-dimensional difference gel 

electrophoresis (2D-DIGE). Selected protein spots were identified using 

mass spectrometry followed by immunological and enzymatic as well 

as colorimetric analyses.  

 

(b) An additional purpose of this work was to contribute to the identification 

of differentially regulated protein spots in response to 

lipopolysaccharide (LPS) in macrophages. Selected spots were 

submitted to protein identification by mass spectrometry based on 

peptide mass fingerprinting and sequence tags. 

 

(2) Finding a suitable method for fast pre-screening of samples prior to complex 

proteomics analysis. 

 

The focus was to analyse a set of thirteen mouse sera for sample 

homogeneity using fast and easy-to-handle analytical methods. SDS-

PAGE and CGE-on-the-chip were investigated focusing on sample and 

time consumption and significance for detecting differences. 
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Abstract 

Tyrosine kinase 2 (TYK2) is an integral part of the Janus kinase - signal transducer 

and activator of transcription (JAK-STAT) pathway and is involved in intracellular 

signal transduction of various cytokines. We have recently reported that TYK2 

contributes to host defence mechanisms against certain viruses. Here, we 

investigated the impact of TYK2 on the macrophage proteome using the double-

stranded RNA analogue polyinosinic acid-polycytidylic acid (poly(I:C)) as a model to 

mimic viral infections. 2D-DIGE in connection with MALDI-reflectron-TOF MS 

identified eighteen protein spots corresponding to sixteen different proteins as being 

differentially expressed in the absence of TYK2 with/without poly(I:C) treatment. The 

majority of these proteins are functionally assigned to the cellular immune response 

and metabolism. We showed that induced protein expression of T-cell specific 

GTPase is partially dependent on TYK2. In contrast, we found a negative regulatory 

role of TYK2 on selected lipid and carbohydrate metabolic enzyme levels upon 

poly(I:C) treatment. Further investigations showed that TYK2 is required for the up-

regulation of cellular total cholesterol and extracellular lactate in response to 

poly(I:C). These combined results provide evidence for a novel function of TYK2 at 

the molecular interface between innate immunity and lipid as well as carbohydrate 

metabolism. 
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1. Introduction 

Protein kinases are involved in the regulation of a large number of cellular processes 

and dysregulated kinase activity is a frequent cause of diseases. Tyrosine kinase 2 

(TYK2) is a member of the Janus kinase family of intracellular non-receptor tyrosine 

kinases transducing signals via the JAK-STAT (Janus kinase - signal transducer and 

activator of transcription) pathway [1]. TYK2 was originally isolated in a genetic 

screen to find components involved in type I interferon (IFN; IFNα/β) and type II IFN 

(IFNγ) signalling [2]. IFNs are widely expressed cytokines that have potent antiviral 

activity. Further studies revealed that TYK2 plays a role in signal transduction via a 

number of other cytokines and some growth factors [3]. We have recently shown a 

selective requirement of TYK2 in host defence against certain virus infections in vivo. 

TYK2-deficient mice were capable to survive infections with Vesicular Stomatitis 

Virus (VSV) [4]. In contrast, they were more susceptible to Lymphocytic 

Choriomeningitis Virus (LCMV), Vaccinia Virus (VV) [4] and Murine Cytomegalovirus 

(MCMV) [5]. These selected requirements of TYK2 imply specific molecular and/or 

cellular functions of TYK2 in the defence against different viruses. In vitro, it was 

shown that macrophages infected with MCMV require TYK2 for the control of virus 

replication [5].  

To further study the contribution of TYK2 to macrophage activity we used synthetic 

polyinosinic acid-polycytidylic acid (poly(I:C)) to mimic the presence of double-

stranded RNA (dsRNA), a known (by-) product of virus replication. Poly(I:C) is 

recognized by pattern recognition receptors, including Toll-like receptor 3 (TLR3) and 

retinoic-acid-inducible gene I (RIG-I)-like receptors (RLRs). Subsequently, signals are 

translated into several distinct intracellular signalling pathways which finally result in 

the activation of a common set of transcription factors, including members of the 

interferon-regulatory factor (IRF) family. This leads to the production and release of 
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type I IFNs. Following binding of IFNα/β to the type I IFN receptor (IFNAR), an 

assembly of the two subunits IFNAR1 and IFNAR2, TYK2 and JAK1 are activated. 

JAKs phosphorylate downstream STATs which then translocate to the nucleus and 

induce expression of IFN responsive genes [6-9]. 

In a previous study, we used a proteomic approach to investigate the molecular role 

of TYK2 in macrophages in response to lipopolysaccharide (LPS), a structural 

membrane component of Gram-negative bacteria recognised by TLR4 [10]. The 

absence of TYK2 showed complex consequences on the macrophage proteome and 

implied regulatory roles of TYK2 at the mRNA and post-transcriptional level before 

and after treatment with LPS. 

In the current work, we performed a global proteome analysis of TYK2-deficient and 

wild-type primary murine macrophages to identify novel molecular functions of TYK2 

in response to poly(I:C). Consistent with our proteomic study using LPS, we can 

show that TYK2 is essential for the regulation of cellular immune responses. Data 

further suggest novel roles of TYK2 in the regulation of cellular lipid and carbohydrate 

metabolism. 
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2. Material and Methods 

2.1. Materials  

All chemicals were of analytical grade or of higher purity unless stated otherwise. 

Poly(I:C) (Amersham Biosciences, Piscataway, NJ, USA) was annealed prior to use 

to ensure a high yield of double-stranded configuration. Purified (≥ 90 % by SDS-

PAGE) recombinant murine IFN-β (Calbiochem, San Diego, CA, USA) was diluted in 

PBS containing 0.1% BSA.  

 

2.2. Animals, cells and cell lysates 

TYK2 knock out (TYK2-/-) [4] and IFNAR1 knock out (IFNAR1-/-) [11] mice have 

been previously described and were on C57BL/6 background. Mice were kept under 

specified pathogen-free (SPF) conditions and were sex-and age-matched (8-12 

weeks) for each experiment. Bone marrow-derived macrophages (BMM) from wild-

type (WT, control), TYK2 (TYK2-/-) and IFNAR deficient (IFNAR1-/-) mice were 

isolated and grown as described previously [12]. Following cultivation for 6-7 days, 

cells were incubated with 50 µg/mL poly(I:C) or 500 units/ml IFN-β for the times 

indicated. Whole cell lysates were prepared as previously described [10] and used for 

2D-DIGE and Western blot analysis. Protein concentration was measured by the 

Coomassie G-250 (dye reagent, Bio-Rad laboratories, Hercules, CA, USA) protein 

binding assay [13].  

 

2.3. 2D-DIGE and statistical analysis 

2D-DIGE experiments were designed to comprise three biological replicates per 

genotype (WT vs. TYK2-/- BMM) and treatment (with or without poly(I:C) for 18h). 

DIGE labelling, 2-DE separation and evaluation was performed as previously 

described [10]. Briefly, samples were minimally labelled with CyDye DIGETM 
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fluorescent dyes (GE Healthcare Life Sciences, Munich, Germany). Proteins were 

separated in the first dimension on 24 cm IPG Dry strips with linear pH gradients of 

pH 4-7 and pH 6-9 using the IPGphor III system (all GE Healthcare). The second 

dimension was performed on isocratic SDS-PAGE gels (10%T, 25.5 x 20.5 cm) 

according to Laemmli [14] using an Ettan Dalt Six electrophoresis chamber (GE 

Healthcare). Fluorescence images of the gels were acquired on a Typhoon 9400 

scanner (GE Healthcare). Image analysis including spot detection, matching, 

normalisation and quantification was performed using DeCyder software Version 5.02 

(GE Healthcare). 

Statistical analysis of all spots was based on spot volume ratios. Differentially 

regulated spots between genotypes (WT and TYK2-/-) were selected according to 

volume ratio and Student’s t-test. Spot matching and spot quality of proteins of 

interest were manually checked to avoid false positives. As we are mainly interested 

in genotype-specific differences between WT and TYK2-/- BMM, untreated samples 

were labelled with Cy3 and treated samples were labelled with Cy5. Differentially 

regulated spots between WT and TYK2-/- were crosschecked for dye labelling bias 

based on reverse labelling experiments (untreated/Cy5, treated/Cy3). A pool of equal 

amounts of protein from all samples was used as internal standard and labelled with 

Cy2. 

 

2.4. Protein identification by MALDI-reflectron TOF-MS 

Protein spots were detected by acidic silver nitrate staining as previously described 

using a MS-compatible protocol [15], manually excised and used for MS analysis. In 

some cases semipreparative 2-DE gels (150 µg protein load) were used to recover 

sufficient material for mass spectrometric analysis. Spot destaining, in-gel tryptic 
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digestion and sample preparation using ZipTipµ-C18 (Millipore, Billerica, MA, USA) was 

performed as previously described [10].  

Peptide mass fingerprinting (PMF) and seamless post source decay (PSD) fragment 

ion analysis experiments were performed on a MALDI-reflectron TOF (time-of-flight) 

instrument (AXIMA-CFRplus, Shimadzu Biotech Kratos Analytical, Manchester, UK) 

equipped with a nitrogen-laser (λ = 337 nm). Monoisotopic values of the matrix 

cluster trimer at [3M+H]+ m/z 568.15 and autolytic tryptic products at [M+H]+ m/z 

805.41, [M+H]+ m/z 1153.57 and [M+H]+ m/z 2163.05 were used for internal 

calibration. Autolytic tryptic product ions, matrix cluster ions [16], keratin and gel 

blank artefacts [17] were sorted out from the obtained PMF mass spectra. The 

resulting monoisotopic list of m/z values were submitted to search engines MASCOT 

[18], revision 2.1.0 to 2.2.0, and ProFound [19] searching the databases 

SWISSPROT (version 53.2 of 05-May-2007 to 56.5 of 25-Nov-2008) and NCBI 

(sequence Release 23 of 08-May-2007 to 32 of 10-Nov-2008) restricting to Mus 

musculus taxonomy. Search parameters: mass accuracy - 50 ppm, fixed modification 

- carbamidomethylation, variable modifications - methionine oxidation and acetylation 

at the protein N-terminal end, missed cleavages: one. Based on the measured PMF 

at least two peptides were selected for PSD experiments. Search parameters for 

PSD experiments were identical to PMF experiments, except for: Peptide mass 

accuracy - 100 ppm and product ion tolerance - 1.0 Da. A protein was considered as 

identified, if the scores of database searches clearly exceeded the algorithm's 

significance threshold (p < 0.05) for PMF data and for PSD fragment ion analyses of 

at least one peptide.  
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2.5. Western blot analysis 

1D Western blots were performed on small-sized SDS-PAGE gels as previously 

described [5]. The following antibodies were used: goat anti-TGTP (A-20) and goat 

anti-ACSL4 (N-18) (all Santa Cruz Biotechnology, Santa Cruz, CA, USA); rabbit anti-

ACLY (Cell Signalling, Danvers, MA, USA); mouse anti-extracellular signal regulated 

kinase (pan-ERK) (BD Biosciences Transduction Laboratories, Lexington, KY, USA); 

donkey anti-rabbit IgG-HRP F(ab)΄2 fragment; sheep anti-mouse IgG-HRP F(ab)΄2 

fragment; ECL Western Blotting Detection reagents (all GE Healthcare Life Sciences, 

Munich, Germany).  

 

2.6. Metabolite Analysis – Lactate, Cholesterol and Triacylglycerol 

Supernatants from BMM were collected for extracellular lactate measurements using 

a kit from Greiner Diagnostics (Bahlingen, Germany) following the manufacturer’s 

instructions. Briefly, 10 µL of supernatant were incubated with 1 ml of lactate reagent 

at room temperature for 5 min and the absorbance was measured at 500 nm. 

Lipids were extracted from BMM for total cholesterol (TC) and triacylglycerol (TAG) 

quantitative analysis. Briefly, BMM washed three times with PBS and incubated with 

hexane/isopropanol (60/40, v/v) for 1 h at 4 °C with gentle mixing. Lipid extracts were 

transferred to sample vials and evaporated to dryness in a vacuum centrifuge. The 

residue was dissolved in chloroform/methanol (66/33, v/v) and aliquots were taken for 

TC and TAG analysis. For TAG quantifications 0.3 % Triton X-100 was added for 

complete solubilisation. Samples were vacuum dried before determining cellular TAG 

(Greiner Diagnostics, Bahlingen, Germany) and TC (Diagnostic Systems, Holzheim, 

Germany) concentrations by enzymatic assays following manufacturer’s instructions. 

For total protein content determination (Coomassie G-250 protein binding assay [13]) 

0.3 M NaOH was added to the cell culture plates after lipid extraction and incubated 
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for 2 h at room temperature. Cell culture plates were kept at -20 °C overnight and for 

4 h at room temperature before the protein assay was performed. Data of metabolite 

(lactate, TC and TAG) measurements were normalised to cellular total protein 

content. Statistical evaluation was performed using the software package SPSS 

version 14.0 (SPSS, Chicago, IL, USA). ANOVA and linear regression were used for 

statistical analysis. The experiment was treated as random factor. A design matrix of 

zeros and ones was used to obtain contrasts between genotypes within a treatment 

and between treatments for each genotype. Results were reported as means ± 

standard error (SE).  
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3. Results and Discussion 

3.1. Overview of the results and statistical evaluation of protein spot 

expression obtained from 2D-DIGE analysis 

Differences in protein patterns in whole cell lysates were compared between WT and 

TYK2-/- BMM with and without poly(I:C) treatment. 2D-DIGE was used at two 

different pH gradients (pH 4-7 and pH 6-9) to cover a broad pH range and 

representative 2-DE protein pattern are shown in Fig.1. A total number of six 

analytical gels per pH range was analysed compromising three biological replicates 

per genotype and treatment. Only protein spots which were present in all images, 

were included in the further data analysis (pH 4-7: 505 spots and pH 6-9: 490 spots). 

Experimental variation was assessed based on spot volume ratios which resulted in a 

mean SD of ±0.079 and ±0.087 for pH 4-7 and pH 6-9, respectively. On average, 

spot expression differences of more than 29% (pH 4-7) and 31% (pH 6-9) will 

produce significant results (p ≤ 0.05) in 90% of the cases with our experimental set-

up (sample size per group = 3). These findings, showing highly reproducible 2D-

DIGE spot pattern from whole cell lysates of primary murine macrophages, are in 

agreement with our previous study [10]. For further analysis, we only considered 

differentially regulated spots between the genotypes showing at least 30% change. 

The study focused on the impact of TYK2 on the macrophage proteome in the 

untreated state and after poly(I:C) treatment. Statistical analysis indicated that 156 

protein spots were significantly changed (minimum 1.3-fold; p ≤ 0.05) in TYK2-/- 

compared to WT macrophages (Tab. 1). 56 spots were up-regulated and 54 were 

down-regulated in the absence of TYK2 after poly(I:C) treatment. 14 spots were up-

regulated and 32 down-regulated without treatment showing that TYK2 positively and 

negatively regulates cellular protein expression in basal state and after poly(I:C) 

stimulation. 
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3.2. Differentially expressed proteins can be assigned to several distinct 

functional protein groups 

Among the 156 spots showing expression differences, 26 were selected for protein 

identification based on selection criteria, i.e. spot quality and quantity, spot 

traceability on silver stained gels as previously described [10]. 18 protein spots (Fig. 

1) were unambiguously identified by MALDI-reflectron-TOF mass spectrometry 

based on PMF and amino acid sequence tags derived from PSD fragment ion 

analysis and are listed in detail in Tab. 2. For spot 3 and 18 two highly sequence 

homologous protein variants were identified showing nearly identical theoretical pI- 

and Mr-values. In both cases, one unique peptide was assigned to the most probable 

variant; therefore either this protein variant or a mixture of both protein variants is 

contained in the spot. For two proteins multiple spots were identified located at 

similar Mr, but at different pI-positions (spots 4/5 and spots 10/11). This can be 

explained by post-translational modifications, which were not further investigated 

within the presented study. The remaining eight differentially expressed spots could 

not be successfully identified because database searching with PMFs and PSD 

spectra did not yield significant results. This can be explained either by insufficient 

amount of protein and/or incomplete peptide cleavage/extraction (hydrophobic 

interactions with gel matrix) combined with non-optimal fragmentation behaviour.  

Identified proteins can be grouped on the basis of their major cellular function 

according to the PANTHER classification system [20], gene ontology (GO) [21] and 

UniProtKB databases [22] (Tab. 2). Interestingly, the majority of proteins are 

metabolic enzymes showing consistently an increased expression by 1.40- to 2.29-

fold in absence of TYK2 upon poly(I:C) treatment. All of them are involved in cellular 

lipid or carbohydrate metabolic processes, or both. Long-chain-fatty-acid-CoA ligase 

4 (ACSL4), peroxisomal multifunctional enzyme type 2 (DHB4) and peroxisomal 3-
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ketoacyl-CoA thiolase A or B (THIKA/B) are enzymes of the fatty acid degradation 

pathway (β-oxidation) [22, 23]. DHB4 and THIKA/B are exclusively allocated to 

peroxisomal and ACSL4 to mitochondrial and peroxisomal subcellular compartments. 

In addition, the enzyme catalase (CATA) degrades H2O2, which is produced as a 

result of peroxisomal β-oxidation [24]. The following identified proteins are involved in 

different carbohydrate metabolic processes: (a) glycolytic/gluconeogenesis pathway: 

triosephosphate isomerase (TPIS), fructose-bisphosphate aldolase A (ALDOA) and 

α-enolase (ENOA); (b) acetyl-CoA formation: ATP-citrate lyase (ACLY) and (c) 

tricarboxylic acid cycle (citrate cycle): aconitate hydratase (ACON). TPIS and ACLY 

are enzymes linking carbohydrate and lipid metabolic processes. TPIS participates in 

the production of glycerol a precursor for the synthesis of triacylglycerol (TAG), 

whereas ACLY is involved in the glucose-dependent lipogenesis [22, 23]. In 

summary, the presented results show a substantial impact of TYK2 after poly(I:C) 

treatment on the expression of proteins mainly involved in fatty acid degradation and 

glycolysis which was not observed in our previous study using LPS [10]. 

Furthermore we identified four proteins which are known as IFN regulated proteins: 

T-cell specific GTPase (TGTP), proteasome activator complex subunit 1 (PSME1), 

interferon-induced protein with tetratricopeptide repeats 3 (IFIT3) and interferon-

activable protein 205-B (IFI5B). All of them showed a decreased protein expression 

in the absence of TYK2 in the basal state and/or after poly(I:C) stimulation. This is in 

line with the role of TYK2 in IFN signalling and data emphasize the important role of 

TYK2 for the regulation of at least a subset of IFN inducible proteins. 

From all identified proteins we selected several candidates which are known to be 

involved in immune response, carbohydrate and lipid metabolic pathways for more 

detailed examinations using 1D Western blotting, provided that specific antibodies for 

targeted proteins were available. Due to the impact of TYK2 on a remarkable number 
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of proteins involved in metabolic pathways we additionally investigated potentially 

influenced metabolites (Fig. 2): cellular triacylglycerol (TAG), total cholesterol (TC), 

and extracellular lactate.  

 

3.3. TYK2 is a positive regulator of poly(I:C) induced T-cell specific GTPase 

(TGTP) protein expression in macrophages  

TGTP (synonym: Mg21; proposed new gene/protein name: IRGb6 [25]) is a member 

of the 47-kDa GTPase family ( [26-28]) and was discovered to be selectively induced 

by IFNγ  in macrophages and T-cells [29]. TGTP possesses specific antiviral activity, 

is induced upon MCMV infection [30] and is implicated in cell survival after infection 

with VSV, but not herpes simplex virus [31]. In addition, it was shown that transfected 

poly(I:C) efficiently induces TGTP in fibroblast cell lineages in an IFNα/β-dependent 

manner [31]. 

After treatment with poly(I:C) for 18h, TGTP was more than eight-fold induced in WT, 

but only to half of the extent in TYK2-/- macrophages (Fig. 3A). TYK2-dependend 

induction of TGTP by poly(I:C) treatment could be clearly confirmed by 1D Western 

blotting (Fig. 3B). The expression of TGTP was rapidly increased in WT 

macrophages reaching a maximum of expression after 8 h. In TYK2-/- macrophages 

the induction of TGTP protein expression was delayed and did not reach the level of 

WT cells until 18 h of poly(I:C).  

Thus, we could show that TGTP is induced in a TYK2-dependent manner upon 

poly(I:C) in murine primary macrophages. Since poly(I:C) is known to be a strong 

inducer of IFNα/β and TYK2 is a positive regulator of type I IFN-induced signalling, it 

is most likely that TGTP induction is dependent on autocrine/paracrine type I IFN 

signalling. 
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3.4. ACSL4 and ACLY 

ACSL4 belongs to the large family of long-chain acyl-CoA synthetases (ACSLs) [32], 

which are essential for de novo lipid synthesis, fatty acid degradation and 

phospholipid remodelling of membranes. Membrane-bound ACSL proteins catalyze 

ATP-dependent the activation of hydrophobic long-chain fatty acid to hydrophilic acyl-

CoA, whereas ACSL4 specifically prefers arachidonate as substrate [33]. According 

to the presented 2D-DIGE data, ACSL4 showed 1.9-fold higher levels in TYK2-/- 

BMM upon poly(I:C) treatment (Fig. 3A). In 2D-DIGE we detected ACSL4 in a spot at 

approx. 80 kDa (Fig. 1, spot number 1) which corresponds well to the theoretical Mr 

of 79.2 kDa. Applying the same samples used for 2D-DIGE analysis, 1D Western 

blotting experiments identified three protein bands at different Mr (approx. 35 kDa, 65 

kDa and 75 kDa) (Fig. 3B). The protein band at approx. 75 kDa was assigned to the 

ACSL4 protein due to a similar Mr derived from the 2D-DIGE data. Poly(I:C) treated 

WT cells showed a less intense signal compared to TYK2-/- cells, which would be in 

line with the results obtained from 2D-DIGE experiments. Signal intensities of the 

additional two protein bands remained unchanged across the different genotypes and 

treatments. The appearance of these protein bands can be explained by unspecific 

binding of the primary and/or secondary antibody or by specific binding to proteolytic 

cleavage products of ACSL4. Further experiments are needed either to optimize the 

binding specifity of the anti-ACSL4 antibody and/or to analyse possibly existent 

ACSL4 fragments. 

ACLY is a cytosolic enzyme that catalyzes the conversion of citrate to oxaloacetate 

and acetyl-CoA during glucose metabolism. Acetyl-CoA is a precursor for the 

synthesis of fatty acids, cholesterols and isoprenoids [23]. ACLY was shown to be 

transcriptionally regulated [34] and post-translationally modified [35]. Cells lacking 

ACLY activity displayed decreased cytokine-stimulated cell proliferation, but they 
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could resist cell death by cytokine withdrawal [36]. ACLY was 1.57-fold upregulated 

in TYK2-/- as compared to WT BMM after poly(I:C) treatment (Fig. 3A). Samples 

used for 2D-DIGE were again subjected to Western blot analysis, but signal 

intensities decreased only slightly to moderately in WT compared to TYK2-/- cells 

upon poly(I:C) treatment (Fig. 3B). 

In summary, preliminary results obtained from Western blot analysis for ACSL4 and 

ACLY give first evidence for a consistent behaviour of expression pattern in 2D-DIGE 

and 1D Western blotting. However, protein expression differences obtained from 2D-

DIGE experiments are not directly transferable to results from 1D Western blotting. 

1D Western blotting provides information about the total protein expression at a given 

Mr, whereas differences in spot abundance in 2D-DIGE experiments can be 

additionally attributed to possible post-translational modifications. Moreover, the 

relatively modest changes in protein expression require a more suitable signal 

detection of Western blot analysis for a confident differentiation of changes in protein 

expression of less than 2.0-fold. Further experiments are in progress to gain 

additional information including time course experiments, examination of at least two 

more independent biological experiments and possibly 2D- Western blotting. 

 

3.5. TYK2 is required for the upregulation of cellular total cholesterol and 

extracellular lactate in macrophages 

Experiments were conducted to asses the impact of TYK2 on cellular TC, TAG and 

extracellular lactate amounts. Since TYK2 is associated to type I IFN signalling, we 

additionally included BMM from IFNAR1-/- mice. Furthermore we treated cells with 

recombinant IFNβ to address the questions, if type I IFN signalling is required and/or 

if IFNβ alone is sufficient for the effects observed after poly(I:C) treatment.  
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Cellular TC concentration (Fig. 4A) is only slightly (1.16-fold), but significantly 

increased in WT cells after poly(I:C) induction. TC levels of both, TYK2-/- and 

IFNAR1-/- macrophages, are significantly decreased relative to WT cells and showed 

no induction in presence of poly(I:C). TC levels after IFNβ treatment remained 

unchanged in all three genotypes. This points to the fact that IFNAR1 and TYK2 are 

required, but IFNβ alone is not sufficient for poly(I:C) induced changes in cellular TC.  

Fig. 4B demonstrates that cellular TAG concentration is significantly increased (1.35-

fold) in WT macrophages upon poly(I:C) treatment. For IFNAR1-/- but not TYK2-/- 

cells a decreased TAG content was observed compared to WT cells. In the presence 

of IFNβ no significant effects across the genotypes were observed. It is shown that 

the increased cellular TAG level induced by poly(I:C) is dependent on intact type I 

IFN signalling. Additionally, TYK2 does not contribute to effects observed with 

poly(I:C) and IFNβ alone is not sufficient for poly(I:C) induced changes in cellular 

TAG concentration. However, due to the chosen sample size and the higher technical 

variation caused by the addition of Triton X-100 for TAG quantifications, minor 

differences are not detectable. 

The link between innate immunity and lipid metabolism in activated macrophages is 

not surprising [37], but the precise molecular mechanisms are still under 

investigation. In earlier studies, bacterial and viral infections have been supposed to 

contribute to macrophage differentiation into lipid-laden foam cells, which drive the 

disease progress in atherosclerosis [38, 39]. Furthermore, it was demonstrated that 

TLR3 and TLR4 ligands can block macrophage cholesterol efflux [40]. This leads to 

an increased cellular cholesterol level which corresponds to our findings. In addition, 

it was suggested that the transcriptional activity of liver X receptors (LXRs), which are 

responsible for the synthesis of cholesterol efflux mediators (e.g. ATP-binding 

cassette transporter 1 (ABCA1)), does not require the production of type I IFNs [40]. 
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Our data suggest that TC accumulation upon treatment with poly(I:C) is depending 

on intact type I IFN signalling and TYK2. Fatty acids mobilised from TAGs are a 

major source of cellular energy [23]. Earlier studies revealed that macrophages 

accumulate TAGs after LPS [41, 42], but not after poly(I:C) stimulation [42]. This is in 

contrast to our presented findings showing TAG accumulation after poly(I:C) 

treatment. 

For extracellular lactate content it was found that it is about 3-fold increased in WT 

cells after induction with poly(I:C) (Fig. 4C). Extracellular lactate levels in TYK2-/- and 

IFNAR1-/- cells are decreased to a similar extent compared to WT cells. However, 

TYK2-/- and IFNAR1-/- cells also showed an approx. 2-fold increase compared to 

untreated cells. Macrophages stimulated with IFNβ showed a modest up-regulation of 

extracellular lactate concentration, which was dependent on the presence of TYK2 

and IFNAR1. It was concluded that TYK2 and intact IFN signalling are required for 

full lactate release. Our data further suggest that additional factors activated by 

poly(I:C) must contribute to the increase in lactate levels. 

In most cells, glycolysis serves to convert glucose to pyruvate and then generate 

ATP by oxidative phosphorylation (OXPHOS). At low oxygen level pyruvate is 

converted to lactate (anaerobic glycolysis) to produce ATP, however with less 

efficiency [43]. Moreover, a strongly increased extracellular lactate level was found in 

macrophages stimulated with LPS [44, 45] and could be further extended by our 

findings after poly(I:C) treatment. We assume a shift from OXPHOS to increased 

glycolysis in activated macrophages. Furthermore, we provide evidence that 

macrophage glycolytic function is partially mediated by type I IFN signalling. It is 

interesting to note that earlier studies suggested effects of IFNs on OXPHOS [46]. 
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4. Concluding remarks 

The presented data show that the absence of TYK2 reveals significant changes on 

cellular protein abundance in macrophages in basal state and upon poly(I:C) 

stimulation, which is in line with our recently published study [10]. We observed an 

explicit impact of TYK2 on the abundance of lipid and carbohydrate metabolic 

enzymes. The contribution of TYK2 to cellular lipid and carbohydrate metabolic 

pathways was supported at the metabolite level. Data emphasize the importance of 

TYK2 for the regulation of cellular immune responses and provide evidence for a 

novel function of TYK2 linking metabolic and innate immune networks.  
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Legends to Figures 

Figure 1 

Representative silver stained 2-DE protein patterns of macrophages. 

Whole cell extracts obtained from 2D-DIGE experiments were separated on pH range 

(A) 4-7 and (B) 6-9. Numbered spots indicate proteins which have been identified by 

PMFs and sequence tags applying MALDI mass spectrometry. 

 

Figure 2 

Overview of identified metabolic enzymes within the metabolic pathways. 

Scheme showing the location of interaction of identified differentially regulated 

metabolic enzymes functionally related to their metabolic pathways and the 

connection to specific metabolites (triacylglycerides, cholesterol and lactate). TCA 

cycle, Tricarboxylic acid cycle; OXPHOS, Oxidative phosphorylation; (a) 

Triosephosphate isomerase, TPIS; (b) Fructose-bisphosphate aldolase A, ALDOA; 

(c) α-enolase, ENOA; (d) ATP-citrate lyase, ACLY; (e) Aconitate hydratase, ACON; 

(f) Long-chain-fatty-acid-CoA ligase 4, ACSL4; (g) Peroxisomal multifunctional 

enzyme type 2, DHB4; (h) Peroxisomal 3-ketoacyl-CoA thiolase A or B, THIKA/B; (i) 

Catalase, CATA.  

 

Figure 3 

Effect of TYK2 deficiency on expression levels of TGTP, ACSL4 and ACLY proteins. 

Macrophages were treated with poly(I:C) (0, 4, 8 and 18 h) and whole cell lysates 

were analysed by 2D-DIGE and Western blotting. (A) 2D-DIGE analysis. Expression 

levels given as fold ratios relative to unstimulated WT cells. Represented values are 

mean values ± SD of three biological replicates. (B) Western blot analysis. 10 µg 

(TGTP, ACSL4) and 20 µg (ACLY) protein per lane were separated by SDS-PAGE 
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(10%T for TGTP, 8%T for ACSL4 and 6.5%T for ACLY). TGTP: Data are 

representatives of three independent experiments; ACSL4 and ACLY: Data are 

representatives of three biological replicates used for 2D-DIGE experiments. #1 and 

#2 indicate cells derived from different mice. The upper panel shows protein 

expression of respective proteins, the lower panel shows panERK levels for protein 

loading control.  

 

Figure 4 

Effects of TYK2 and IFNAR1 deficiency on (A) TC, (B) TAG and (C) lactate 

concentration.  

Cells were incubated either with poly(I:C) or IFNβ for 18 h. Values of measured 

metabolite concentrations were normalized on cellular total protein content. Results 

are mean values ± SE of the following number of independent experiments: TC, n = 

7; TAG, n = 3; lactate, n = 4. Significance levels of genotype specific differences for 

each treatment are indicated with * p < 0.05 and ** p < 0.01. Significance levels not 

indicated in the figures: TC, WT(untreated) vs. WT(polyI:C) p ≤ 0.01; TAG, 

WT(untreated) vs. WT(polyI:C) p ≤ 0.05; Lactate, WT(untreated) vs. WT(polyI:C) p ≤ 

0.01, WT(untreated) vs. WT(IFNβ) p ≤ 0.05. 
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Table 1 - Numbers of differentially expressed spots *).

*) min. 1.3-fold change in TYK2-/- compared to WT BMM; p≤0.05 (t-Test). 

Treatment Total up- down-
regulated regulated

- poly(I:C) 46 14 32
+ poly(I:C) 110 56 54



Table 2 - Summary of differentially regulated proteins in TYK2-deficient macrophages.

(continued next page)

Peptide Mass Fingerprint Sequencing

Spot # Protein Name / Function SWISSPROT 
accession # WT Tyk2-/-

WT + 
poly(I:C) 
treatment

Tyk2-/- + 
poly(I:C) 
treatment

Average 
ratio Tyk2-/- 

vs. WT     
+ poly(I:C) 
treatment

p(gt) a) p(gt x tr) 
b)

MWt 
(kDa)   
theor.

pI      
theor.

Probability 
based 

MOWSE 
Score

Sequ. 
Cov.     

%

Matched/ 
unmatched 

peptides

Probability 
based 

MOWSE 
Score

Precursor 
Ion(s) m/z 
(observed) 
and charge 

state

Peptide Sequence(s)

METABOLISM

1 Long-chain-fatty-acid-CoA ligase 4 (ACSL4) Q9QUJ7 1 1,28 0,76 1,45 1,90 ns c) 5,62E-05 79.22 8.51 97 18 9/7 99
1002.20 +   
 1557.62 + 
1628.89 +

FEIPIKVR                        
TAEDYCVDENGQR                
YNFPLVTLYATLGR

2 Peroxisomal multifunctional enzyme type 2 (DHB4) P51660 1 1,07 0,62 0,90 1,44 ns 7,28E-03 79.95 8.76 218 26 16/2 63
1283.52 +   
 1323.47 + 
1529.67 +

IDVVVNNAGILR                   
DATSLNQAALYR                  

HVLQQFADNDVSR

3 3-ketoacyl-CoA thiolase A, peroxisomal (THIKA) d) Q921H8 1 1,07 0,68 1,56 2,29 ns 8,28E-04 43.95 8.74 157 36 11/7 159 1569.73 +   
 2043.37 +

FPQASASDVVVVHGR              
IAQFLSGIPETVPLSTVNR            

3-ketoacyl-CoA thiolase B, peroxisomal (THIKB) d) Q8VCH0 43.99 8.82 67 20 6/12 68 2043.37 + IAQFLSGIPETVPLSTVNR            

4 Catalase (CATA) P24270 1 1,40 0,99 1,44 1,45 9,05E-03 3,58E-02 59.77 7.72 70 13 5/2 55 1277.44 +   
 1392.53 +

LAQEDPDYGLR                   
NFTDVHPDYGAR                  

5 Catalase (CATA) P24270 1 1,42 0,58 1,22 2,12 1,34E-02 3,97E-03 59.77 7.72 139 22 10/2 81 1277.44 +   
 1392.53 +

LAQEDPDYGLR                   
NFTDVHPDYGAR                  

6 ATP-citrate synthase (ACLY) Q91V92 1 1,25 0,58 0,91 1,57 2,03E-02 7,06E-04 119.73 7.13 185 18 15/2 55 875.01 +   
1568.84 +

EAGVFVPR                       
TIAIIAEGIPEALTR                  

7 Triosephosphate isomerase (TIM,TPIS) P17751 1 1,21 0,73 1,13 1,56 8,26E-04 7,95E-04 26.71 6.90 244 65 14/4 128 1248.34 +   
1540.71 +

SNVNDGVAQSTR                  
DLGATWVVLGHSER               

8 Fructose-bisphosphate aldolase A (ALDOA) P05064 1 1,21 0,83 1,47 1,76 5,26E-03 5,89E-04 39.36 8.30 118 25 7/1 191 2108.36 +   
2259.38 +

IGEHTPSALAIMENANVLAR          
YTPSGQSGAAASESLFISNHAY       

9 α-enolase (ENOA) P17182 1 1,33 0,86 1,20 1,40 2,72E-02 1,63E-02 47.14 6.37 120 19 8/1 63 704.80 +   
1440.60 +

GVPLYR                         
YITPDQLADLYK     

10 Aconitate hydratase, mitochondrial (ACON) Q99KI0 1 1,11 0,48 0,78 1,63 4,11E-02 3,21E-03 85.46 8.08 86 11 8/5 92 1464.62 +   
1602.73 +

SQFTITPGSEQIR                  
NAVTQEFGPVPDTAR

11 Aconitate hydratase, mitochondrial (ACON) Q99KI0 1 1,23 0,82 1,19 1,46 5,40E-04 1,08E-03 85.46 8.08 311 33 23/4 157 1464.62 +   
1602.73 +

SQFTITPGSEQIR                  
NAVTQEFGPVPDTAR



a) p-values for the differences between genotypes (gt) under basal conditions.

b) p-values for the differences between genotypes in response to poly(I:C) treatment (gt x tr). 

c) not significant (p-value >0.05).

d) proteins with high sequence homology.

e) Accession # from NCBI nr database.

Table 2 (continued)
Peptide Mass Fingerprint Sequencing

Spot # Protein Name / Function SWISSPROT 
accession # WT Tyk2-/-

WT + 
poly(I:C) 
treatment

Tyk2-/- + 
poly(I:C) 
treatment

Average 
ratio Tyk2-/- 

vs. WT     
+ poly(I:C) 
treatment

p(gt) a) p(gt x tr) 
b)

MWt 
(kDa)   
theor.

pI      
theor.

Probability 
based 

MOWSE 
Score

Sequ. 
Cov.     

%

Matched/ 
unmatched 

peptides

Probability 
based 

MOWSE 
Score

Precursor 
Ion(s) m/z 
(observed) 
and charge 

state

Peptide Sequence(s)

IMMUNE RESPONSE

12 T cell-specific GTPase (TGTP) NP_035709  
e) 1 1,09 8,53 4,39 0,51 ns 3,15E-03 47.15 5.49 311 54 20/0 164 1679.87 +   

1867.08 +
FGEYDFFIIISATR                  

DIESAPLHIAVTGETGAGK

13 Proteasome activator complex subunit 1 (PSME1) P97371 1 0,70 1,53 1,37 0,89 1,07E-04 ns 28.67 5.73 270 71 18/3 146 1396.63 +   
1873.03 +

NAYAVLYDIILK                    
QLVHELDEAEYQEIR

14 Interferon-induced protein with tetratricopeptide 
repeats 3 (IFIT3) Q64345 1 0,66 7,15 4,78 0,67 3,61E-03 1,36E-03 47.93 5.51 241 52 22/7 242 1741.90 +   

1891.12 +
STVNNSPLYSLVMCR               
KSEDLAALECLLQFPR

15 Interferon-activable protein 205-B (IFI5B) Q08619 1 0,26 2,76 3,15 1,14 3,61E-06 2,80E-01 47.59 8.38 58 11 6/5 155 1361.48 +   
1772.04 +

QMIEVPNCITR                    
GILEINETSSVLEAAPK

OTHERS

16 Immune-responsive protein 1 (IRG-1) P54987 1 1,16 34,73 58,59 1,69 ns 4,05E-03 54.01 7.09 71 13 5/2 79 1169.23 +   
1579.68 +

SDTFYGHWR                     
LSSMSSFDHTTLPR

17 UMP-CMP kinase 2, mitochondrial (CMPK2) 
(Thymidylate kinase LPS-inducible member - TYKi) Q3U5Q7 1 0,84 13,96 8,03 0,58 ns 1,26E-03 50.03 6.89 196 34 13/3 157   1102.32 +  

1622.73 +
VLELIQSSGR                     

LSSMSSFDHTTLPR

18 EH domain-containing protein 1 (EHD1) d) Q9WVK4 1 1,34 2,03 3,18 1,57 ns 5,00E-04 60.60 6.35 180 32 15/3 148
1237.38 +  
1675.80 + 
2015.27 +

LNAFGNAFLNR                    
LLDTVDDMLANDIAR               

VYIGSFWSHPLLIPDNR

EH domain-containing protein 3 (EHD3) d) Q9QXY6 60.87 6.03 69 16 7/11 81 1237.38 +  
2015.27 +

LNAFGNAFLNR                    
VYIGSFWSHPLLIPDNR
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The impact of tyrosine kinase 2 (Tyk2) on the proteome
of murine macrophages and their response to
lipopolysaccharide (LPS)
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Tyrosine kinase 2 (Tyk2) belongs to the Janus kinase (Jak) family and is involved in signalling via a
number of cytokines. Tyk2-deficient mice are highly resistant to lipopolysaccharide (LPS)-induced
endotoxin shock. Macrophages are key players in the pathogenesis of endotoxin shock and, accord-
ingly, defects in the LPS responses of Tyk22/2 macrophages have been reported. In the present study,
the molecular role of Tyk2 is investigated in more detail using a proteomics approach. 2-D DIGE was
applied to compare protein patterns from wild-type and Tyk22/2 macrophages and revealed signifi-
cant differences in protein expression patterns between the genotypes before and after LPS treat-
ment. Twenty-one proteins deriving from 25 differentially expressed spots were identified by
MALDI/ESI MS. Among them, we show for N-myc interactor that its mRNA transcription/stability
is positively influenced by Tyk2. In contrast, LPS-induced expression of plasminogen activator 2
protein but not mRNA is strongly enhanced in the absence of Tyk2. Our data furthermore suggest an
influence of Tyk2 on the subcellular distribution of elongation factor 2 and on LPS-mediated changes
in the peroxiredoxin 1 spot pattern. Thus, our results imply regulatory roles of Tyk2 at multiple levels
and establish novel connections between Tyk2 and several cellular proteins.
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1 Introduction

Tyrosine kinase 2 (Tyk2) belongs to the Janus kinase (Jak)
family of nonreceptor tyrosine kinases. Jaks associate with
the intracellular domains of cytokine receptors and are acti-
vated upon ligand binding by auto- and/or transphos-
phorylation. Activated Jaks phosphorylate signal transdu-
cers and activators of transcription (STATs), which then
translocate to the nucleus as activated homo- or hetero-
dimers where they affect the expression of responsive genes
[1, 2]. Type I interferons (IFNs) were the first cytokines
described to utilise Tyk2 for signal transduction and subse-
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quently activation of Tyk2 has been shown for a number of
other cytokines and some growth factors [3–5]. Cells derived
from mice lacking Tyk2 revealed a partial requirement for
Tyk2 for IFNa/b and interleukin 12 (IL-12) signalling [6, 7].
In vivo, Tyk2 plays an important role in the host defence
against microbial pathogens. Tyk2 deficient mice show
increased susceptibility to murine cytomegalovirus [8],
Leishmania major [9] and Listeria monocytogenes [10]. In con-
trast, a negative role of Tyk2 was shown for disease progres-
sion in lipopolysaccharide (LPS) and ischemia/reperfusion-
induced shock models [11–13]. LPS is the major structural
component of the outer membrane of Gram-negative bac-
teria and a potent activator of immune cells. Macrophages
and monocytes are of primary importance for the recogni-
tion of and the response to LPS. Activated macrophages pro-
duce a variety of cytokines, ROS and other inflammatory
mediators that contribute to the effective eradication of
invading pathogens. Excessive or deregulated production of
these cytokines and mediators, however, can be harmful for
the host and lead to the endotoxic shock syndrome [14, 15].
The high resistance of Tyk22/2 mice to LPS prompted us to
further investigate the molecular role of Tyk2 for macro-
phage functions. LPS signalling in macrophages is induced
through the Toll-like receptor 4 (TLR4) complex. Basically,
LPS treatment leads to the activation of two independent
signalling cascades via distinct adaptor proteins bound to the
cytoplasmic moiety of the receptor chains: one resulting
mainly in the activation of nuclear factor-kB (NF-kB) and in
the production of pro-inflammatory cytokines and media-
tors. The second cascade induces gene expression, most
prominently IFNb, via activation of members of the inter-
feron regulatory factor (IRF) family. Subsequently, IFNb
activates Tyk2 and Jak1 in an autocrine or paracrine manner
and triggers the expression of IFN responsive genes. The
successive and concerted action of signalling cascades and
their cross-influence determines the complex cellular
responses initiated by LPS recognition [16–18].

Proteomics studies on human and murine macrophages
have been performed since early days of 2-DE, using cell
lines and primary cells of different sources. MS later on
allowed the identification of differentially expressed spots
when comparing 2-DE patterns under different conditions,
and to attribute protein regulations to various stimuli. In a
few studies primary murine macrophages (peritoneal or
bone marrow-derived) were analysed, e.g. under ionising
radiation [19], infection with bacteria or protozoa [20], IFNg
activation [21] or LPS stimulation [22, 23].

In our study, we focused on the influence of Tyk2 on the
macrophage proteome both in the untreated and the LPS
treated state. Using 2-D DIGE technology we show complex
consequences of the lack of a single protein on the overall
protein expression pattern. We identified by MALDI and ESI
MS 21 different proteins from 25 spots, which are either up-
or downregulated in the absence of Tyk2. Proteins from var-
ious functional categories were identified, thereby suggest-
ing an influence of Tyk2 on various cellular processes. More

detailed analyses on selected proteins showed that this is
exerted at mRNA and/or protein level further underscoring
the importance of proteomics studies.

2 Materials and methods

2.1 Animals and cells

Tyk2 knockout mice have been described previously [6] and
were on C57BL/6 background. Animals were housed under
specific pathogen-free conditions and were sex- and age-
matched (8–12 wk) for each experiment. Bone marrow-
derived macrophages were isolated and grown in the pres-
ence of macrophage colony-stimulating factor 1 (CSF-1)
derived from L929 cells as described previously [24]. After
cultivation for 6 days cells were treated with 100 ng/mL LPS
(Escherichia coli serotype 055:B5, Sigma, St. Louis, MO, USA).

2.2 Sample preparation

2.2.1 Whole cell lysates

Cells (56106) were lysed in 100 mL lysis buffer (50 mM Tris-
HCl pH 8.0; 10% glycerol v/v; 0.5% NP-40 v/v; 0.1 mM
EDTA; 150 mM NaCl; 2 mM DTT; phosphatase inhibitors:
2 mM sodium orthovanadate; 25 mM sodium fluoride and
protease inhibitors: 2 mM PMSF; 2 mg/mL aprotinin; 2 mg/
mL leupeptin; 2 mg/mL pepstatin). Cell debris was removed
by centrifugation at 14 0006g. For 2-D DIGE samples were
lyophilised and dissolved in DIGE lysis buffer (7 M urea; 2 M
thiourea; 4% CHAPS w/v; 30 mM Tris-HCl pH 8.5).

2.2.2 Nuclear extracts

Nuclear extracts were produced as previously described [25]
with a few modifications. Cells (1.56107) were collected in
1 mL PBS and pelleted by centrifugation at 15006g for
5 min. The pellets were resuspended in 1.5 mL cold buffer
A (10 mM HEPES pH 7.9; 10 mM KCl; 0.1 mM EDTA;
0.1 mM EGTA; 2 mM DTT and phosphatase/protease in-
hibitors as described above). They were allowed to swell on
ice for 15 min, NP-40 was added to a final concentration of
0.6% v/v. The mixtures were vortexed vigorously for 10 s
followed by spinning at 13 0006g for 1 min at 47C. The
nuclear pellets were washed with cold PBS and then incu-
bated with benzonase (1000 units; Sigma, purity .90%) in
15 mL H2O per sample for 15 min at room temperature.
Pellets were resuspended in 1 mL cold buffer B (20 mM
HEPES pH 7.9; 400 mM NaCl; 1 mM EDTA; 1 mM EGTA;
2 mM DTT and protease inhibitors) and incubated for
45 min at 47C with vigorous shaking. Insoluble material
was removed by centrifugation at 13 0006g for 5 min at
47C, and the supernatants were kept for further analysis
(‘nuclear extracts’).
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2.2.3 TCA precipitation

Nuclear extracts (whole sample from 1.56107 cells) were
mixed with 0.25 volumes of ice-cold 6.1 M TCA solution.
DTT was added to a final concentration of 20 mM. The
extracts were incubated for 2 h on ice to allow complete pre-
cipitation. The samples were centrifuged at 10 0006g for
10 min at 47C. The supernatant was discarded and the pellet
was washed three times with 1 mL ice-cold acetone contain-
ing 20 mM DTT. The pellet was air-dried and dissolved in
DIGE lysis buffer (7 M urea; 2 M thiourea; 4% CHAPS w/v;
30 mM Tris) by shaking overnight at 47C. The pH of the
samples was adjusted to pH 8.5 with 100 mM Tris. Prior to
separation on 2-DE, nuclear extracts were tested for repro-
ducibility and quality with western blot analyses, using tran-
scription factor Sp1 (SP1) as a nuclear and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as a cytosolic marker
protein. Protein concentration in both, whole cell and
nuclear extracts was determined by the Coomassie G-250
protein binding assay [26].

2.3 DIGE labelling

Twenty-five micrograms of protein per sample were labelled
with CyDye Fluor minimal dyes (GE Healthcare Life Sci-
ences, Munich, Germany) according to the manufacturer’s
instructions, except for a lower coupling rate. For whole cell
lysates 4 nmol dye/mg protein were used (as described pre-
viously [27]), for nuclear extracts 2 nmol dye/mg protein
were found optimal to avoid artefacts due to multiple label-
ling of lysine residues. Three biological replicates were used
per experiment. Untreated samples from wild-type and
Tyk22/2 macrophages were labelled with Cy3, corresponding
treated samples with Cy5. The internal standard, prepared by
pooling 25 mg of protein from each sample included in an
experimental set, was labelled with Cy2. Two samples (Cy3,
Cy5) and the internal standard (Cy2) were separated on each
gel.

2.4 2-DE separation

The first dimension was carried out on an IPGphor III sys-
tem using 24 cm IPG Dry strips with linear pH gradients (all
GE Healthcare). The IPG strips pH 4–7 were loaded with the
samples through passive in-gel rehydration for 10 h at room
temperature. The three labelled samples were mixed and the
volume was adjusted to 450 mL with rehydration buffer (7 M
urea; 2 M thiourea; 4% CHAPS w/v; 70 mM DTT; 1% IPG
buffer 4–7 v/v). For IPG strips pH 6–9 samples were applied
by anodic cup loading. The strips were rehydrated overnight
in 450 mL rehydration buffer (7 M urea; 2 M thiourea; 4%
CHAPS w/v; 150 mM DTT; 2% IPG buffer 6–11 v/v). The
mixed samples were adjusted to 50 mL in rehydration buffer
and loaded onto the strips via loading cups. The proteins
were focused for 30 kV?h in a step gradient with a maximum
of 3500 V. The focused IPG strips were reduced 10 min

(1.25% DTT w/v) and alkylated 10 min (2.5% w/v iodoacet-
amide) in equilibration buffer (6 M urea; 30% glycerol v/v;
75 mM Tris-HCl pH 8.8; 2% SDS w/v). The equilibrated
strips were placed onto 10%T or 11.5%T polyacrylamide gels
and sealed with 0.5% agarose in SDS running buffer. SDS-
PAGE was performed according to Laemmli [28]. Gels were
run overnight at 13 mA per gel in an Ettan Dalt Six electro-
phoresis chamber (GE Healthcare).

2.5 2-DE evaluation

All gels were scanned at 100 mm resolution on a Typhoon
9400 imager and analysed with DeCyder software V5.02 (all
GE Healthcare). Evaluation was based on volume ratios
(sample spot volume divided by the corresponding internal
standard spot volume). Protein spots differentially expressed
between groups were extracted, using volume ratios and
Student’s t-test as selection criteria. Based on reverse label-
ling experiments spots showing dye labelling bias were
excluded from the candidate list. For figures and tables,
expression levels were calculated relative to unstimulated
wild-type cells 6SD.

2.6 Statistical analysis

For statistical analyses the volume ratios were used. A lin-
ear model was fitted with genotype (gt), LPS-treatment (tr),
and the interaction between these two (gt6tr) as fixed
effects. The influence of the individuals was considered as
a random effect. Significance of the effects was tested
using a moderated t-test [29]. The residual variances of all
spots from one experiment were assumed to be prior F-
distributed. In an empirical Bayes fashion, the parameters
for these F-distributions were estimated from the data
using maximum likelihood. The moderated variance of
each gene was set to the posterior maximum. With this
variance, a moderated t-value was calculated for the two
relevant fixed effects gt and gt6tr. The moderated t-test
method strikes a balance between using a t-test, where the
interference of the variance is compromised by the low
sample size for each gene, and using a fold-change
approach, where differences among spots in variance are
ignored entirely.

2.7 MS

Protein spots were detected by acidic silver nitrate staining
as previously described [30], making it MS-compatible by
omitting glutaraldehyde from the sensitiser and form-
aldehyde from the silver nitrate solution. Spots of interest
were manually excised and pooled for MS analyses. Semi-
preparative 2-DE gels with a protein load of 150–200 mg
were used to recover enough material for MS-analysis of
faint spots. All spots were destained as previously described
[31].
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2.7.1 Protein identification by MALDI-MS

In-gel digestion was performed according to [32] with slight
modifications. Gel pieces were equilibrated with 25 mM
ammonium bicarbonate, washed with ACN, dried in a
vacuum centrifuge and rehydrated in 25 mM ammonium
bicarbonate containing 12.5 ng/mL sequencing grade trypsin
(Roche, Mannheim, Germany) at 47C for 30 min. Excess of
trypsin working solution was removed, samples were covered
with 25 mM ammonium bicarbonate and incubated overnight
at 377C. Supernatant was collected and the elution of the pep-
tides was performed twice with 66% ACN/33% 0.1% TFA. The
combined aliquots were dried in a vacuum centrifuge and dis-
solved in 0.1% TFA. Samples were purified and concentrated
with ZipTipm!c18 pipette tips (Millipore, Billerica, MA, USA)
and analysed on a MALDI-TOF/reflectron TOF-instrument
(TOF2; Shimadzu Biotech Kratos Analytical, Manchester, UK)
in the positive ion mode with delayed extraction applying a
thin layer preparation technique as described earlier [33].
External calibration was performed using monoisotopic values
of the singly charged ions of an aqueous solution of standard
peptides (bradykinin fragment 1–7, human angiotensin II,
P14R, ACTH fragment 18–39). Autolytic tryptic products,
matrix clusters [34], keratin and gel blank artefacts [35] were
removed from the mass spectra and the resulting mono-
isotopic list of m/z values was submitted to search engines
MASCOT (Revision 2.1.0 to 2.2.0) [36] and ProFound [37]
searching the databases Swiss-Prot (Version 50.6 of 05-Sep-
2006 to 54.5 of 04-Nov-2007) and NCBI (Sequence Release 19
of 10-Sep-2006 to 26 of 13-Nov-2007). Search criteria were:
taxonomy, Mus musculus; mass accuracy, 200 ppm; fixed mod-
ifications, carbamidomethylation; variable modifications,
methionine oxidation and acetylation at the protein N-termi-
nus, maximum one missed cleavage site. PSD experiments
were performed on selected peptides from the measured
PMFs. MS/MS database searches have been performed using
the same restrictions as for PMF, additionally a product ion
tolerance of 6 1 Da was defined. A hit was considered signif-
icant, if the scores of at least two database searches, obtained
for PMF data and/or PSD data, independently exceeded the
algorithm’s significance threshold (p,0.05).

2.7.2 Protein identification by ESI-MS

Spot plugs were digested with trypsin as previously described
[31]. All samples were run on an LTQ linear ion mass spec-
trometer (Thermo Scientific, San Jose, CA, USA) connected to
a Surveyor chromatography system incorporating an auto-
sampler as previously described [38]. Tryptic peptides were
resuspended in 0.1% formic acid and were separated by
means of a SurveyorLC system (Thermo Scientific) connected
directly to the source of the LTQ. Each sample was loaded onto
a Biobasic C18 Picofrit column (100 mm length, 75 mm id) at
a flow rate of 30 nL/min. The samples were then eluted from
the C18 Picofrit column by an increasing ACN gradient. The
mass spectrometer was operated in positive ion mode with a

capillary temperature of 2007C, a capillary voltage of 46 V, a
tube lens voltage of 140 V and with a potential of 1800 V
applied to the frit. All data were acquired with the mass spec-
trometer operating in automatic data-dependent switching
mode. A zoom scan was performed on the five most intense
ions to determine charge state prior to MS/MS analysis. All
MS/MS spectra were analysed using BioworksBrowser (Ver-
sion 3.2; Thermo) using the TurboSEQUEST algorithm
under default settings. The MS/MS spectra were searched
against the Swiss-Prot database (Uniprot_sprot; Release
10.0). The following search parameters were used: precursor-
ion mass tolerance of 1.5 Da, fragment ion tolerance of 1.0 Da
with methionine oxidation and cysteine carboxy-
amidomethylation specified as differential modifications and
a maximum of two missed cleavage sites allowed.

2.8 Western blot analysis

1-D Western blots were performed on small-size SDS-PAGE
gels as previously described [8].

2-D Western blot: 2-DE was performed as above except
that we used 10 cm laboratory-made pH 6–10 IPG strips [39]
with 50 mg protein applied by anodic cup loading. Focusing
was carried out without oil for a total of 13 kV?h on a Multi-
phor II system (GE Healthcare). The second dimension on
1461460.15 cm3 gels and semidry blotting were performed
as previously described [27].

The following antibodies were used: goat anti-NMI, rab-
bit anti-PAI2, rabbit anti-SP1, donkey anti-goat IgG-HRP (all
Santa Cruz Biotechnology, Santa Cruz, CA, USA); rabbit anti-
EF2 (Cell Signalling, Danvers, MA, USA); goat anti-PRDX1
(R&D Systems, Wiesbaden-Nordenstadt, Germany); mouse
anti-extracellular signal regulated kinase (ERK) (BD Bio-
sciences Transduction Laboratories, Lexington, KY, USA);
rabbit anti-GAPDH (Biotrend, Cologne, Germany); donkey
anti-rabbit IgG-HRP F abð Þ

0

2 fragment; sheep anti-mouse
IgG-HRP F abð Þ

0

2 fragment (all GE Healthcare).

2.9 Reverse transcription–quantitative PCR
(RT-qPCR)

Total RNA was isolated from 106 cells using TRIzol (Invitro-
gen Life Technologies, Lofer, Austria) according to the man-
ufacturer’s instructions. RNA was treated with DNase I
(Promega Corporation, Mannheim, Germany) to eliminate
genomic DNA. Total RNA (1.5 mg) was used for cDNA syn-
thesis using iScript (BioRad Laboratories, Vienna, Austria).
Primers and probes were designed using Primer Express
(Applied Biosystems, Vienna, Austria) software. Probes
(Genexpress, Wiener-Neudorf, Austria) were labelled with 6-
carboxyfluorescein (FAM) and Blackhole Quencher 1
(BHQ1) at the 50 and 30 ends, respectively. The following
primers (Invitrogen Life Technologies) and probes were
used, all 50 to 30 direction: PAI2 fwd: ACTCAGATCCTA-
GAACTTCCGCAT; rev: AAAGTTTATTTCACTTTCCAG-
CAATTC; probe: CATGCTCCTGTTGCTTCCCGATGAGA;
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NMI fwd: GCCAAGCGCTCATCACCTT; rev: CCTTCCATC
TGCACGACATG; probe: AGAAGTCGCACAAAATGTGA-
TATCGATGGG; PRDX1 fwd: CTAGTCCAGGCCTTC-
CAGTTCA; rev: TCAGGCTTGATGGTATCACTGC; probe:
AACATGGTGAAGTGTGTCCAGCTGGCTG. RT-qPCR was
performed in duplicate on Eppendorf realplex4 (Eppendorf,
Vienna, Austria). Gene expression was calculated as pre-
viously described [11] except that ubiquitin-conjugating en-
zyme E2 D2 (UBE2D2) was used as endogenous control [8].
Expression levels were calculated relative to unstimulated
wild-type cells 6 standard error (SE).

3 Results

3.1 2-D DIGE protein patterns of primary murine
macrophages are highly reproducible

We compared protein patterns of wild-type and Tyk22/2 bone
marrow-derived macrophages before and after LPS treat-

ment in whole cell lysates and in nuclear extracts, respec-
tively. Both types of cell extracts were analysed in two differ-
ent pH gradients (pH 4–7 and 6–9, respectively), thus yield-
ing four 2-D DIGE experiments. Each experiment comprised
three biological replicates per genotype and treatment
resulting in six analytical gels. Representative 2-DE protein
patterns are shown in Fig. 1. Depending on the specific
experiment, we detected 478–792 spots that were present in
all images (Table 1) and only those spots were included in the
further examinations. Spot volume ratios of biological repli-
cates showed low variability with mean SDs between 60.073
and 60.085 (Table 1 and Fig. S1 of Supporting Information).
For a given statistical power of 0.9, a p-value of $0.05 (two-
sided), the sample size of three, and the respective mean SD,
the resulting minimal detectable differences (effect size) in
expression levels were between 26.2 and 30.5%. Thus, on
average, differences in expression values of around 30% can
be detected with our experimental set-up.

Nuclear extracts comprised about 10% of total proteins
found in whole cell lysates and protein patterns were clearly

Figure 1. Representative 2-DE protein patterns of Tyk22/2 macrophages. Analytical gels (75 mg protein each) visualised by MS-compatible
silver stain after 2-D DIGE. Identified proteins are indicated by the spot numbers used in Table 3. Whole cell lysates: (A) pH gradient 4–7,
11.5%T SDS-PAGE; (B) pH 6–9, 10%T SDS-PAGE. Nuclear extracts: (C) pH 4–7; (D) pH 6–9; both: 10%T SDS-PAGE.
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Table 1. Experiments performed and their statistical properties

Whole cell
lysates

618 h LPS

Nuclear
extracts
68 h LPS

pH 4–7 6–9 4–7 6–9
Number of spots in all

18 images
579 478 731 792

Mean SD 0.073 0.078 0.085 0.085
Minimal detectable

difference
26.2% 28.0% 30.5% 30.5%

different, although with some overlaps (Fig. 1). This stand-
ard protocol for the preparation of nuclear extracts does not
result in the complete extraction of nuclear proteins and can
also lead to copurification of proteins from other compart-
ments, e.g. plasma membrane, ER, cytoskeletal fragments
and large cytoplasmic protein complexes. Nevertheless,
extracts showed good reproducibility and enrichment of a
subset of cellular proteins, which might not be detected in
whole cell extracts. Western blot analysis with specific mark-
er proteins showed hardly detectable levels of GAPDH, a
cytosolic marker protein, and high amounts of SP1, a
nucleus specific protein (see Fig. S2 of Supporting Informa-
tion).

3.2 Absence of Tyk2 significantly alters the protein
expression pattern in macrophages

The analyses with respect to the impact of Tyk2 deficiency
on the macrophage proteome were performed with an
emphasis on the effects on basal protein expression
(genotype effects) and on LPS mediated changes in
expression levels (genotype6treatment effects). Statisti-
cally significant differences were found for a large number
of spots in both cases (see Fig. S3 of Supporting Informa-
tion). We filtered these spots for differences between wild-

type and Tyk22/2 cell extracts of at least 40% before and/
or after LPS treatment. Forty-six spots in whole cell lysates
and seventy-three in nuclear extracts met these criteria
(Table 2), this corresponds to 3–6% of spots examined,
depending on the specific experiment. Positive as well as
negative effects of Tyk2 deficiency on expression levels
were found with similar distribution in all cases. Among
the 119 differentially expressed spots, 75 spots displayed
genotype effects, 13 spots genotype6treatment effects and
31 spots showed both effects. A similar predominant
genotype effect was found if data were analysed without
filtering for the minimal difference of 40% (see Fig. S3 of
Supporting Information).

3.3 Differentially expressed proteins exert various
functions

From among the 119 differentially expressed spots, 34 spots
were selected for protein identification. The selection was
based on a combination of the following criteria: expression
pattern in the 2-D DIGE analysis (extent of difference be-
tween the genotypes before and after treatment), stainability
of spots with silver (for colorimetric visualisation on the gels
enabling manual spot cutting), spot quantity (spot density in
silverstained patterns supplying sufficient amounts for MS
analysis) and spot quality (shape and compactness of spots,
nonoverlap with others). Usually selection criteria were used
with equal emphasis, where impossible, the most common
denominator of selectable criteria was used for decision
making.

Using LC-ESI- and MALDI-MS/MS, 25 of the 34 selected
spots gave interpretable MS spectra, which equates to a suc-
cess rate of 73.5%. In these spots, 21 different proteins were
identified (see Fig. 2 for 2-D DIGE spot images and Table S1
of Supporting Information for details of MS analysis). The
differentially expressed proteins (listed in Table 3) were clas-
sified according to their gene ontology annotation. Identified
proteins belong to various functional categories including

Table 2. Numbers of differentially expressed and identified spotsa)

Experiment Total gtb) gt6trc) gt 1 gt6trd) IDe)

Upf) Downf) Up Down Up Down

Whole cell lysates (pH 4–7) 17 2 2 3 2 7 5 5
Whole cell lysates (pH 6–9) 29 4 5 5 4 6 5 8
Nuclear extracts (pH 4–7) 33 22 14 2 1 1 2 5
Nuclear extracts (pH 6–9) 40 11 17 2 2 2 3 7
Total 119 39 36 8 5 16 15 25 (21 proteins)

a) At least 40% difference in expression 6 LPS treatment between genotypes, p $ 0.05.
b) Genotype effect (significant differences between genotypes under basal conditions).
c) Genotype6treatment effect (significant differences between genotypes in response to LPS treatment).
d) Genotype and genotype6treatment effect.
e) Identified spots.
f) Up/downregulated in the absence of Tyk2.
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Figure 2. Comparison of proteome pattern in wild-type versus Tyk22/2 macrophages with or without LPS treatment. Selected regions from
2-D DIGE images are shown (compare Fig. 1 for exact spot location on the whole gel images). Cy3/Cy5 images converted to grey scale for all
25 spots identified (indicated by arrows and the spot numbers used in Fig. 1 and Table 3) are depicted. See legend to Fig. 1 and Table 3 for
details on protein extracts and electrophoretic conditions.
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oxidative stress and immune responses, metabolism and
cytoskeleton architecture. In several cases we identified the
same protein in different spots on one gel or in both pro-
tein extracts. For instance, interferon-induced protein with
tetratripeptide repeats 1 (IFIT1) was identified in whole cell
lysates and nuclear extracts located at pI 7.2 and Mr of
60 kDa (spots 4 and 5 in Table 3, Figs. 1B, D and 2). Both
spots showed upregulation by LPS treatment in wild-type
cells, whereas the effect of Tyk2 deficiency on basal expres-
sion and LPS induction was different for the two spots.
Interferon-activable protein 204 or 205 (IFI4/5) was found
in two neighbouring spots showing identical expression
patterns (spots 7 and 8 in Table 3, Figs. 1D and 2). We
could not distinguish between IFI4 and IFI5 since they
display high sequence homology and only peptides in
common were found in MS. Six known IFN-inducible pro-
teins (proteasome activator complex subunit 2 (PSME2),
IFIT1, IFIT3, IFI4/5, interferon-induced protein 35 kD ho-
mologue (IN35), N-myc-interactor (NMI)) were identified.
All of them showed upregulation upon LPS treatment in
wild-type cells. Interestingly, all of them displayed reduced
basal expression levels and, except for PSME2, reduced or
even absent LPS-mediated upregulation in Tyk2-deficient
cells in at least one of the corresponding spots (spots 1–8 in
Table 3 and Fig. 2).

From the list of differentially regulated proteins (Table 3
and Fig. 2) we selected several candidates based on their
regulation patterns or their molecular functions for further
investigations. We performed time course studies of protein
and mRNA expression using 1-D Western blotting and RT-
qPCR, respectively. When a complex spot pattern was
assumed for a particular protein 2-D Western blots were
performed in addition.

3.3.1 Tyk2 is required for efficient expression of NMI
protein and mRNA

According to the 2-D DIGE analysis, NMI showed approxi-
mately 0.6-fold expression levels before and after LPS treat-
ment in Tyk22/2 as compared to wild-type cells (spot 3 in
Table 3 and Figs. 2 and 3A). We subsequently used 1-D
Western blot analysis for validation of expression patterns.
The amount of NMI protein was clearly reduced in Tyk22/2

cells upon 0 and 18 h LPS treatment (Fig. 3B). The relatively
modest upregulation of NMI protein upon LPS treatment in
wild-type cells found with 2-D DIGE technology (1.3-fold)
was only just about detectable with Western blot analysis.
Similar results were obtained in a more extensive time
course experiment (data not shown). We next examined by
RT-qPCR whether the reduced protein level in Tyk22/2 cells

Figure 3. Effect of Tyk2 deficiency on the
expression of NMI protein (A, B) and mRNA (C).
Macrophages were treated with LPS for the indi-
cated times and whole cell lysates or total RNA
were subjected to 2-D DIGE analysis (A), Western
blotting (B) or RT-qPCR (C). (A) 2-D DIGE:
expression levels are given as fold ratios relative
to unstimulated wild-type (WT) cells. Mean
values 6SD of three biological replicates are
shown. (B) Western blot analysis: 20 mg protein
per lane were separated by 10%T SDS-PAGE.
Protein loading was controlled by reprobing
with an anti-panERK antibody. Data are repre-
sentative of at least three independent experi-
ments. Nos. 1 and 2 indicate that the cells were
derived from independent mice. (C) mRNA
expression was analysed by RT-qPCR. UBE2D2
was used as endogenous control, expression
levels were calculated relative to untreated WT
cells. Mean values 6SE from at least three inde-
pendent experiments are depicted. * p $0.05,
** p $0.01.
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is due to lower mRNA expression. A modest and transient
upregulation of mRNA was detectable upon 6 h of LPS
treatment in both wild-type and Tyk22/2 macrophages
(Fig. 3C). However, mRNA levels were consistently lower in
the absence of Tyk2 throughout the time course investigated.

3.3.2 Tyk2 negatively regulates plasminogen
activator inhibitor 2 (PAI2) protein but not
mRNA expression

Expression levels of PAI2 were particularly interesting since
Tyk22/2 macrophages displayed elevated basal expression as
well as a strongly enhanced LPS mediated upregulation (spot
13 in Table 3 and Figs. 2 and 4A). Strong induction of PAI2
protein by LPS treatment was detectable in both genotypes
and enhanced expression in the absence of Tyk2 could be
clearly confirmed by 1-D Western blot analysis (Fig. 4B).
PAI2 protein expression could be detected from 8 h LPS
stimulation onwards (data not shown) with stable maximal
expression from about 18–24 h of treatment (Fig. 4B).
Increased PAI2 protein level in Tyk22/2 cells was observed
throughout all time points with detectable PAI2 expression
(Fig. 4B and data not shown). In both 2-D DIGE and 1-D
Western blot analysis we detected PAI2 with the Mr of ap-
proximately 42 kDa, which resembles the nonglycosylated
form of PAI2 reported in the literature [40]. PAI2 mRNA

expression was not affected by the absence of Tyk2 (Fig. 4C).
Expression was rapidly induced in wild-type as well as
Tyk22/2 macrophages, reached maximal expression levels at
around 6–12 h LPS treatment and modestly declined there-
after (Fig. 4C).

3.3.3 Absence of Tyk2 affects peroxiredoxin 1
(PRDX1) spot patterns

PRDX1 was identified in three spots with similar molecular
weight (23 kDa) but distinct pIs of about 6.5, 7.2 and 8 (Table
3, spots 9–11). Two spots were identified from whole cell
lysates (spots 9 and 10 in Table 3, Figs. 1B and 2) and one
from nuclear extracts (spot 11 in Table 3, Figs. 1D and 2). For
validation experiments, we concentrated on whole cell
lysates in order to define the total spot composition rather
than to address possible differences in subcellular distribu-
tions. According to the 2-D DIGE data, spot 9 was upregu-
lated and spot 10 was downregulated by LPS treatment in
wild-type cells (Table 3 and Fig. 5A). In the absence of Tyk2,
spot 9 showed slightly elevated basal expression and reduced
upregulation upon LPS treatment. In contrast, spot 10 was
only modestly but conversely regulated by LPS in wild-type
and Tyk22/2 cells resulting in a 1.9-fold higher level in
Tyk22/2 cells as compared to stimulated wild-type cells
(Table 3 and Fig. 5A). Surprisingly, we could not find an

Figure 4. Effect of Tyk2 deficiency on the
expression of PAI2 protein (A, B) and mRNA (C).
Macrophages were treated with LPS for the indi-
cated times and whole cell lysates or total RNA
were subjected to 2-D DIGE analysis (A), Western
blotting (B) or RT-qPCR (C). (A) 2-D DIGE: expres-
sion levels are given as fold ratios relative to
unstimulated WTcells. Mean values6SD of three
biological replicates are shown. (B) Western blot
analysis: 5 mg protein per lane were separated by
10%T SDS-PAGE. Protein loading was controlled
by reprobing with an anti-panERK antibody. Data
are representative of at least three independent
experiments. (C) mRNA expression was ana-
lysed by RT-qPCR. UBE2D2 was used as endo-
genous control, expression levels were calcu-
lated relative to untreated WT cells. Mean values
6SE from at least three independent experi-
ments are depicted. * p $0.05, ** p $0.01.
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Figure 5. Effect of Tyk2 deficiency on the
expression of PRDX1 protein (A–C) and mRNA
(D). Macrophages were treated with LPS for the
indicated times and whole cell lysates or total
RNA were subjected to (A) 2-D DIGE analysis, (B,
C) Western blotting or (D) RT-qPCR. (A) 2-D
DIGE: expression levels are given as fold ratios
relative to unstimulated WT cells. Mean values
6SD of three biological replicates are shown.
(B) 1-D Western blot: 5 mg protein per lane were
separated by 12%T SDS-PAGE. Protein loading
was controlled by reprobing with an anti-
panERK antibody. Data are representative of at
least three experiments. (C) 2-D Western blot:
50 mg protein were separated by 2-DE using a
pH 6–10 gradient for the first dimension, fol-
lowed by the second dimension on a 12%T
SDS-PAGE. Spots identified by MS are indicated
in circles. Data are representative of three
experiments. (D) mRNA expression was ana-
lysed by RT-qPCR. UBE2D2 was used as endo-
genous control, expression levels were calcu-
lated relative to untreated WT cells. Mean values
6SE from three independent experiments are
depicted. * p $0.05, ** p $0.01.

increase in total PRDX1 protein expression upon LPS treat-
ment using 1-D Western blot analysis (Fig. 5B). Similarly, no
difference in PRDX1 expression between wild-type and
Tyk22/2 cells was detectable.

Figure 1B illustrates that PRDX1 is a multiple spot pro-
tein in 2-DE (spots 9 and 10), which all have a similar Mr,
thus resulting in the detection of one single band on 1-D
Western blots. To get more insight into the protein hetero-
geneity, we performed 2-D Western blot analysis to deter-
mine the number of detectable PRDX1 spots and their rela-
tive abundances. As shown in Fig. 5C, three spots were
present before and five after LPS treatment in whole cell
lysates from both genotypes. Consistent with the 2-D DIGE

data, spot 9 increased clearly after LPS treatment and this
was considerably lower in Tyk22/2 than in wild-type cells. In
contrast, differences in spot 10 intensities were not apparent.
Apart from spots 9 and 10, one additional spot was detected
in 2-D Western blot analysis in untreated cells (probably the
counterpart of spot 11 identified in nuclear extracts, see
Figs. 1B and D). Two further spots appeared upon LPS treat-
ment (Fig. 5C), both with a more acidic pI than spot 10. As
spot 9, both showed reduced increase in the absence of Tyk2.
They were also calculated from 2-D DIGE data (Table 3 and
data not shown) and results confirmed the partially Tyk2-de-
pendent acidic spot shift. Although we could not see
increased total PRDX1 protein (Fig. 5B) upon LPS treatment,
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PRDX1 mRNA expression increased around four-fold with
no differences between wild-type and Tyk22/2 cells (Fig. 5D).
Thus, Tyk2 deficiency does neither influence total PRDX1
protein nor PRDX1 mRNA expression. Instead, our results
indicate that Tyk2 influences the LPS-mediated changes in
the PRDX1 spot pattern.

3.3.4 Tyk2 affects elongation factor 2 (EF2)
subcellular levels

EF2 was found in nuclear extracts as differentially regulated
spot with elevated amounts in Tyk22/2 macrophages inde-
pendent of LPS treatment (spot 17 in Table 3, Figs. 1D, 2 and
6A). Enhanced expression of EF2 protein in the absence of
Tyk2 was also readily detectable by Western blot analysis
(Fig. 6B) and, also consistent with the 2-D DIGE data, LPS
treatment did not result in any change of protein expression.
Interestingly, differential EF2 protein expression between
wild-type and Tyk22/2 cells was only found in nuclear
extracts and not in whole cell lysates (Figs. 6B and C).

4 Discussion

In this report, we have used a proteomics approach in order to
find novel functions of Tyk2 in the response to LPS in primary
murine macrophages. Using 2-D DIGE technology for the
comparative analysis of whole cell lysates as well as nuclear
extracts from wild-type and Tyk22/2 cells, we achieved high
reproducibility between biological replicates allowing us to
detect differences in protein expression as low as 30%.

Proteomics studies on the LPS response of murine mac-
rophages have been performed in a few older studies [22, 23,
41], but at that time 2-DE patterns were characterised solely
by physicochemical properties of the obtained spots (pI, Mr).
More recent studies including identification of intracellular
LPS responsive proteins employed cell lines rather than pri-
mary cells and, in addition, used different comparative 2-DE
approaches [42–44]. Accordingly, the sets of proteins identi-
fied show generally little overlap with ours. Interestingly, five
of the proteins identified in our study (IFIT3, PRDX1, IRG1,
vimentin and EF2) have also been described as LPS regulated
in microglia cells, a macrophage-like cell type of the CNS
[45].

Our results show that absence of Tyk2 significantly alters
the overall protein expression pattern at basal conditions and
affects changes in expression levels in response to LPS
treatment, whereby the former effect predominates. We
found 119 spots (corresponding to 3–6% of spots analysed)
that showed at least 40% difference in expression values
either before or after LPS treatment. We identified 21 differ-
ent proteins in 25 of these spots which were either up- or
downregulated in the absence of Tyk2. The proteins belong
to several different functional categories suggesting that the
absence of Tyk2 affects many distinct cellular processes.
These include oxidative stress and immune response, me-
tabolism, transcription, translation and cytoskeleton archi-
tecture.

All proteins involved in immune responses identified
herein are known IFN regulated proteins. Consistent with
the role of Tyk2 in IFN signalling, they showed reduced
expression in the absence of Tyk2. Importantly, basal

Figure 6. Effect of Tyk2 deficiency on the
expression of EF2 protein. Macrophages were
treated with LPS for the indicated times and
nuclear extracts (A, B) or whole cell lysates (C)
were subjected to DIGE analysis (A) or Western
blotting (B, C). (A) 2-D DIGE: expression levels
are given as fold ratios relative to unstimulated
WT cells. Mean values 6SD of three biological
replicates are shown. (B) Western blot analysis:
10 mg protein of nuclear extracts were separated
by 6.5%T SDS-PAGE. Protein loading was con-
trolled by reprobing with an anti-SP1 antibody.
Nos. 1 and 2 indicate that the cells were derived
from independent mice. (C) Western blot analy-
sis: 5 mg protein of whole cell lysates were
separated by 10%T SDS-PAGE. Protein loading
was controlled by reprobing with an anti-
panERK antibody. Data are representative of at
least three independent experiments. * p $0.05,
** p $0.01.
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expression was already reduced in the absence of Tyk2 in at
least one of the spots identified, a phenomenon that has been
described previously for two IFN-inducible proteins and
some mRNAs [6, 8, 11]. Hence our data support the notion of
Tyk2 as an essential component for the maintenance of low-
level expression of at least a subset of IFN target proteins.
Reduced basal expression of NMI in Tyk22/2 cells (approxi-
mately 0.6-fold according to the 2-D DIGE data) was con-
firmed by Western blot analysis and was also found at the
mRNA level. NMI was originally found as a protein that
interacts with members of the Myc family of proto-onco-
genes [46] and subsequently interaction with several other
transcription factors was reported. For example, NMI can
interact with all STAT proteins (e.g. upon IL-2, IFNg), except
STAT2, and enhance their transcriptional activity by increas-
ing their association with CREB-binding protein (CBP) and
p300 co-activators [47]. NMI is homologous to IN35 and both
proteins can stabilise each other through their interaction
[48], thus crossinfluence might contribute to their similarly
reduced expression levels in the absence of Tyk2.

We found several proteins differentially expressed in
wild-type versus Tyk22/2 macrophages which have not yet
been linked to either IFN or Tyk2 (Table 3). Three of them
(EF2, PAI2 and PRDX1) were analysed in more detail. We
found increased protein expression of EF2 in the absence of
Tyk2 specifically in nuclear extracts but not in total lysates,
suggesting a difference in subcellular localisation. Due to
our relatively crude nuclear extract preparation, the exact
localisation cannot be determined and further studies
including highly purified organelle preparations will be
required. EF2 is critically involved in protein translation
where it catalyses elongation of polypeptide chains via pro-
motion of ribosomal translocation. EF2 activity is inhibited
by PTMs, e.g. via phosphorylation by the EF2 kinase [49],
which itself is activated by phosphorylation via a number of
different stimuli, e.g. cellular stress. However, we show by
1-D Western blot analysis differences in total EF2 protein levels
in Tyk22/2 cells, thereby excluding a potential shift of spots
in pI caused by phosphorylation as the sole cause of differ-
ential expression patterns found with 2-D DIGE technology.

Catalase and PRDX1 were identified as differentially
expressed between wild-type and Tyk22/2 cells. Both
enzymes are involved in the detoxification of hydrogen per-
oxide, which is produced as a result of normal cellular pro-
cesses that involve oxygen and, importantly, in response to
inflammatory stimuli including LPS [50, 51]. We show that
although PRDX1 mRNA is modestly upregulated by LPS
treatment an increase in PRDX1 protein is detectable neither
by 1-D Western blot analysis nor by 2-D DIGE (by adding up
spot volumes of all immunoreactive spots shown in Fig. 5C,
data not shown). 2-DE reveals a noticeable change in the
distribution of different PRDX1 spots, mainly a shift towards
more acidic pI in response to LPS. Interestingly, the appear-
ance of the spot with the lowest pI value was less prominent
in the absence of Tyk2. Like the other members of the per-
oxiredoxin family, PRDX1 has a cysteine in its active site

which is reversibly oxidised to a disulfide in the normal cat-
alytic cycle. It can also be hyperoxidised to sulphinic or sul-
phonic acid, which leads to inactivation of the enzyme [52].
Conway et al. [53] described three PRDX1 spots for the
mouse macrophage cell line J774. In Western blots the
authors proved that these spots correspond to the sulphonic,
the sulphenic and the nonoxidised form of PRDX1 (from left
to right in 2-DE pattern), and all were increased by chemical
oxidation or by challenge with oxidised low density lipopro-
tein, without additional pattern changes. For human PRDX1,
only doublet spots have been shown on 2-DE gels, a native
form (basic spot) that shifts nearly completely to the over-
oxidised form (acidic spot) upon strong oxidative stress [54,
55]. Although under basal conditions our PRDX1 patterns
look similar to those reported for the murine cell line [53],
the noticed shift towards lower pI values upon LPS treatment
would suggest oxidation of the protein as shown for the hu-
man homologue. Our data would then further suggest that
lack of Tyk2 results in the suppression of LPS induced
(hyper)-oxidation of PRDX1. However, a shift in pI might
also be caused by other modifications (e.g. phosphorylation).
In that context, it is interesting to note that interaction of
PRDX1 with the tyrosine kinase c-Abl has been reported [56].
In order to define the exact nature of the modification(s),
further and more detailed MS analysis of all five spots seen in
our PRDX1 pattern would be required (e.g. digest with a dif-
ferent enzyme, high energy CID or multistage CID experi-
ments).

The most dramatic effect on protein expression with
respect to differences between genotypes was found for
PAI2. Consistent with previous reports [57], PAI2 protein
was strongly upregulated by LPS treatment in wild-type cells.
Expression of PAI2 was dramatically increased in the
absence of Tyk2 as determined by 2-D DIGE and 1-D West-
ern blots analysis. Interestingly, PAI2 mRNA was similarly
induced in Tyk22/2 and wild-type cells. This points to the
existence of a Tyk2 dependent negative regulatory pathway
that limits LPS-induced PAI2 expression at a post-transcrip-
tional level. PAI1 and PAI2 belong to the serpin gene family
of protease inhibitors and are the physiological inhibitors of
tissue- and urokinase-type plasminogen activator (tPA, uPA)
[40]. Although the main proportion of newly synthesised
PAI2 remains in the cell, the intracellular function of PAI2 is
poorly characterised. There is evidence that PAI2 is involved
in multiple cellular processes like proliferation, differentia-
tion, and most consistently, apoptosis [40, 58]. Another
important function of PAI2 is the inhibition of cancer
metastasis and high PAI2 expression is associated with good
prognosis in human cancers [40]. Recently, involvement of
Tyk2 in tumour cell invasiveness has been reported [59, 60]
and reduced uPA signalling was proposed as the underlying
mechanism [59]. The fact that we find increased PAI2
expression in Tyk22/2 cells under inflammatory conditions
(i.e. LPS treatment) poses the question of whether Tyk2 lim-
its PAI2 expression also during tumour metastasis and
whether this contributes to the reduced uPA signalling
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described above. Also of relevance in this context is that acti-
vation of Tyk2 by uPA has been reported [61–63].

In summary, our data are in line with and further sup-
port the role of Tyk2 in the basal and LPS-induced, auto-
crine/paracrine actions of IFNa/b. We furthermore describe
novel positive as well as negative regulatory roles of Tyk2 on
protein expression in macrophages and demonstrate that
this occurs both at the level of mRNA transcription and post-
transcriptionally. As yet unrecognised connections between
Tyk2 and diverse cellular proteins reported in this study raise
interesting new topics for future research on Tyk2 biology.
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Supplements 
 

Figure S1. 2D-DIGE data are highly reproducible. Histograms show the frequency distribution of 

SD values over the experiments performed. The SD of spot volume ratios from three biological 

replicates was calculated for each spot and was plotted against frequencies. (A) whole cell 

lysates pH 4-7 (n=579 spots), (B) whole cell lysates pH 6-9 (n=478 spots), (C) nuclear extracts 

pH 4-7 (n=731 spots), (D) nuclear extracts pH 6-9 (n=792 spots). 

 

Figure S2. (A) Nuclear extracts show reproducible enrichment of nuclear proteins. Macrophages 

were treated with LPS for 30 minutes. 3 µg of nuclear or cytosolic extracts per lane were 

separated by 8%T SDS-PAGE. GAPDH was used as a cytosolic and SP1 as a nuclear marker. 

Data are representative of at least three experiments. (B) Translocation of NF-κB is unperturbed 

in Tyk2-/- macrophages. Macrophages were treated with LPS for 30 minutes. 3 µg of nuclear 

extract per lane were separated by 8%T SDS-PAGE. Protein loading was controlled by re-

probing with an anti-SP1 antibody. #1 and #2 indicate that the cells were derived from 

independent mice. 

 

Figure S3. Tyk2 deficiency significantly alters the proteome pattern of macrophages. The t-

values of the genotype effect (gt) are plotted against the t-values of the genotype x treatment 

effect (gt x tr). Data include all spots (found in all images) without filtering for minimal differences 

in the expression values. Values above and below the critical t-values ± 2.306 (indicated by lines) 

are considered to be significant. Positive t-values indicate decreased and negative t-values 

increased expression / induction levels in the absence of Tyk2. (A) whole cell lysates pH 4-7 

(n=579 spots), (B) whole cell lysates pH 6-9 (n=478 spots), (C) nuclear extracts pH 4-7 (n=731 

spots), (D) nuclear extracts pH 6-9 (n=792 spots).  
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3. Comparing the applicability of CGE-on-the chip and SDS-PAGE 
for fast pre-screening of mouse serum samples prior to proteomics 
analysis 
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Research Article

Comparing the applicability of CGE-on-the-
chip and SDS-PAGE for fast pre-screening of
mouse serum samples prior to proteomics
analysis

In this comparative study, a set of 13 mouse sera was investigated, which had to be

checked in a fast way for homogeneity prior to complex, time-consuming and expensive

proteomics analysis. SDS-PAGE and CGE-on-the-chip were compared in terms of

handling, time consumption and significance of detecting differences. SDS-PAGE was a

system giving good information on the samples at first sight and discrepancies for one

sample were observed immediately after staining. The time consumption of up to 20 h

was rather high (separation and staining procedure with 14� 14 cm gels) in SDS-PAGE.

CGE-on-the-chip system exhibited differences for two samples and, most important,

analysis time was reduced to only 1 h. Of importance is that the serum protein pattern

obtained by both methods may not represent the same proteins. Sample preparation was

equal for both analytical techniques but necessary sample amount was only half of the

material in the case of CGE-on-the-chip. Statistical evaluation indicated highly critical

values for only one sample in SDS-PAGE and for two samples in the CGE-on-the-chip

system, both in good agreement with visual observations. Three samples showed limited

homogeneity with both methods. Five and six samples, respectively, were indicated as

noticeable with one of the used methods.

Keywords:

CGE-on-the-chip / Pre-screening / Proteomics / SDS-PAGE / Serum
DOI 10.1002/elps.200800035

1 Introduction

Mouse models increase our understanding of human

physiology, particularly immunology and cancer biology.

Effects on protein expression and alteration due to genetic

modification or physiological stimulus are increasingly

studied using complex proteomic tools such as 2-DE or

multi-dimensional liquid chromatography coupled to MS

[1–4]. Serum presents an easily accessible source to gain

information about the in vivo status of the living organism.

But serum samples themselves are of high complexity

and comprise a wide dynamic range for the concentration

of proteins. For example the concentration range of albumin

in human serum is 34–54 mg/mL (approx. 60%) of

60–83 mg/mL total protein concentration; thus it represents

a so-called high-abundance protein [5, 6]. In contrast to

serum albumin, interleukin 6 is present only in very low

concentrations, up to 5 pg/mL (0.000000007%) during the

acute phase of inflammation and is therefore considered as

low-abundance or low-copy protein. Overall it can be said

that the range of serum protein concentrations can vary by

ten orders of magnitude [7, 8]. It is important to note that

only a few proteins occur at higher concentrations, but the

diversity of proteins increases significantly for low-abundant

proteins [9]. Currently widespread proteomic strategies

and tools for investigation of serum samples enable the

identification of proteins at sensitivity limits of 10�7–10�8 M

under certain conditions [9]. For the detection of known

proteins, sensitivities down to 10�9–10�14 M in plasma can

be achieved utilizing very specific methods, e.g. enzyme-

linked immunosorbent assay [7] or electrochemical nano-

wire detectors used for serum and cell extracts [10].

By using these complex strategies and highly sophisti-

cated analytical instrumentation it seems, at the first glance,

to marginalize the importance of sample preparation itself

and the control of sample quality at the very first beginning

of the analytical process. Thus, knowledge about the
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number, relative concentrations of proteins or, generally

spoken, the distribution of the various constituents of a well-

defined and constant starting biomaterial is substantial for a

successful analysis. It is a well-known but also under-

estimated fact that sample preparation and handling play a

crucial role for subsequent protein identification and relative

or absolute quantification [11]. In a worst case scenario

inhomogeneous serum samples (e.g. incomplete clotting,

proteolysis) or samples that have been reanalysed (e.g.

alteration during storage) without checking the initial state

can lead to wrong data resulting in false theories about

biological correlations. Therefore a fast pre-screening

evaluation of almost unprocessed serum samples prior to

applying any proteomics strategy (e.g. measuring protein

differential expressions using 2-DE and MS) is advisable.

This can be done by evaluating protein patterns of high-

abundance serum proteins (only they can be analysed reli-

ably enough) by using fast and easy-to-handle methods

optimally with a high throughput method. Although these

methods may exhibit only protein profiling of lower reso-

lution, they may already show major differences in the

starting serum material due to technical and biological

variations. These variations are key factors that have to be

considered during experimental design to provide statisti-

cally significant results in subsequent quantitative proteo-

mics [12]. Factors of biological variance are mainly mouse

strains, age, sex, animal keeping conditions and feeding/

nutrition [13]. Blood-collection procedures (tail vein, cardiac

or orbital sinus puncture), use of anaesthetics, serum

preparation (type of clot activation, centrifugation speed and

duration, separation of serum from cells) and storage

conditions (temperature, freeze–thaw cycles) were recog-

nized as important factors of technical variance for serum

samples [14–18]. Both biological and technical influences

affect the starting quality of serum samples independent of

any prior biological or pharmacological manipulation. The

use of reference materials for calibration, control and

traceability can help to improve reproducibility and

strengthen comparisons between experiments and labora-

tories but are useless if the sample has already decomposed

during storage [16].

In this study, the suitability of two methods for fast low-

resolution protein profiling was evaluated. A CGE-on-the-

chip (lab-on-the-chip) system with an LIF detector was

compared with the well-established 1-D planar gel electro-

phoretic method, SDS-PAGE, to indicate the quality of

serum samples by evaluating the protein pattern of high-

abundant serum proteins before complex proteomics

studies are started. Thirteen different mouse sera were

collected from healthy mice with the same genetic back-

ground, sex and age to reduce the biological variation of the

sera. Blood-taking procedure, serum preparation and

storage were standardized for all samples in order to mini-

mize technical variabilities from this side. CGE-on-the-chip

was selected because of potential advantages compared with

previously used techniques such as small-scale SDS-PAGE,

size exclusion chromatography and MS [19, 20] including

minimal sample and test reagent requirement, ease of use,

short analysis time, high reproducibility and automated

data analysis as well as the potential of a high throughput

system [21].

2 Materials and methods

All chemicals were of analytical grade except otherwise

stated. Serum samples were obtained from 13 male, weight-

matched, 7–8-week-old C57BL/6 mice (Biomodels, Vienna,

Austria) and collected in three different batches (three days);

batch 1: mice 1–6, batch 2: mice 7–12 and batch 3: mouse

13. Blood was drawn from tail veins directly into serum

tubes (Sarstedt Microvette 500, Nümbrecht, Germany) and

was allowed to clot at room temperature for 1 h; it was

subsequently centrifuged at 41C for 10 min at 9.300� g
(Eppendorf, Hamburg, Germany) and stored at �801C until

analysis. All animal experiments were carried out in

accordance with protocols approved by institutional ethics

committee, the Austrian laws (GZ 68.205/67-BrGT/2003)

and European Directives.

SDS-PAGE was performed according to Laemmli [22]

on gels of 140� 140� 1.5 mm (separation: %T 5 10–15,

%C 5 2.7) in a Hoefer SE 600 vertical electrophoresis

chamber (Hoefer Scientific Instruments, San Francisco, CA,

USA). Freshly thawn serum samples were diluted by a

factor of 10 with 0.9% NaCl solution; 5 mL ( 5 0.5 mL undi-

luted serum) of the diluted solution were mixed with 5 mL

Laemmli sample buffer containing 0.02 mg/mL DTT,

reduced for 10 min at 951C, and 5 mL glycerine (75%) were

added. In total 15 mL were loaded onto each lane ( 5 0.5 mL

undiluted serum). After electrophoresis, proteins were

stained overnight with 0.05% CBB R-250 in 14% TCA in

water/methanol (70/30 v/v). Background was decreased by

washing with ethanol/acetic acid/water (30/10/60 v/v/v and

5/7/88 v/v/v, 2 h each). Gels were scanned (JX-330 flatbed

scanner, Sharp, Osaka, Japan) using the software Quantity

One version 2.7 (PDI, Huntington Station, NY, USA).

Images were qualitatively and quantitatively evaluated using

ImageMasterTM TotalLab software (GE Healthcare Life

Sciences, Munich, Germany) applying manual lane detec-

tion (half lane width 13 pixels), automatic background

subtraction (valley-to-valley) and manual peak detection. For

molecular weight (Mr) calibration a protein marker (LMW-

SDS Marker, GE Healthcare Life Sciences) was used.

CGE-on-the-chip separations were performed on the

Agilent 2100 Bioanalyzer System (Agilent Technologies,

Waldbronn, Germany) using the Protein 80 Kit (Agilent

Technologies). All CGE-on-the-chips were prepared accord-

ing to the manufacturer’s instructions. Briefly, 2 mL of

mouse serum were diluted with 30 mL water; 4 mL

( 5 0.25 mL undiluted serum) were mixed with 2 mL of the

provided sample buffer including 0.0052 mg/mL DTT.

Sample buffer contains a low (1.6 kDa) and a high (95 kDa)

Mr protein used for internal calibration. The solution was

heated for 5 min (951C) and further diluted with 84 mL

Electrophoresis 2008, 29, 4332–4340 Proteomics and 2-DE 4333
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water; 6 mL of the final sample were pipetted into the

designated sample well on the CGE-chip and electro-

kinetically injected ( 5 0.017 mL undiluted serum). For Mr

sizing a protein ladder ( 5 well-defined proteins, Agilent

Technologies kit) was treated in the same way. Peak detec-

tion, quantification and qualitative analysis were performed

manually (valley-to-valley integration) using the Protein

assay software 2100 expert (Version B.02.02.SI238). Statis-

tical evaluation of all data was performed using SPSS

Version 14.0 (SPSS, Chicago, IL, USA).

3 Results and discussion

In SDS-PAGE the electrophoretic mobility of each protein

molecule is interfered with by the molecular sieving matrix,

a networked structure of polyacrylamide/bis-acrylamide,

resulting in different migration distances on the gel. The

Mr of separated proteins is determined after visualization

using the linear correlation between the relative migration

distance and the logarithm of Mr. Contrary to SDS-PAGE in

CGE-on-the-chip a fluorescence dye is added to the protein

sample forming a protein-dodecyl sulphate-dye complex,

which is subsequently analysed in a channel containing a

linear sieving polymer and finally detected by a laser-

induced fluorescence unit. Obtained migration times are

used for Mr sizing based on well-defined external and

internal protein standards [20, 21, 23].

Under reducing conditions most of the abundant serum

proteins are expected to be present in the lower Mr range

since many of these proteins consist of more than

one subunit covalently linked by disulphide bridges, which

are destroyed during sample preparation. Possible differ-

ences in the serum protein pattern, indicating adulterated

sample material, are therefore expected in an Mr range

between 10 and 100 kDa. The chosen gel composition for

SDS-PAGE (%T 10–15) compromises a sufficient resolution

for these proteins but also shows additionally bands above

100 kDa. The separation gel performs very well for proteins

between 14.4 and 97 kDa, determined by the chosen Mr

marker. Therefore further analysis was restricted to that

specific mass range. The CGE-on-the-chip protein 80 kit is

dedicated to the separation of proteins between 5 and

80 kDa. Although both methods were not compared in

exactly the same Mr range, the general applicability of the

investigated systems could be studied, as the Mr ranges

exhibited good performances for each system within its

well-defined Mr range (determined by the Mr markers) and

cover the Mr range most important for the mouse serum

proteome.

The first overview of the serum composition was

obtained by comparing the protein pattern of mouse serum

samples directly on the SDS-PA gel and by arranging the

electropherograms of the CGE-on-the-chip system in a

simulated gel-like image (Fig. 1). Tracing the sample quality

of more than one sample requires a more detailed analysis

including the relative quantification for each band/peak and

measuring variations by comparing protein band volumes

or peak areas, expressed by relative abundances. The relative

abundance of each signal was calculated as a percentage of

the sum of all selected protein bands/peaks. Usually the SD

is used to describe the dispersion within data sets. Because

the aim is the comparison of SDs across a broad range of

relative abundances, the use of the CV is required. Data

interpretation using these classic statistical methods without

data transformation is based on the assumption of normal

distribution, which is unknown for the specific data set.

Therefore the more reliable method ‘‘box plot’’ was applied.

Box plots are less affected from extremes and without any

predisposed statistical distribution [24]. In box plots the

mean value is replaced by the median and the length of the

box is equivalent to the interquartile range (IQR) and

  97

  66

  45

  30

 20.1

14.4

1 2 3 54 109876 131211

kDa

sample

C

A

B

D

S

E

G

H

F

95

63

46

28

15

6.5

3.5

1.6

1 2 3 54 109876 131211
kDa

sample S
B

A

Figure 1. Image of SDS-PAGE and gel-like image (CGE-on-the-
chip) obtained from 13 different mouse serum samples under
reducing conditions. Differences in protein peak pattern are
assigned with an arrow (A) SDS-PAGE: arrow A – samples 7 and
11, arrow B – samples 4 and 5, arrow C – sample 13 and arrow D
– samples 1 and 4; (B) CGE-on-the-chip: arrow E – samples 7 and
11, arrow F – sample 13, arrow G – samples 4, 5, 10, 13 and
arrow H – sample 4; S, Mr standard proteins (kDa).
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represents the middle 50% of the ranked data. Whiskers

(vertical line with small horizontal line) indicate the range of

the data which are not more than 1.5� IQR away from both

ends of the box. All values above 71.5� IQR are extreme

values or outliers. Data marked with an open circle (1) range

between 1.5� IQR and 3� IQR and are close extreme

values. Far away extreme values are marked with an asterisk

(�) and exceed 3� IQR.

3.1 SDS-PAGE

After visualizing protein bands with CBB on the SDS-PAGE

a first overview of the protein composition of each sample

was obtained by comparing protein pattern between the 13

serum samples directly on the gel (Fig. 1A) without the

assistance of software. A particularly remarkable difference,

namely a quite abundant band, was observed at 14 kDa for

sample 7, assigned with arrow A in Fig. 1A. Alteration in

protein pattern at the same Mr was also found for sample 11.

At 21 kDa (arrow B) a prominent band was observed in

samples 4 and 5 and the protein bands at 27 kDa (arrow C)

in sample 13 and at 44 kDa (arrow D) in samples 1 and 4

seemed to be more intense than in the other mouse serum

samples. Visually observed differences between all 13

mouse serum samples directly after staining on the gel

were therefore limited to four protein bands: 14, 21, 27 and

44 kDa.

For a more exact analysis, the corresponding signals of

the CBB-stained protein bands were densitometrically

determined and exemplarily one analysis is shown for

sample 1 in Fig. 2A. The densitograms of all serum samples

contained 13 well-defined protein bands between 97 and

14.4 kDa of which the average Mr was calculated.

In total the obtained protein pattern showed one very

intensive band (65 kDa) and three bands of medium inten-

sity (27, 57, 76 kDa). All other peaks were of lower intensity

with an S/N of 3–5 except for the protein band at 21 kDa

where S/N was below 2 for most of the samples. However

this protein band was included in the examination based on

already recognized differences by eye for samples 4 and 5 on

the gel (Fig. 1A, arrow B).

Relative abundances of the protein bands were deter-

mined as the percentages of volumes of each band versus
total volume of all analysed 13 protein bands. The volume of

a densitometrically detected protein band is defined as the

peak area of a band, displayed by the number of pixels,

multiplied with the intensity, reflecting the concentration of

the protein at that specific point, of each pixel. The average

relative abundance for each protein band was calculated for

all 13 serum samples (Table 1a) and relative abundances

between 0.52 and 67% were observed. On the basis of these

analyses protein bands could be classified into three groups:

one protein band with 67%, three above and nine protein

bands below 2% of relative abundance.

The variation of relative abundances composed of

technical and biological variation of each protein band was

determined and expressed by the CV as described above.

The CVs for the selected protein bands were between

5 and 57%. Reasons for high CVs can be one or more

extreme value(s) or a high variation of all values. To estimate

the reliability of the SDS-PAGE for serum samples

the technical variation for the system was evaluated using

two independent samples. Average CVs of 7.06% (intra-gel

comparison) and 12.83% (inter-gel comparison) were

found comparing relative abundances and an average

CV of 1.46% was calculated for the overall sizing reprodu-

cibility (for details see Supporting Information data).

For the protein bands at 14, 21 and 44 kDa differences

were already observed on the gel without the help of soft-

ware and exhibited CVs440% after statistical evaluation.

For these cases the box plot showed the distribution

of the 13 serum samples for each protein band (Fig. 2C). A

far away extreme value was found for the protein

band at 14 kDa in sample 7. This confirmed the first finding

of a visually observable discrepancy in the protein

pattern at that position on the gel. All other values

for this protein band are in a range of variation of

71.5� IQR, interestingly also sample 11, which was first

considered as an outlier. For the protein band at 21 kDa,

sample 5 showed a close extreme value that was

already recognized by visual examination (Fig. 1C; arrow B).

Despite similar visually observed band intensities for

samples 4 and 5 a close extreme or even extreme value could

not be observed for sample 4 as it was assumed before

statistical analysis. However the second highest value

was calculated for sample 4, represented by the upper

whisker in the box plot diagram. This is supposed to be a

result of the chosen band width for evaluation, which was

not identical with the actual lane width to avoid errors for

relative protein quantification due to randomized edge

effects. In contrast to the gel view no extreme value

was determined for the protein band at 27 kDa where

evidence of a more intense band was recognized for sample

13. It was represented in the box plot diagram by the upper

whisker and therefore still in the range of variation of

71.5� IQR. At 44 kDa the assumed outliers for samples 1

and 4 could be verified with the box plot analysis. Both

samples were marked as close extreme values. A noticeable

low CV of 5%, far below the expected overall biological

variance, was found for the highest abundant protein band

at 65 kDa. This is due to the statistic correlation derived

from the formula for the CV ((SD/mean of relative

abundance)� 100) and the fact that the calculated values for

SDs do not increase in the same degree as mean values of

relative abundances.

Statistical evaluation of each single protein band within

the 13 mouse sera confirmed conclusions drawn after visual

examination of the SDS-PAGE except for sample 4 at 21 kDa

and sample 13 at 27 kDa, which were not statistically

marked as outliers. In addition extreme values were found

in the box plot diagram at 15 kDa for sample 6, at 35 kDa for

sample 4, at 48 kDa for sample 3, at 76 kDa for samples 6, 7,

9 and 10 and at 84 kDa for sample 7.
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3.2 CGE-on-the-chip

CGE-on-the-chip allows the analysis of a maximum of ten

samples on one single chip. As for SDS-PAGE the technical

variation of the system was investigated using two

independent samples. Average CVs of 5.96% (intra-chip)

and 11.14% (inter-chip) were calculated. The overall sizing

reproducibility was even better (CV of 0.53%, for details see

Supporting Information data). The very good inter-chip

reproducibility allows the comparison of the 13 mouse

serum samples even run on two different chips. A so called

‘‘gel-like’’ image allows the visualization of the raw data,

electropherograms (Fig. 2B), in a way comparable to well-

accepted SDS-PAGE images. As an internal Mr standard for

every single analysis, an upper and lower Mr marker protein

of defined concentration is added to the sample buffer to
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allow Mr determination independent of even small migra-

tion variations (this is in contrast to standard SDS-PAGE).

In case of the complex serum samples, an overlapping of the

signals of the Mr marker with some serum components was

observed (Fig. 2B) but the determination of the molecular

weights of the serum components was not interfered

because of sufficient intensity and therefore distinct peak

maximum of the upper marker. In total 17 distinct protein

signals between 5 and 80 kDa were found. At this point it

has to be mentioned that protein signals beyond 67 kDa,

clearly detected by SDS-PAGE, are in some cases hardly

detectable on the CGE-on-the-chip system as the signal of

the high-abundance protein at 67 kDa superimposes them.

In addition the high concentration of this protein influences

the migration behaviour of the low-abundance proteins in

the capillary resulting therefore in altered migration times

and sometimes co-migration of these proteins with the

internal calibrant at 95 kDa. To eliminate interpretation

uncertainties concerning peak number, peak shape or

resolution, all probably arising from irregular overloading

of the capillary system, dilution experiments with water

were performed with one exemplary sample. No significant

changes in peak pattern and relative peak intensities were

observed, leading to the conclusion that the sample amount

did not influence the overall CGE-on-the-chip analyses. At

first sight differences in the protein pattern were recognized

at approx. 12 kDa in samples 7 (abundant new protein was

detected) and 11 (Fig. 1B; arrow E), at 23 kDa (variations in

protein abundance) in sample 13 (Fig. 1B, arrow F), at

approx. 58 kDa in samples 4, 5, 10 and 13 (Fig. 1B; arrow G)

and at approx. 60 kDa in sample 4 (Fig. 1B; arrow H). The

overall peak pattern (Fig. 2B) showed one very intensive

peak at 67 kDa, one peak of medium intensity at 23 kDa and

15 peaks with at least an S/N of 3; 7 out of 17 protein peaks

were baseline separated compared with 13 out of 13 protein

bands on the SDS-PAGE after densitometry. Peaks were

Table 1. Summarized statistics of each selected protein band/peak of (a) SDS-PAGE and (b) CGE-on-the-chip

(a)

Retardation factor

(Rf) mean

Mr mean

(kDa)

Band volume

mean

Relative abundance

mean (%)

SD of relative

abundances (%)

CV (%)
Band

1 0.87 14 468 0.52 0.30 57

2 0.84 15 1264 1.4 0.28 20

3 0.73 21 492 0.58 0.23 41

4 0.64 27 7375 8.2 1.2 15

5 0.54 35 562 0.63 0.14 22

6 0.50 40 780 0.86 0.14 17

7 0.46 44 849 0.95 0.39 41

8 0.43 48 494 0.55 0.10 19

9 0.39 54 539 0.60 0.14 24

10 0.37 57 9808 11 1.5 14

11 0.33 65 61 022 67 3.4 5.0

12 0.27 76 5971 6.6 0.73 11

13 0.23 84 901 1.0 0.16 16

(b)

Peak Aligned migration

time mean (s)

Mr mean

(kDa)

Peak area

mean

Relative abundance

mean (%)

SD (%) CV (%)

1 19.7 6.3 6.0 0.36 0.090 25

2 20.8 8.5 0.7 0.041 0.010 24

3 22.1 12 1.3 0.076 0.061 80

4 22.5 13 2.7 0.16 0.14 84

5 24.4 17 6.5 0.39 0.057 14

6 26.2 21 2.0 0.12 0.053 44

7 26.9 23 60 3.6 0.54 15

8 28.7 27 5.0 0.30 0.071 23

9 30.9 34 2.2 0.14 0.017 12

10 31.4 36 2.2 0.13 0.014 10

11 33.2 41 1.7 0.10 0.014 14

12 34.3 45 1.1 0.065 0.021 33

13 35.5 49 1.4 0.082 0.019 23

14 36.1 51 9.6 0.58 0.054 9.4

15 37.3 55 1.7 0.10 0.013 12

16 38.0 58 2.6 0.16 0.090 57

17 40.1 67 1546 94 0.66 0.7
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manually integrated and the relative abundance of each peak

was calculated based on peak area versus the total area of all

17 peaks (Table 1b). Based on these calculations relative

abundances in the range of 0.04% to 94% were observed

(Table 1b) and the peaks could be classified into three

groups: one protein peak with 94%, one protein peak with

3.6% and 15 protein peaks below 1% relative abundance.

The variation of relative abundances was in the range

between 0.7 and 84%. CVs above 40% were observed for

peaks at Mr 12, 13, 21 and 58 kDa. The CV of 40% was

chosen because it represents obvious outliers in SDS-PAGE.

However on the gel-like image of the CGE-on-the-chip

system the signal at 21 kDa (CV 44%) seemed to be incon-

spicuous. Box plot diagrams (Fig. 2D) showed far away

extreme values at 12 and 13 kDa for sample 7 and one close

extreme value for sample 11 at 13 kDa confirming the first

findings. Interestingly the protein peak at 21 kDa with a CV

of 44% did not show extreme values in the box plot diagram

pointing out a possibly broader distribution of all individual

data. Actually individual data can be divided into two groups

according to their biological origin: group 1 containing

samples 1–6 (batch 1) and group 2 with samples 7–12 (batch

2). A highly significant variation was determined, estimated

by Student’s 2-tail test (t-test) for independent samples

(po0.001) and a 2.3-fold increase between batches 2 and 1.

Additionally a significant variation between batches 2 and 1

could be identified on the CGE-on-the-chip system for peak

7 at 23 kDa (1.1-fold increase, p 5 0.012). Relative abun-

dances of mouse sera grouped in batches 1 and 2 also

showed in SDS-PAGE for the bands at 21 kDa (1.8-fold,

p 5 0.02), 27 kDa (1.2-fold, p 5 0.0002), 57 kDa (1.3-fold,

p 5 0.001) and 65 kDa (1.1-fold, p 5 0.003) a significant

statistical variation between batches 2 and 1. On the basis of

these results in retrospect both methods showed slight

differences at 21 kDa between samples 1– 6 (batch 1) and

samples 7–12 (batch 2) (Fig. 1A and B).

For sample 13 one close extreme value at 23 kDa

confirmed the first result observed. Sample 4 showed one

far away extreme value at 58 kDa, three close extreme values

were found for samples 5, 10 and 13 at the same Mr. At

approx. 46 kDa a descending detector signal was observed in

all electropherograms dropping sometimes below the zero

line. This effect can be observed in the gel-like view as a

white region (Fig. 1B, arrows G and H). Nevertheless

significant peaks, as 51, 55 and 58 kDa, were found and

further interpreted. As an additional effect it was observed

that serum albumin (60% of the total protein content) tends

to give rise to an instrumental artefact also expressed by a

decreasing baseline negatively influencing the resolution in

the discussed mass range [25]. The close extreme values in

the box plot diagram for samples 5, 10 and 13 at 58 kDa can

be explained by very low protein concentrations and there-

fore very small peaks adjacent to that very abundant serum

albumin. Peak integration became difficult and maybe less

precise. Similar to the observation at the SDS-PAGE a very

low CV (0.7%) for the highest-abundant protein at 67 kDa

was observed.

Summarized, visible variations on the gel-like image

(CGE-on-the-chip) for protein peaks at 12 kDa for sample 7,

at 13 kDa for samples 7 and 11, at 23 kDa for sample 13 and

at 58 kDa for samples 4, 5, 10 and 13 were nicely corre-

sponding to extreme values in the box plot diagram. Addi-

tionally extreme values were found in box plot diagram at

8.5 kDa for sample 4, at 27 kDa for sample 7, at 34 kDa for

sample 3, at 5 kDa for sample 7, at 49 kDa for samples 2 and

4, at 55 kDa for sample 6 and at 67 kDa for sample 13.

3.3 Comparison of SDS-PAGE and CGE-on-the-chip

SDS-PAGE and CGE-on-the-chip are based on a similar

separation principle, but on different detection principles

resulting in different relative band/peak intensity patterns

[26]. Therefore it is important to mention that band/peak

numbers, their corresponding Mr and the signal/band

intensities obtained from SDS-PAGE and CGE-on-the-chip

are not directly comparable. Nevertheless both methods

were used to compare the specific protein peak pattern of 13

serum samples, which were then evaluated using box plot

diagrams reflecting therefore the total (biological and

technical) variation of the pre-screening experiment. But

from our data for serum samples we can conclude that the

technical variation of both systems, expressed by CVs for

sizing accuracy and relative peak intensities (CVso15%), is

far below those values considered to be alarming

(CV440%). Based on the two levels of extreme values,

close and far away extreme value generated in the box plot

analysis, mouse serum samples were divided into the

following groups: (i) far away extreme values: sample 7

(SDS-PAGE) and samples 4 and 7 (CGE-on-the-chip), (ii)

close extreme values: samples 1, 3, 4, 5, 6, 7, 9 and 10 (SDS-

PAGE) and 2, 3, 4, 5, 6, 7, 10, 11 and 13 (CGE-on-the-chip)

(Fig. 2C and D) and (iii) in conspicuous data: samples 2, 8,

11, 12 and 13 (SDS-PAGE) and, 8, 9 and 12 (CGE-on-the-

chip). In case of sample 13 initially recognized differences

on the gel and gel-like image were only seen in the box plot

diagram of CGE-on-the-chip (Fig. 2D). The value found for

sample 13 in SDS-PAGE was in fact the highest measured

value of all 13 samples, but still below the inner fence of

1.5� IQR. Based on the statistical evaluation for both

systems, 7 out of 13 samples were detected as extreme

values, whereupon 6 samples were marked as noticeable

with both analytical methods. Samples 4, 6 and 7 exhibited

more than one extreme value in SDS-PAGE and samples 4,

7 and 13 in the CGE-on-the-chip system. Sample 7 showed

the highest number of extreme values in both methods

(SDS-PAGE: 3; CGE-on-the-chip: 4). A rather poor sample

quality compared with the other serum samples can be

supposed for sample 7 justified by this cross-correlated

information. However such samples, showing several

extreme values, should not be eliminated in the pre-

screening process itself as they may represent part of a

significant biological population. Only the knowledge of

particular reasons (e.g. instrumental malfunction, technical
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reasons from pre-analytical steps and well-known artefacts

from sample preparation) would allow the deletion of these

data from the set. Otherwise, samples should be marked as

extremes but have to be still processed and reconsidered if

they would shift the subsequently obtained result to an

important biological or medical implication [24, 27]. In our

case we know from ongoing studies including mass

spectrometric protein identification after in-gel digestion

that far extreme values assigned to samples 4 and 7 may be

explained by haemolysis. Haemolysis can either be

explained by a sample preparation error that is readily

observed only if it exceeds a certain extent (sample turns

slightly reddish). So haemolysis can easily be overlooked as

the red colour is not always observable in yellowish samples

making a pre-screening, as we present within these data,

indispensible. On the other hand, haemolysis also arises

from certain diseases corroborating our approach not to

eliminate the affected samples on all accounts but to mark

them as peculiar.

In multi-component mixtures with a wide dynamic

range (e.g. high- and low-abundance proteins), the calcula-

tion of relative abundances of single bands or peaks gives

rise to systematic errors. Since relative abundances are

reliant on each other, a small change in the value of the very

abundant component shifts the values of other low-abun-

dant constituents to a great extent. Statistical data transfor-

mation (e.g. using square or cubic root or logarithmic

transformation) before calculating the relative abundance

based on the sum of all selected protein bands/peaks would

be an alternative handling of the original data (in this case

volume and area) avoiding overemphasis of a dominant

peak. Another possibility would be the simple multiplication

of original data of high-abundant proteins with an empirical

factor [28]. But an empirical factor is a critical issue to figure

out for biological samples as certain knowledge about the

material has to be available. Subtraction of the mean value

after data transformation (e.g. square root transformation)

would terminate the dependency of the data, but an exact

amount of sample applied to the analysis is indispensable

since fluctuating protein concentrations would result in

wrong extreme values and CVs. This can be achieved by

using exactly the same sample volume and the exact total

protein concentration. Besides these statistical problems one

has to consider that sample inherent protein signals are not

qualified for this kind of study because it requires an

unvaried protein composition. Typically used internal stan-

dards for quantification cannot be applied since a peak

overlap of sample and standard proteins occurs.

Comparing instrumental parameters and sample char-

acteristics the optimal absolute protein amount (18 mg total

protein) required for the CGE-on-the-chip system was only

half of the amount necessary for SDS-PAGE; sizing repro-

ducibility was much better for the capillary system but the

reproducibility for the relative peak abundances were

comparable. The absolute limit of detection is much lower,

but the sample amount cannot be further reduced, since too

much information concerning low-abundance proteins

might get lost (S/No3). On the other hand increasing

sample amount to gain more information on these

specific peaks has a bad influence on migration behaviour

(SDS-PAGE: forming of micelles during sample handling,

streaking and inhomogeneous conductivity across the gel;

CGE-on-the-chip: indistinct peaks for low and/or upper Mr

marker, baseline drift or late migration). A compromise

must be found for gathering maximum information and

technical drawbacks of the chosen system.

Time consumption for sample preparation itself,

manual peak assignment and data examination accounts for

both methods equally. All serum samples have to be

reduced and heated in a sample buffer system before

analysis and after analysis data have to be evaluated statis-

tically. The most obvious difference in time-consumption is

the analysis run time itself. For one chip, containing up to

ten samples, only 30 min including protein separation,

staining and detection are required. For 13 samples, two

chips were required resulting in 1 h total analysis time. The

protocol for SDS-PAGE, as it was used in this study,

consisted of protein separation (approx. 4 h), staining

(overnight) and scanning (15 min) procedure, resulting in a

total time of approx. 20 h without gel casting. Or 4.5 h taking

only the separation and scanning into account as staining

procedures can be significantly shortened (e.g. heat medi-

ated Coomassie staining). In the latter case all 13 samples

could be run at the same time. Fewer reagents for the CGE-

on-the-chip method compared with the SDS-PAGE protocol

were necessary and are beneficial in environmental terms.

4 Concluding remarks

Pre-screening of serum samples is essential prior to

complex proteomic analysis to achieve valuable biological

data. A good sample control has to be available particularly

for samples prone to technical artefacts like samples of body

fluids, pre-fractionated samples or samples with inherent

proteolytic activity. Having a fast and easy-to-handle

analytical method to evaluate the starting material estab-

lishes the possibility of delving into suspect samples. The

presented study shows that SDS-PAGE and CGE-on-the-

chip are both suitable pre-screening methods for serum

samples to identify possible outliers or samples that have to

be considered during the proceeding proteomics study

within a comprehensive sample pool and both are useful for

optimizing analytical strategies when conclusions have to be

drawn solely from protein pattern without any knowledge of

the separated proteins. Besides identical time consumption

for sample preparation and final data evaluation, the sample

requirement was only half for the CGE-on-the-chip system,

the technical variation in terms of sizing reproducibility was

much better and the absolute time needed for analysis was

considerably reduced in case of CGE-on-the-chip compared

with SDS-PAGE. Comparing serum samples based on the

obtained images, differences appear more clearly on SDS-

PAGE than on the gel-like image. Considering the statistical
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evaluation of the serum samples the CGE-on-the-chip

system is a faster and more stringent system (two samples

were marked as problematic) with a lower technical

variation than SDS-PAGE.
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Study design to estimate the technical variation of SDS-PAGE and CGE-on-

the-chip for mouse serum samples 

To evaluate the technical variation of SDS-PAGE and the CGE-on-the-chip system, 

mouse serum of two samples (sample 7 and 5 from mouse 7 and 5 respectively) was 

used. Sample preparation was done as described in the original article. After that 

both samples were applied three times on three different gels and three times on 

three different CGE chips. Gel staining and evaluation was performed as it is 

described in the original article. This also applies for the capillary system.  

Results and Discussion 

To estimate the technical variations of the analytical methods two representative 

mouse serum samples were chosen. Sample 7 is a candidate for the sample group 

showing at least one far extreme value in box plot analysis pointing out that this 

sample has to be considered a critical sample in terms of biological variation within 

the genetic mouse pool or serum preparation. Supplementary Table 1 shows the 

results for the intra-gel (three identical samples on one gel) and inter-gel (three 

identical samples on three different gels) analysis. CV values for the relative peak 

abundances of each peak vary between 1.3 and 12.06 % giving an average CV of 

6.72 % for the intra-gel analysis and 2.38 and 26.20 % resulting in an average CV of 

11.11 % for the inter-gel comparison. Supplementary Table 2 shows the results for 

the CGE-on-the-chip analysis for the same sample. Intra-chip reproducibility for 

relative peak abundances varies between 0.13 and 15.65 % (average 5.25 %) and 

inter-chip variation between 0.30 and 35.66 % (average 12.07 %). Supplementary 

Table 3 and 4 represent the same calculations for sample 5, a representative sample 

for the sample group giving close extreme values in box plot analysis. For the intra-



gel analysis the CVs range from 1.43 to 12.35 % (average 7.22 %) and the 

calculated CVs for inter-gel analysis vary between 3.95 and 36.20 % (average  

13.75 %). Better results were obtained for the CGE-on-the-chip system. Intra-chip 

variation ranges from 0.20 to 15.76 % (average 6.67 %) and inter-chip variation is 

represented by CVs between 0.25 and 20.34 % (average 10.21 %). 

For our pre-screening approach we pointed out that CV values for single 

bands/peaks above 40 % are an indication for particular variations. The technical 

variations of relative peak abundances are clearly below that critical value for the 

CGE-on-the-chip system. As we only compare only intra-gel runs in the presented 

study the CVs are also below that threshold.   

Additionally sizing reproducibility was calculated for SDS-PAGE and CGE-on-the-

chip to point out that peak assignment is not a critical issue. Supplementary Table 5 

and 6 sum up these data. Technical variation for sizing reproducibility turned out to 

be below 1 % and 3.3 % for intra-gel and inter-gel analysis respectively. For CGE-

on-the-chip technical variation was better, below 1 % and 1.5 % for intra-chip and 

inter-chip analysis. 



Supplementary Table 1: Summarised statistics of relative abundances for sample 
7.1. Results for the intra-gel and inter-gel comparison of each selected protein band 
of SDS-PAGE.  
 

intra-gel analysis 

Band 
Mr 

mean 
[kDa] 

Relative 
abundance 

mean 
[%] 

SD of relative 
abundances 

[%] 

CV 
[%] 

 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

 

 
14 
15 
21 
27 
35 
40 
44 
48 
54 
57 
65 
76 
84 

 

 
3.28 
1.58 
0.23 
9.44 
0.78 
1.41 
1.23 
1.14 
0.51 
13.50 
57.88 
7.88 
1.13 

 

 
0.14 
0.12 
0.03 
0.38 
0.05 
0.13 
0.14 
0.07 
0.04 
0.52 
0.76 
0.38 
0.08 

 

 
4.32 
7.40 

12.06 
4.05 
6.99 
9.23 

11.91 
5.97 
8.68 
3.74 
1.30 
4.71 
6.91 

 

inter-gel analysis 

Band 
Mr 

mean 
[kDa] 

Relative 
abundance 

mean 
[%] 

SD of relative 
abundances 

[%] 

CV 
[%] 

 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

 

 
14 
15 
21 
27 
35 
40 
44 
48 
54 
57 
65 
76 
84 

 

 
3.28 
1.58 
0.23 
9.44 
0.78 
1.41 
1.23 
1.14 
0.51 
13.50 
57.88 
7.88 
1.13 

 

 
0.21 
0.13 
0.05 
0.58 
0.06 
0.20 
0.32 
0.08 
0.08 
1.25 
1.38 
0.96 
0.08 

 

 
6.44 
8.14 

22.20 
6.09 
7.16 

14.03 
26.20 
6.93 

16.30 
9.27 
2.38 

12.12 
7.15 

 



Supplementary Table 2: Summarised statistics of relative abundances for sample 
7.1. Results for the intra-chip and inter-chip comparison of each selected protein 
peak of CGE-on-the-chip.  
 

intra-chip analysis 

Band 
Mr 

mean 
[kDa] 

Relative 
abundance 

mean 
[%] 

SD of relative 
abundances 

[%] 

CV 
[%] 

 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17  

 
6.3 
8.6 

11.8 
12.9 
17.3 
21.5 
23.3 
27.6 
34.2 
35.9 
41.5 
46.1 
49.3 
51.0 
55.1 
58.3 
67.8  

 
0.37 
0.05 
0.37 
0.62 
0.53 
0.05 
3.78 
0.42 
0.16 
0.15 
0.16 
0.06 
0.18 
0.69 
0.07 
0.33 
92.00  

 
0.02 
0.01 
0.01 
0.01 
0.02 
0.01 
0.06 
0.03 
0.01 
0.01 
0.01 
0.01 
0.01 
0.02 
0.00 
0.00 
0.12  

 
4.54 
11.25 
2.69 
2.34 
2.98 
12.53 
1.71 
6.13 
4.31 
3.53 
6.15 
15.65 
5.82 
2.63 
5.63 
1.25 
0.13 

  
inter-chip analysis 

Band 
Mr 

mean 
[kDa] 

Relative 
abundance 

mean 
[%] 

SD of relative 
abundances 

[%] 

CV 
[%] 

 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17  

 
6.3 
8.6 

11.8 
12.9 
17.3 
21.5 
23.3 
27.6 
34.2 
35.9 
41.5 
46.1 
49.3 
51.0 
55.1 
58.3 
67.8  

 
0.37
0.05
0.37
0.62
0.53
0.05
3.78
0.42
0.16
0.15
0.16
0.06
0.18
0.69
0.07
0.33

92.00 

 
0.03 
0.01 
0.02 
0.05 
0.02 
0.01 
0.09 
0.03 
0.01 
0.01 
0.03 
0.01 
0.01 
0.09 
0.02 
0.07 
0.27  

 
7.82 

15.19 
4.00 
7.30 
4.34 

19.52 
2.37 
6.26 
8.41 
9.99 

21.81 
20.22 

7.03 
13.44 
35.66 
21.57 

0.30 
  

 



Supplementary Table 3: Summarised statistics of relative abundances for sample 
5.1. Results for the intra-gel and inter-gel comparison of each selected protein band 
of SDS-PAGE.  
 

intra-gel analysis 

Band 
Mr 

mean 
[kDa] 

Relative 
abundance 

mean 
[%] 

SD of relative 
abundances 

[%] 

CV 
[%] 

 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

 

 
14 
15 
21 
27 
35 
40 
44 
48 
54 
57 
65 
76 
84 

 

 
0.80 
1.62 
0.46 
10.29 
0.83 
1.42 
1.72 
1.06 
0.58 
15.73 
54.99 
9.08 
1.42 

 

 
0.08 
0.14 
0.05 
0.62 
0.07 
0.10 
0.20 
0.07 
0.07 
0.60 
0.78 
0.36 
0.08 

 

 
10.29 
8.36 

11.09 
5.74 
8.81 
6.40 

11.96 
6.24 

12.35 
3.79 
1.43 
4.11 
5.55 

 

inter-gel analysis 

Band 
Mr 

mean 
[kDa] 

Relative 
abundance 

mean 
[%] 

SD of relative 
abundances 

[%] 

CV 
[%] 

 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

 

 
14 
15 
21 
27 
35 
40 
44 
48 
54 
57 
65 
76 
84 

 

 
0.80 
1.62 
0.46 
10.29 
0.83 
1.42 
1.72 
1.06 
0.58 
15.73 
54.99 
9.08 
1.42 

 

 
0.12 
0.33 
0.21 
1.01 
0.08 
0.18 
0.35 
0.09 
0.08 
1.08 
2.17 
1.03 
0.13 

 

 
15.47 
20.59 
46.63 
9.83 
8.95 

12.71 
20.44 
8.83 

14.66 
6.84 
3.95 

11.38 
8.97 

 



Supplementary Table 4: Summarised statistics of relative abundances for sample 
5.1. Results for the intra-chip and inter-chip comparison of each selected protein 
peak of CGE-on-the-chip.  
 

intra-chip analysis 

Band 
Mr 

mean 
[kDa] 

Relative 
abundance 

mean 
[%] 

SD of relative 
abundances 

[%] 

CV 
[%] 

 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17  

 
6.3 
8.6 

11.8 
12.9 
17.3 
21.5 
23.3 
27.6 
34.2 
35.9 
41.5 
46.1 
49.3 
51.0 
55.1 
58.3 
67.8  

 
0.43 
0.06 
0.10 
0.20 
0.61 
0.20 
4.17 
0.41 
0.18 
0.13 
0.16 
0.04 
0.14 
0.75 
0.16 
0.42 
91.83  

 
0.02 
0.01 
0.01 
0.01 
0.03 
0.01 
0.09 
0.04 
0.01 
0.01 
0.01 
0.01 
0.02 
0.02 
0.02 
0.02 
0.18  

 
4.46 
13.73 
9.33 
6.39 
4.71 
5.71 
2.11 
8.54 
5.03 
4.46 
5.44 
15.76 
11.68 
2.17 
8.37 
5.36 
0.20 

  
inter-chip analysis 

Band 
Mr 

mean 
[kDa] 

Relative 
abundance 

mean 
[%] 

SD of relative 
abundances 

[%] 

CV 
[%] 

 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17  

 
6.3 
8.6 

11.8 
12.9 
17.3 
21.5 
23.3 
27.6 
34.2 
35.9 
41.5 
46.1 
49.3 
51.0 
55.1 
58.3 
67.8  

 
0.43 
0.06 
0.10 
0.20 
0.61 
0.20 
4.17 
0.41 
0.18 
0.13 
0.16 
0.04 
0.14 
0.75 
0.16 
0.42 

91.83  

 
0.03 
0.01 
0.01 
0.02 
0.04 
0.02 
0.11 
0.03 
0.01 
0.02 
0.01 
0.01 
0.02 
0.05 
0.03 
0.05 
0.23  

 
6.98 

19.59 
11.56 
11.68 
6.61 
8.67 
2.52 
7.91 
7.27 

16.78 
6.93 

20.34 
11.37 
6.49 

17.30 
11.37 
0.25 

  
 



Supplementary Table 5: Summarised sizing statistics for sample 7.1 and 5.1. 
Results for the intra-gel and inter-gel comparison of each selected protein band of 
SDS-PAGE.  
 

 intra-gel analysis for sample 7.1 intra-gel analysis for sample 5.1 

Band Mr mean  
[kDa] 

SD of Mr 
[kDa] 

CV 
[%] 

Mr mean  
[kDa] 

SD of Mr 
[kDa] 

CV 
[%] 

 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

 

 
14.3 
15.2 
20.7 
25.3 
33.8 
39.0 
43.7 
47.3 
54.4 
57.9 
64.8 
76.8 
84.6 

 

 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.4 
0.3 
0.5 
0.5 
0.4 
0.2 

 
0.4 
0.4 
0.4 
0.4 
0.2 
0.3 
0.3 
0.4 
0.3 
0.5 
0.5 
0.2 
0.2 

 
14.4 
15.3 
20.7 
25.4 
33.9 
39.0 
43.7 
47.3 
54.6 
57.8 
65.2 
77.1 
85.0 

 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.2 
0.1 
0.1 
0.2 
0.2 
0.2 
0.2 

 
0.5 
0.7 
0.6 
0.4 
0.3 
0.3 
0.4 
0.3 
0.2 
0.3 
0.3 
0.2 
0.2 

 

 inter-gel analysis for sample 7.1 intra-gel analysis for sample 5.1 

Band Mr mean  
[kDa] 

SD of Mr 
[kDa] 

CV 
[%] 

Mr mean  
[kDa] 

SD of Mr 
[kDa] 

CV 
[%] 

 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

 

 
14.3 
15.2 
20.7 
25.3 
33.8 
39.0 
43.7 
47.3 
54.4 
57.9 
64.8 
76.8 
84.6 

 

 
0.32 
0.34 
0.40 
0.31 
0.32 
0.36 
0.39 
0.45 
0.55 
0.69 
0.75 
0.94 
1.58 

 

 
2.2 
2.2 
1.9 
1.2 
1.0 
0.9 
0.9 
1.0 
1.0 
1.2 
1.2 
1.2 
1.9 

 
14.4 
15.3 
20.7 
25.4 
33.9 
39.0 
43.7 
47.3 
54.6 
57.8 
65.2 
77.1 
85.0 

 

 
0.4 
0.5 
0.3 
0.4 
0.3 
0.4 
0.4 
0.5 
0.5 
0.6 
0.9 
1.3 
2.2 

 

 
3.0 
3.2 
1.6 
1.4 
0.9 
0.9 
0.9 
1.0 
0.9 
1.1 
1.3 
1.6 
2.5 

 



Supplementary Table 6: Summarised sizing statistics for sample 7.1 and 5.1. 
Results for the intra-chip and inter-chip comparison of each selected protein peak of 
CGE-on-the-chip.  
 

 intra-chip analysis for sample 7.1 intra-chip analysis for sample 5.1 

Band Mr mean  
[kDa] 

SD of Mr 
[kDa] 

CV 
[%] 

Mr mean  
[kDa] 

SD of Mr 
[kDa] 

CV 
[%] 

 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

  

 
6.3 
8.5 

11.7 
12.8 
17.2 
21.5 
23.2 
27.5 
34.0 
35.7 
41.4 
46.6 
48.9 
50.6 
54.9 
58.0 
67.5  

 
0.0 
0.0 
0.0 
0.1 
0.0 
0.0 
0.1 
0.1 
0.0 
0.1 
0.1 
0.4 
0.1 
0.0 
0.0 
0.1 
0.1  

 
0.3 
0.0 
0.3 
0.4 
0.2 
0.2 
0.2 
0.2 
0.1 
0.2 
0.2 
0.9 
0.1 
0.1 
0.1 
0.2 
0.1  

 
6.3 
8.6 
11.8 
12.9 
17.3 
21.5 
23.3 
27.6 
34.2 
35.9 
41.5 
46.1 
49.3 
51.0 
55.1 
58.3 
67.8  

 
0.0 
0.1 
0.0 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.2 
0.1 
0.1 
0.1 
0.1  

 
0.6 
0.8 
0.3 
0.7 
0.3 
0.3 
0.4 
0.3 
0.4 
0.3 
0.2 
0.3 
0.4 
0.2 
0.2 
0.2 
0.2  

 inter-chip analysis for sample 7.1 intra-chip analysis for sample 5.1 

Band Mr mean  
[kDa] 

SD of Mr 
[kDa] 

CV 
[%] 

Mr mean  
[kDa] 

SD of Mr 
[kDa] 

CV 
[%] 

 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

  

 
6.3 
8.5 
11.7 
12.8 
17.2 
21.5 
23.2 
27.5 
34.0 
35.7 
41.4 
46.6 
48.9 
50.6 
54.9 
58.0 
67.5  

 
0.0 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.2 
0.1 
0.3 
0.7 
0.2 
0.2 
0.1 
0.1 
0.1  

 
0.5 
1.0 
0.7 
0.7 
0.5 
0.6 
0.5 
0.3 
0.5 
0.4 
0.7 
1.4 
0.5 
0.4 
0.3 
0.2 
0.1  

 
6.3 
8.6 
11.8 
12.9 
17.3 
21.5 
23.3 
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