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To my parents.  

“Unless you expect the unexpected you will 
never find it, as it is hard to discover and hard 
to attain.” 
 
Heraclitus 
 



 

Summary 

Proteomics is the global analysis of proteins that covers a broad range of 
technologies aimed at determining the identity and quantity of proteins ex-
pressed in the cell, their three-dimensional structure and interaction partners. 
In contrast to genome, proteome reflects more accurately on the dynamic 
state of the cell, tissue, or an organism. Therefore much is expected from 
proteomics to yield better disease markers for early diagnosis and therapy 
monitoring, as well as biomarkers that would indicate environmental expo-
sure or provide prediction of biological age. 

 In this thesis, I have developed and applied robust and sensitive subpro-
teomic approaches to study the effect of aging as well as and environmental 
pollution using different animal models.  

In the first part, a high-throughput proteomic method based on liquid 
chromatography coupled to 2-dimensional gel electrophoresis (LC/2-DE) 
was developed. The usefulness of this method has been demonstrated by 
applying it to the assessment of marine pollution in a field experiment.  

Next, I have utilized this subproteomic approach to study the effect of ag-
ing in mouse kidney of both genders. As a result, a protein expression signa-
ture (PES) of aging kidney was obtained, revealing gender-dependent altera-
tions in proteome profiles of aging mouse kidney. 

In order to further reduce the dynamic range of protein expression and in-
crease the sensitivity of proteomic analysis, I have applied a shotgun mass 
spectrometry-based proteomic approach using isobaric tags for relative and 
absolute quantification (iTRAQ) coupled to liquid chromatography and tan-
dem mass spectrometry (LC-MS/MS) to study age-related differences in 
peroxisome-enriched fractions from mouse liver. Only eight proteins 
showed statistically significant difference in expression (p<0.05) with mod-
erate folds. This study indicates that age-depended changes in the liver pro-
teome are minimal, suggesting that its proteome is efficiently maintained 
until certain age. 

Finally, in the context of aging studies and the role of peroxisomes in ag-
ing, I have tested the utility of cell-penetrating peptides (CPPs) as agents for 
protein delivery into acatalasemic peroxisomes using yeast as a model. The 
results obtained suggest that CPPs may be suitable for the delivery of antiox-
idants to peroxisomes and in future could provide a tool for the protein ther-
apy of age-related diseases. 



 

Svensk sammanfattning 

Proteomik är storskaliga studier av proteiner, och beskriver ofta en ögon-
blicksbild av vilka proteiner som uttrycks under vissa förhållanden och till 
vilka nivåer de uttrycks, men även proteinernas funktioner, tredimensionella 
strukturer och interaktionspartner. I motsats till genomet ger proteomet en 
mer dynamisk bild av tillståndet i en cell, vävnad eller organism. Därför är 
förväntningarna höga på att proteomik ska ge bättre sjukdomsmarkörer för 
användning i tidig diagnosticering samt terapiövervakning. Man hoppas 
också hitta biomarkörer för att kunna övervaka miljöföroreningar och be-
stämma den biologiska åldern på vävnader avsedda för transplantation. 

 I den här avhandlingen har jag utvecklat och använt robusta och känsliga 
subproteomiska tekniker för att studera effekterna av åldrande och 
miljöföroreningar på olika djurmodeller. 

Till att börja med utvecklades en metod anpassad för hög genomströmn-
ing av prover, baserad på vätskekromatografi kopplad till gelelektrofores i 
två dimensioner (LC/2-DE).  Metodens användbarhet demonstrerades ge-
nom bedömningar av föroreningar i marin miljö. 

 Därefter använde jag denna subproteomiska metod för att studera 
effekten av åldrande på njurarna hos möss av båda könen. Detta resulterade i 
proteinuttryckssignaturer (protein expression signatures, PES) som tydligt 
visade könsberoende, åldersrelaterade förändringar av njurproteomet hos 
möss. 

Jag studerade även hur levern hos möss påverkas av åldrande. För att yt-
terligare förenkla analysen och reducera provernas komplexitet fraktion-
erades vävnaden och anrikades på peroxisomer. Därefter användes en myck-
et känslig mass-spektrofotometri-baserad metod, “isobaric tags for relative 
and absolute quantification” (iTRAQ), där isobariska etikettmolekyler anvä-
nds för absolut och relativ kvantifiering av proteiner med hjälp av LC-
MS/MS. Endast åtta proteiner uppvisade statistiskt signifikanta skillnader i 
uttrycksnivå (p < 0,05), och skillnaderna var måttliga. Studien indikerar att 
leverproteomet hos möss inte uppvisar några större förändringar upp tll en 
viss ålder, vilket  tyder på att proteomet effektivt upprätthålls åtminstone 
upp till denna ålder. 

 Peroxisomer anses vara av vikt i åldrandeprocessen. I sken av detta un-
dersökte jag också huruvida cellpenetrerande peptider (CPPer) kan användas 
för att leverera proteiner till akatalasemiska peroxisomer i jästceller. Resul-



 

taten från studien tyder på att CPPer kan användas för att föra in antioxidan-
ter i peroxisomer, vilket gör dem till goda kandidater för användning inom 
proteinterapi mot åldersrelaterade sjukdomar. 
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Introduction 

1. Proteomes and proteomics 
Right after the human genome was decoded, scientists found themselves in 
the “post-genomic era”, where the name of the game was proteomics.  

The fact the size of human genome turned out to be about 75% smaller 
than it has been anticipated before its sequencing was completed and is near-
ly as big as the genomes of roundworm and fruit fly was somewhat disap-
pointing and raised many questions in the scientific community1. The big 
question was: how do we manage to be so complex? And fairly soon it be-
came evident: proteins – not genes – are responsible for an organism’s com-
plexity. Due to the process of alternative splicing, human cells can produce 
several different proteins from the same gene, which makes a proteome 
much more complex than the genome. Additionally, a single DNA sequence 
can encode multiple proteins due to the variation in translation of “start” and 
“stop” sites, as well as due to the translational frameshifting. Moreover, pro-
teins undergo a wide range of post-translational modifications (PTMs) that 
can profoundly affect their function; some proteins form transient or perma-
nent complexes with other proteins, RNA or DNA molecules, and function 
only in the presence of their partners. Hence, it became increasingly clear 
that no simple correlation exists between the expression levels of genes and 
proteins.  

The comparisons of mRNA to protein abundances also resulted in a poor 
correlation between mRNA and protein levels2; 3. This finding led to a con-
clusion that transcript levels as measured by microarrays and PCR-based 
methods do not provide comprehensive information on the proteome. While 
DNA only represents the plans of a cell, mRNA works as a messenger that 
sends pieces of information from one place to another, proteins are the 
“functional horses” of a cell, and it is of a great importance to study them 
directly. 

The word “proteome” was introduced by Mark Wilkins at the symposium 
"2D Electrophoresis: from protein maps to genomes" in Siena, Italy in 1994 
and subsequently published in his PhD thesis in 1995. Wilkins used proteo-
me to describe the entire complement of proteins expressed in a cell, tissue 
or organism4. More generally, the term proteome can be defined as the pro-
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tein equivalent of the genome. However, compared to the static nature of a 
genome, a proteome is highly dynamic and continuingly changes in response 
to internal and external stimuli. The word “proteomics” derived from “prote-
ome” has been defined as “the use of quantitative protein-level measure-
ments of gene expression to characterize biological processes (e.g., disease 
processes and drug effects) and decipher the mechanisms of gene expression 
control”5. However, with the rapid development of key proteomic technolo-
gies, the scope of proteomics became much broader and at the moment also 
covers study of protein subcellular localization, turnover rates, post-
translational modifications and protein-protein interactions.  

 

2. Proteomic technologies 
Current proteomic techniques can be categorized into two classes: 1) gel-
based proteomic approaches, which include separation of proteins by 2-
dimensional gel electrophoresis (2-DE) followed by mass spectrometry (MS) 
analysis; 2) MS-based or gel-free proteomics, which includes various isotop-
ic labeling strategies for quantitative proteomic analysis as well as label-free 
approaches. 

In the following subchapters I will introduce major proteomic technolo-
gies, focusing on their advantages and disadvantages as well as their poten-
tial role in the field of protein biomarker discovery and development. 

2.1 Gel-based proteomic approach 

2.1.1 Two-dimensional gel electrophoresis 
The development of 2-DE is commonly associated with the birth of prote-
omics – it is at the heart of proteomic research. 2-DE separates proteins in 
two steps, according to their two independent properties: the first dimension 
is isoelectric focusing (IEF), in which proteins are separated according to 
their isoelectric points (pI), that is until they reach a stationary position 
where their net charge is zero; the second dimension is sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE), which separates pro-
teins according to their molecular mass. The high-resolution of 2-DE results 
from the fact that first and second separations are based on two independent 
protein parameters. 

The combination of these two orthogonal separation techniques in 2-DE 
resolves proteins into spots (each spot being a protein isoform with specific 
pI and MW as its coordinates), and this map of protein spots can be consid-
ered as the “protein fingerprint” of that sample (Figure 1). Two such finger-
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prints from different cellular states can be compared to each other in order to 
identify proteins of relevance to that particular state or phenotype. 

 
Figure 1. Two-dimensional protein map of mouse kidney subproteome. Approxi-
mately 300 µg of protein was separated first by isoelectric focusing on 11 cm pI 5-8 
linear gradient strips, followed by 12.5% SDS-PAGE in the second dimension and 
staining with colloidal Coomassie Blue (CCB) G-250. 

Historically the 2-DE method was proposed back in 1970 by Kenrik and 
Margolis6, who combined native IEF with pore gradient SDS-PAGE to sepa-
rate serum proteins. 2-DE with denaturing IEF, similar to the method we use 
nowadays, was introduced five years later in three independent publications 
by O’Farell7, Klose8 and Scheele9. The system described by O’Farell was 
based on synthetic carrier ampholytes (CA), low molecular mass synthetic 
compounds that are able to migrate electrophoretically to their pI values, 
providing high buffering capacity and good conductivity, that were utilized 
to create a pH gradient in a tube gel system. Using this technique, 1100 pro-
tein components from Escherichia coli were resolved on a 2-DE gel7. Alt-
hough initially successful, in that form 2-DE appeared to be highly irrepro-
ducible both within and between laboratories, due to the pH gradient insta-
bility and batch-to-batch CA variability. 

In 1982 the world of proteomics was revolutionized by the introduction of 
immobilized pH gradients (IPGs)10, which standardized the first dimension 
separation procedures. The IPGs are based on the principle that pH gradient 
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is generated by a limited number (6-8) of well-defined chemicals (the “im-
mobilines”), which are co-polymerized with an acrylamide matrix. The in-
troduction of IPGs was followed by subsequent optimization of various steps 
in the 2-DE protocol11; 12; 13; 14, which brought superior resolution, reproduci-
bility and loading capacity to the method. Nowadays IPG gels have become 
a method of choice for IEF, as they do not suffer from cathodic drift and 
focus proteins to equilibrium, thus providing very high reproducibility. In 
addition, IPGs allow the generation of pH gradients of any desired range 
(broad, narrow or ultra-narrow) between pH 3 and 12. Narrow-range IPG 
strips have higher protein loading capacity and provide higher resolution 
power, enabling visualization of low-abundant proteins. The reproducibility 
of 2-DE has been further improved after the development of two-color fluo-
rescent based labeling systems, which allows parallel comparison of two 
samples within one gel15. However, the biggest impact on 2-DE occurred 
when it became possible to analyze spots of interest coming from 2-D gel by 
means of peptide mass fingerprinting16; 17; 18. 

As 2-DE is the oldest proteomic technique, all its strengths and limita-
tions are very well-known; therefore by combining this knowledge, nowa-
days one can make the best use of 2-DE gel-based proteomic approaches19. 
One of the main advantages of 2-DE methodology is its robustness, which 
has been thoroughly tested20, in intra- as well as inter-laboratory compari-
sons21; 22; 23. Another strength of 2-D gels is their parallelism, which means 
that several biological replicates are usually run in parallel. This leads to 
increased statistical confidence of the analysis, and provides opportunity to 
perform multiple comparisons, which is not always possible in gel-free MS-
based approaches. Another advantage of the 2-DE-based proteomic approach 
is its unique ability to analyze complete proteins at high resolution, including 
all their modifications.  

The main drawbacks of modern 2-DE remain to be its low efficiency in 
the analysis of hydrophobic proteins and those with too low and too high 
molecular mass, as well as its high sensitivity to the dynamic range (detec-
tion of non-abundant proteins). Summing up all the listed advantages and 
limitations of gel-based approaches, it becomes evident that the 2-DE meth-
odology can provide reliable analysis, but the complexity of the sample has 
to be optimized. It has been suggested and exemplified in a number of stud-
ies that the best way to use a 2-D gel-based approach is either to focus on 
one or few particular proteins24, or to reduce the complexity of the sample. 
The last can be achieved by applying various pre-fractionation methods that 
allow for the enrichment of low-abundant proteins (a strategy that we have 
applied in papers I and II), or by isolating and focusing on the proteome of a 
particular organelle (paper III) 

In fact, over the last few years most developmental efforts have been fo-
cused on the alternative to 2-DE, mass spectrometry-based gel-free ap-
proaches25. However it is evident that they are not likely to replace gel-based 
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proteomic methods, but rather will be complementary. 2-DE in combination 
with MS still remains the most popular and versatile procedure for proteome 
analysis, including biomarker discovery studies. 

2.1.2 Protein visualization technologies for gel-based proteome analysis 
In order to visualize proteins on 2-DE gels different staining procedures can 
be applied depending on the sensitivity desired, the levels of expression of 
the proteins of interest and compatibility with mass spectrometry. Generally 
protein detection and quantitation methods for gel-based proteomics can be 
classified into three major categories: 1) universal detection techniques, in-
cluding staining with anionic dyes, e.g. Coomassie Brilliant Blue (CBB), 
silver staining, fluorescent staining, as well as incorporation of radioactive 
isotopes followed by autoradiography; 2) specific staining methods for de-
tection of PTMs, such as phosphorylation and glycosylation; 3) differential 
display techniques for the separation of multiple covalently tagged samples 
in a single 2-DE gel, flowed by the consecutive and independent visualiza-
tion of those proteins. 

The most important requirements for the protein detection methods used 
in proteomic analysis include high sensitivity (low detection limit), wide 
linear dynamic range for quantitative accuracy, reproducibility, cost effi-
ciency, ease to use and compatibility with downstream applications such as 
MS. Unfortunately none of the methods meets all these requirements, albeit 
fluorescent staining is most favored for many applications. Radioactive la-
beling gives satisfying results in relation to its high sensitivity and reproduc-
ibility, however it is not very practical for routine applications due to high 
costs in addition to the health and safety concerns.  

In this thesis (Papers I and II) we have used colloidal Coomassie Blue 
(CCB) G-250 staining, which allows detection down to 10 ng of protein per 
spot (in contrast to the detection limit of “classical” CBB R-250 which is in 
range of 100 ng of protein per spot). Moreover, CCB stains have progressive 
end-points, making them more reproducible and suitable for protein quanti-
tation. This is in contrast to silver staining methods, which are by one to two 
orders of magnitude more sensitive (detecting down to 0,1 ng of protein per 
spot), but do not have clear end-point of staining procedure which makes 
them less suitable for quantitation studies. In addition, CCB is highly favor-
able for downstream protein identification by MALDI-MS, whereas the most 
sensitive silver staining (alkaline-based) is MS-incompatible due to the 
cross-links formation between proteins and aldehydes. 

 

2.1.3 Image analysis of 2-DE gels 
Software-based image analysis is a crucial step in the biological interpreta-
tion and overall success of 2-DE experiments. Recent significant advances in 
image processing methods combined with powerful computational hardware 
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enabled routine analysis of large-scale experiments. Currently there is a 
number of commercially available software products that provide powerful 
tools for 2-DE gel image analysis26. In our research we routinely use the 
ImageMaster2D Platinum platform (GE Healthcare, Sweden). 

Image analysis includes the following subsequent steps: 1) image acquisi-
tion (using scanner, e.g. LabScan in our case); 2) protein spot detection 
and quantification (preceded by background subtraction); 3) spot matching 
within and between sets of samples; 4) determination of spots differing sig-
nificantly in protein abundance; 5) statistical analysis and data interpretation. 
Spot matching between gels is performed automatically and is based on a 
pattern recognition algorithm, which is described in detail elsewhere27. Effi-
cient analysis of protein expression should rely on automatic image pro-
cessing by the software, involving a minimum of manual intervention. 

There are several factors that have to be taken into account when image 
analysis is performed26. First of all, special attention should be paid to the 
spot detection procedure, as due to ambiguities in the gel images (merged 
spots, weak spots, noise) automated spot detection can be a heuristic process 
only in some areas. In such cases some manual editing, such as spot split-
ting, merging or removing, may be necessary. From our experience, due to 
slight differences in staining, the detection parameters have to be adjusted 
for each gel independently, aiming at a similar number of spots detected for 
all gels within the experiment.  

Second, accurate quantification of spots is highly dependent on the cali-
bration of the pixel intensity in the digitized image. In order to mitigate sys-
tematic variation between images that may occur due to minor differences in 
protein loading, staining efficiency, calibration of the imaging device must 
be performed. Alternatively, some software packages (e.g. ImageMaster) 
perform normalization of spot quantities, where for every spot the proportion 
between the raw spot volume and the total quantity from all the spots on the 
gel is computed. With this procedure, errors due to the differences in protein 
loads, staining time or scanner exposure time, can be compensated. 

Third, attention must be paid when the master image for the matching 
process is selected. From our experience, it should not be the gel with the 
best resolution and the largest number of spots, but rather “an average” im-
age. In this way, higher percentage of accurate matching is generally ob-
tained, additionally aided by the possibility to add “artificial” spots to the 
master image to further improve the matching procedure, if there are any 
spots missing. 

Finally, careful experimental design is crucial for 2-DE experiments, as it 
will provide the user with the possibility to get the most out of the image 
analysis (e.g. different matching sets can be designed depending on what 
kind of biological question needs to be answered). 
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2.2. Mass spectrometry-based proteomics 
2.2.1 Mass spectrometry principles and instrumentation 
The ability to identify proteins and to determine their structure has always 
been central to life sciences. Traditionally, proteins have been identified by 
the de novo sequencing, most frequently by the automated, stepwise chemi-
cal degradation of polypeptides from the N-terminus to the C-terminus (Ed-
man degradation)28.  These partial sequences were used to assemble the 
complete protein sequences from overlapping fragments. However Edman 
sequencing method has several severe limitations: it is time-consuming, not 
scalable to high-throughput, and may fail if the N-terminus of a protein is 
modified or the access to it is hindered for some reason29. Hence, by the mid-
90s, the Edman degradation method was essentially replaced by the variety 
of mass spectrometry-based strategies for determining the amino acid se-
quences of polypeptides. 

Mass spectrometric measurements are carried out in the gas phase on ion-
ized analytes. The generation of intact gas-phase ions is in general more 
difficult for higher molecular mass molecules. Proteins and peptides are 
polar, non-volatile and thermally unstable species that require ionization 
techniques that transfer an analyte into the gas phase without extensive deg-
radation.  

The breakthrough in the MS of proteins and peptides came in the late 
1980s with the introduction of two ionization techniques: matrix-assisted 
laser desorption/ionization (MALDI)30 and electrospray ionization (ESI)31. 
The advantage of these two soft ionization methods is that intact gas-phase 
ions are efficiently created from large biomolecules with minimum fragmen-
tation. These two methods are distinguishable by the way of ionizing ana-
lytes and sample preparation procedure. MALDI sublimates and ionizes 
samples out of the dry, crystalline matrix via laser pulses, although the exact 
mechanism of MALDI process is not completely elucidated32. MALDI-
generated ions are almost exclusively singly charged, which makes this ioni-
zation technique particularly applicable to top-down analysis of high molec-
ular mass proteins with pulsed analysis instruments. MALDI is widely used 
in proteomic research as it is characterized by easy sample preparation and 
has relatively large tolerance to contamination by salts, detergents and buff-
ers33.  However this technique has some limitations, such as low shot-to-shot 
reproducibility, and strong dependence on the sample preparation protocol34. 

Unlike MALDI, the ESI source produces ions from solution and can 
therefore be easily coupled to liquid-based (e.g. chromatographic) separation 
tools. Liquid containing the analyte is pumped at low flow rates through a 
hypodermic needle at high voltage, which results in the formation of small, 
micrometer-sized (or nanometer-sized in case of nanoelectrospray) mono-
disperse highly charged droplets. The ionization takes place at atmospheric 
pressure and therefore very gentle (without fragmentation of analyte ions in 
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gas phase). In contrast to MALDI, ESI produces a distribution of multiply 
charged ions in various charge states.  

By definition, a mass spectrometer consists of the following parts: 1) an 
ion source; 2) a mass analyzer that measures mass-to-charge ratio (m/z) of 
the ionized analytes; 3) a detector that records the number of ions at each 
m/z value. The mass analyzer is, literally and figuratively, central to the 
technology. In the context of proteomics its key parameters are sensitivity, 
resolution, mass accuracy and the ability to generate information-rich ion 
mass spectra from peptide fragments35; 36; 37. There are four basic types of 
mass analyzers used in proteomic research: time-of-flight (TOF), ion trap 
(IT), quadrupole and Fourier transform ion cyclotron (FT-MS). They differ 
in design and performance; each has its advantages and limitations. Several 
different analyzers can be combined in sequence forming so called hybrid 
instruments in order to increase the versatility and allow multiple experi-
ments to be performed. For instance, in paper III we have used hybrid quad-
rupole time-of-flight mass spectrometer. 

In TOF analyzers the m/z ratio is determined by measuring the time that 
an ion takes to fly a field-free region in a flight tube between the source and 
the detector. MALDI is usually coupled to TOF analyzers that measure the 
mass of intact peptides, and those masses are matched to the theoretical pep-
tide masses generated from a sequence database. Identification of proteins 
obtained in this way is known as peptide mass fingerprinting (PMF), or pep-
tide mapping16; 17; 18. As peptide mapping requires essentially purified target 
proteins, MALDI-TOF is often used in conjunction with prior protein pre-
fractionation using 1- or 2-DE, followed by the excision of protein spots and 
in-gel digestion by proteolytic enzyme (as we used in paper II).  

2.2.2 Quantitative proteomics using mass spectrometry 
While most of the initial efforts of proteomics were focused on protein iden-
tification, recent developments in the field of MS-based technologies pro-
vided useful platforms for the study of quantitative changes in protein com-
ponents within the cell. However, originally MS is not a quantitative meth-
od, as the absolute signal intensity of a peptide ion measured in the MS run 
does not necessarily reflect the abundance of the peptide present in the ana-
lyzed sample. This is due to the variability in peptide ionization by ESI or 
MALDI, and the influence of other ions in the sample on the measured ion 
intensity. Therefore in order to normalize quantitative variations between 
MS measurements, a reliable internal standard is needed. The best internal 
standard for a peptide would be a peptide of identical sequence but labeled 
with different stable isotopes, therefore several MS-based quantitative prote-
omic technologies via incorporation of stable isotopes in vitro and in vivo 
have been developed. These mass stags can be introduced into proteins or 
peptides in a number of ways: 1) metabolically (SILAC); 2) chemically 
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(ICAT, iTRAQ); 3) enzymatically (C-terminal labeling using 18O-labeled 
water) (Figure 2). 

 
Figure 2. Schematic representation of methods for stable-isotope labeling used in 
quantitative proteomics (adapted from36). 

 
In the sections below I will briefly outline the most common mass-

spectrometry-based approaches that are used nowadays for quantitative pro-
teomic analysis. Obviously, each approach has its strong as well as weak 
points, and I will highlight those. 

 

2.2.3 In vitro stable isotope labeling via chemical reactions (ICAT and 
iTRAQ) 

Isotope-coded affinity tags 
The isotope-coded affinity tag (ICAT) approach has been pioneered by 
Aebershold and co-workers.38 This method uses a protein tag with three 
functional moieties: a thiol-specific reactive group that specifically reacts 
with cysteinyl thiols, a linker that incorporates stable isotopes  (1H/2H or 
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12C/13C), and a biotin affinity tag allowing for affinity purification. In ICAT 
experiments cysteine side chains in complex mixtures of proteins from two 
different cell states are reduced and alkylated using d0-labeled tag for the 
proteins in one state and d8-tag for the protein in another state. After label-
ing, the two samples are combined and subjected to proteolysis, followed by 
the isolation of biotinylated peptides using avidine affinity capture. The elut-
ed labeled peptides are then fractionated by multidimensional chromatog-
raphy and quantitatively analyzed by MS. Ion intensity ratios between heavy 
and light forms of specific peptide provide information regarding peptides 
relative abundance. 

The ICAT quantitative proteomic approach offers several advantages over 
2-D gel-based proteomics, but also has many disadvantages. One of the ma-
jor advantages of ICAT technology is that it enables the analysis of groups 
of proteins that are poorly tractable by 2D-gels (membrane proteins, highly 
acidic or basic proteins, low abundant proteins, high molecular mass pro-
teins). Second, tagging and selective enrichment of cysteine-containing pro-
teins dramatically reduces the complexity of the analyzed peptide mixture, 
enabling identification and quantitation of non-abundant proteins from com-
plex samples, which are not readily detected by a 2-D gel-based approach. 
However this also means that proteins that do not contain a cysteine, will not 
be detected with ICAT (it has been estimated that the percentage of the pro-
teins lacking cysteine residues in some species can be as high as 20%39). 
Moreover, whereas utilization of biotin affinity tags significantly reduces the 
complexity of the peptide mixture, it introduces potential challenges includ-
ing non-specific and irreversible binding, or low capacity.  

Finally, in contrast to 2D gel-based approaches, the ICAT method cannot 
provide information regarding PTMs of labeled proteins, as the majority of 
post-translationally modified peptides are discarded at the affinity purifica-
tion step. Nevertheless, the ICAT strategy has been implemented in a num-
ber of studies for the identification and quantitation of oxidative PTMs of 
cysteine thiols40; 41. 

Amine-reactive isobaric tags for multiplexed protein quantitation 
Peptide labeling with amine-reactive isobaric tags such as TMT42 (tandem 
affinity tags) and iTRAQ43 (isobaric tags for relative and absolute quantia-
tion) are widely used in quantitative proteomics. These isobaric compounds 
are synthesized with heavy or light isotopes to obtain the same total mass but 
give a rise to reporter-ions with different masses in the MS/MS mode, ena-
bling protein quantitation. The introduction of isobaric mass tagging tech-
niques was a major breakthrough in quantitative proteomics, as this strategy 
allows for accurate and precise relative quantitation of multiple samples 
simultaneously44. 

 The iTRAQ method (that we have utilized in paper III) is based on the 
differential covalent labeling of peptides from proteolytic digests with one of 
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four/eight commercially available iTRAQ reagents (Figure 3), resulting in 
incorporation of 145.1 Da to the peptide N-termini and lysine side chains. 
The labeled peptides from different samples are then mixed, separated by 
multidimensional LC and subjected to the analysis by MS/MS. Upon colli-
sion-induced dissociation (CID), the iTRAQ-labeled peptides release report-
er ions that are used to identify and quantify individual samples from the 
multiplex set. Absolute quantification of targeted proteins can be achieved 
by spiking a synthetic peptide with one of the members of the multiplex 
reagent set43.  

 

 

Figure 3. Chemical structure from the 4-plex iTRAQ reagent (adapted from 45). 
The label consists of a reporter group (green, N-methylpiperazine), a mass balance 
group (carbonyl group) and a peptide-reactive group (red, N-hydroxy-succinimide 
(NHS) ester). The reporter group ranges in mass from m/z 114.1 to 117.1; the bal-
ance group ranges in mass from 31 to 28 Da to ensure that the combined mass re-
mains constant (145.1 Da) for all four reagents.  

As mentioned above, the major advantage of isobaric tagging over other 
stable isotope labeling techniques is that it allows labeling up to eight (in 
case of iTRAQ) or six (in case of TMT) different samples within a single 
experiment44; 46. This significantly increases the analytical throughput of the 
experiment and makes the iTRAQ strategy ideal for comparative studies of 
multiple samples, such as time course studies47, assessment of technical, 
experimental and biological variation48; 49, or simultaneous proteomic profil-
ing of samples representing several physiological states50. Moreover, the 
iTRAQ method proved to be useful for the detection of proteins PTMs51. 

Unlike other stable isotope labeling approaches that use MS spectra for 
quantitation, iTRAQ quantifies the relative peptide abundance from the 
MS/MS spectrum. This feature of iTRAQ provides several advantages, such 
as reduced signal-to-noise ratio of reporter ions due to the removal of chemi-
cal noise in the second stage of MS. Additionally, because of the isobaric 
nature of these reagents, the same peptide from each sample appears as a 
single peak in the MS spectrum, thus reducing the complexity of MS spec-
trum, when compared with ICAT38. This results in increased signal intensity 
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and higher confidence of peptide identification, which is particularly rele-
vant for non-abundant proteins.  

2.2.3 In vivo labeling via metabolic incorporation (SILAC) 
SILAC, which stands for stable isotope labeling by amino acids in cell cul-
ture, was first introduced in the M. Mann group in 2002 52.  Rather than tar-
geting a specific residue (as cysteine in ICAT), SILAC utilizes stable iso-
tope-labeled internal standards to obtain quantitative protein expression pro-
files. Labeled essential amino acids (“light” and “heavy” isotope form, e.g. 
Leu-d0 and Leu-d3) are added to amino acid deficient cell culture media and 
are therefore incorporated into all newly synthesized proteins, resulting in 
virtually 100% labeling efficiency. After that the lysates can be combined, 
digested with protease and analyzed by conventional mass spectrometer. The 
quantification of proteins is based on the relative intensities of corresponding 
differentially labeled peptides. 

The use of stable isotopes for quantitative proteomics has several ad-
vantages. One of the most prominent advantages of all kinds of stable iso-
tope labeling is that the tags are incorporated at the early stage of sample 
preparation and therefore reduce variation between samples, yielding highly 
accurate quantification. Additionally, the low variance associated with SI-
LAC techniques allows detection of smaller changes in protein expression 
(less than standard cut-off of 2), which is not always possible in 2-DE analy-
sis53. Second, because the extent of label incorporation into samples is essen-
tially 100%, there is no difference in labeling efficiency between different 
samples. Moreover, as proteins are uniformly labeled, several peptides from 
the same protein can be compared to ensure that the extent of change is the 
same. Third, since the quantitative tag arises from isotopically labeled amino 
acid, the labeling of the peptide is specific to its sequence, which the mass 
shift is between two states is highly predictable. Forth, SILAC allows quanti-
tation of a high variety of proteins, including those not containing cysteine 
residues (and therefore cannot be covered by ICAT), as well as small pro-
teins.  

A minor disadvantage of SILAC is that it requires rather long time (i.e. 
five population doublings52) to achieve complete incorporation of isotopic 
labels. Moreover, originally SILAC was mostly limited to the analysis of 
proteins in cell cultures, however it has been recently extended to in vivo 
experiments in multicellular organisms, e.g. mouse54 and fruit fly55. There-
fore, tissue labeling by means of SILAC can be achieved, however the 
method cannot be applied to body fluids, which are of particular interest for 
medical research. 

2.2.4 Label-free mass spectrometry-based proteomic approach 
Label-based quantitation approaches are not always practical and have po-
tential limitations. For instance, labeling with stable isotopes is rather costly, 



 24 

may require complex sample preparation and increased sample concentra-
tion, and some isotopic labels exhibit chromatographic shifts making the 
quantitation of differentially labeled peptides computationally difficult56. As 
an alternative, several methods of peptide and protein quantitation that do 
not involve labeling have been developed57.  

Quantitation on label-free approaches is generally based on two catego-
ries of measurements. The first is a measurement of ion intensity changes 
such as peptide peak areas or peak heights in chromatography, which be-
came possible after it had been observed that the signal intensity from ESI 
correlates linearly with ion concentration58. The second approach involves 
spectral counting, where protein quantitation is achieved by comparing the 
number of identified MS/MS spectra from the same protein in each of the 
multiple of LC-MS/MS data sets. This is possible as the increase in protein 
abundance results in higher number of proteolytic peptides, and vice versa. 
In its turn, the increased number of proteolytic peptides leads to higher pro-
tein sequence coverage, increased number of identified unique peptides and 
the number of identified total MS/MS spectra (spectral count) for each pro-
tein59. 

Label-free mass spectrometry-based quantitative approaches provide 
powerful, fast and low-cost tools for analyzing protein changes complex 
biological samples, and has been utilized in a number of large-scale bi-
omarker discovery studies60. However, in order to avoid the run-to-run varia-
tion errors in performance of LC and MS, a carefully controlled normaliza-
tion step is required.   

3. Design and analysis of quantitative proteomic 
experiments 
High-throughput experiments in proteomics, such as 2-DE and MS, usually 
generate high-dimensional data sets of expression values for hundreds or 
thousands of proteins, which are however observed in a relatively small 
number of biological samples. In order to extract meaningful information 
from these large datasets and avoid false conclusions, thorough experimental 
design and correct statistical methods for data analysis are of great im-
portance. 

The first step in the planning of a proteomic experiment is always a pre-
cise defining of the scientific question of interest. This step is very important 
as depending the aim of the experiment, different mathematical tools may 
need to be utilized, which in turn may lead to different answers obtained61; 62; 

63. The objective of a proteomic study may be hypothesis-driven with a very 
focused idea (e.g. one can hypothesize that protein X involved in a certain 
metabolic pathway is over-expressed under studied conditions, compared to 
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the control). However, more often the question addressed in proteomic stud-
ies is much broader, and it is not based on a specific pathway or a protein. 
This is usually the case in the biomarker discovery experiment, where the 
hypothesis is that there is a set of proteins that may differentiate between the 
control and disease samples, and that a proteomic technique can identify 
those putative biomarkers, followed by subsequent validation. 

 After defining the biological question to be answered, an experimental 
design must be elaborated. It includes evaluation of the appropriate method-
ology to be employed (e.g. 2-DE-based or gel-free), number of samples 
needed in the experiment to detect an effect of certain size (power analysis), 
types of replicates to be used in the study, as well as the method of statistical 
analysis to be performed on the data obtained63.  

As mentioned above, proteomic experiments usually involve a large 
number of variables (e.g. protein spots) in a combination with a small num-
ber of observations (e.g. replicate gels). Therefore, a preliminary pilot study 
must be performed in order to estimate a minimal number of replicates need-
ed to provide enough power for subsequent univariate analysis. Generally, 
the higher the variance of the expression levels between replicates, and the 
smaller the effect that needs to be detected, the bigger sample size would be 
required.  

If too few samples are used in the study, both Type I (α) and Type II (β) 
errors may be introduced. In the context of quantitative proteomics, Type I 
errors occur when a protein is declared to be differentially expressed errone-
ously, i.e. the null hypothesis H0 is rejected (false positive). Type II errors 
occur when the test fails to detect a differentially expressed protein, resulting 
in false negatives. Unfortunately, the probability α for a false positive deci-
sion and the probability β for a false negative decision are interdependent 
and cannot be decreased simultaneously. The solution therefore is to prede-
fine a tolerable α (a level of significance; typically 0.05 or 0.01 for biologi-
cal experiments), and to control β by calculation of the necessary sample 
size based on the power analysis. Statistical power can be defined as the 
ability of a univariate statistical test to detect a change (1–β, where β is the 
false negative rates, or type II error). 

Unfortunately, power analysis is not very often performed in connection 
to the 2-DE-based proteomic investigations. And as in expression studies 
thousands of statistical tests are conducted for each protein independently, 
the risk of that many tests will be significant by chance is considerably high. 
This accumulation of false positives termed multiple testing problem64, 
which can be solved by controlling the expected proportion of falsely reject-
ed hypotheses (the false discovery rate, FDR)65; 66.  

In addition to the evaluation of the required sample size, incorporation of 
different replicate types in proteomic expression analysis is essential67. 
Technical replicates, or repeat measures, help to reduce the uncertainty 
around the true reading for a given sample. Understanding the sources of 
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technical variations can lead to the improvements of experimental design. 
Considering high biological variation that may arise from natural genetic 
variation or environmental differences, biological replicates are required for 
studies where two or more populations are compared. Depending on the 
scientific question, there is an opportunity to reduce biological variation for 
example by using cell lines, animal models, or pooling of biological repli-
cates. 

Another aspect that has to be considered at the stage of planning quantita-
tive proteomic experiment is a type of statistical tests that can be performed 
to detect significant changes in the expression of individual proteins. De-
pending on the test used, data normalization may be necessary in order to 
fulfill the requirements regarding the normal distribution of the data and the 
homogeneity of variance (e.g. in the commonly used Student’s T-test). When 
more than two groups need to be compared, analysis of variance methodolo-
gy (ANOVA) is usually employed. In addition to parametric and non-
parametric univariate statistical tests, multivariate methods such as principle 
component analysis (PCA) and hierarchical clustering, that search for pat-
terns in expression changes and reduce dimensionality of the data, proved to 
be useful in many proteomic studies68. Additionally, when performing statis-
tical analysis of the data, special attention must be paid to the missing values 
handling69; 70. Finally, understanding and correct interpretation of the statisti-
cal test results is a very important step in proteomic expression analysis. In 
our experience, use of a threshold for a fold change of a relative abundance 
can limit the sensitivity of the analysis, as biologically relevant changes 
smaller than the cutoff cannot be detected.   

Considering the enormous amounts of proteomic data generated, it is im-
portant to establish a full multi-site standardization infrastructure for pro-
cessing, archival storage and retrieval of proteomic data and metadata. In 
order to establish common standards for the data exchange in the field of 
proteomics, in frames of Human Proteome Organization (HUPO) the Protein 
Standards Initiative (PSI) group has been formed71. 

4. Proteomics and biomarker discovery: strategies and 
their limitations  
With the recent emergency of novel technologies such as genomics- and 
proteomics-based approaches, the field of biomarker discovery, development 
and application has been the subject of intense interest and activity.  

But what is actually a biomarker, why do we need them, and how can 
modern proteomic technologies aid the process of biomarker discovery and 
validation?  
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The term “biomarker” is used in many scientific fields, and hence can be 
defined in many different ways. In general, a biomarker is a measurable in-
dicator that correlates to specific biological or disease state. Clinical bi-
omarker can be defined as a characteristic that is objectively measured and 
evaluated as an indicator of normal biological process, pathogenic process, 
or pharmacologic responses to a therapeutic intervention. Besides screening 
for the early diagnosis, biomarkers can be used for the classification and 
staging of diseases in order to assign patients for targeted treatments, moni-
toring of a treatment response and disease reoccurrence detection. Generally, 
ideal biomarkers have to be reliable, highly specific and sensitive, easily 
measurable (i.e. minimally invasive), as well as low-cost. 

Biomarkers may be genes, proteins, small molecules or metabolites. A 
wide variety of methods have been applied to find new biomarkers. With the 
completion of genome sequencing projects, the was a hope to uncover com-
mon disease-associated gene variants (single-nucleotide polymorphisms, or 
SNPs) by means of large-scale genome-wide association studies72. However, 
while SNPs indicate the potential for disease susceptibility, it is the activity 
of the resultant protein that actually measures it. In other words, using pro-
teins as biomarkers has an advantage over employing DNA and mRNA for 
that purpose, as proteins are responsible for the biological complexity of the 
corresponding physiological phenotypes. 

Traditionally, biomarker discovery was focused on detection and quanti-
tative measurement of single proteins. However, soon it became clear that 
the predictive utility of a single protein biomarker might be limited. Alterna-
tively, a panel of proteins may be utilized to evaluate the level of perturba-
tion of a biological system. With the rapid development of proteomic tech-
niques it became possible to search for protein biomarkers in complex bio-
logical samples in a high-throughput manner. The road to biomarker discov-
ery has two major components: 1) differential proteome profiling for 
potential biomarkers; 2) validation of these candidate biomarkers over a 
large set of samples, assisted by extensive statistical analysis. The phases of 
the process of protein biomarker development are schematically illustrated in 
Figure 4. 

Quantitative proteomic approaches that are used for biomarker discovery 
can be divided into three major categories: (A) protein profiling; (B) 2-DE 
combined with MS analysis, (C) shotgun MS-based quantitative proteomics  
(Figure 5). Identification of proteomic patterns, or protein profiling strategy 
(A), generated great enthusiasm in the field of biomarker discovery in the 
recent past73; 74. This approach attempts to identify molecular signatures, or 
unique features within mass spectral profiles, that would characterize biolog-
ical samples. This method has been most frequently applied to biofluid stud-
ies. The details of the process can vary greatly, but commonly this approach 
is based on the generation of mass spectra for a complex mixture followed 
by comparing protein profiles (peak intensities) across many samples. MS 
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analysis is usually preceded by affinity enrichment on a “chip”, which re-
sults in reduced sample complexity. However, albeit being attractive due to  

 

 
Figure 4. Diagram showing the stages in the pipeline of protein biomarker discov-
ery. Early stage includes comprehensive comparative proteomic analysis using rela-
tively small sets of samples, and leads to the generation of the biomarker candidate 
list. This list of potential biomarkers is then subjected to a targeted analysis over a 
large cohort of samples in a late stage of analysis. Validation of proteins that consti-
tute reliable biomarkers for a particular disease or condition is achieved by statistical 
analysis of quantitation data. 

its potential to deliver high-throughput data in a rapid manner, proteomic 
profiling has many important limitations, which makes it less suitable for the 
purpose of biomarker discovery. Among others, low proteome coverage and 
irreproducibility of this method has been demonstrated in a number of stud-
ies75; 76.   
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Principles of strategies (B) and (C), as well as theirs advantages and limi-
tations, have been described in detail in previous chapters (2.1 and 2.2, re-
spectively). In fact, all three approaches, including proteome profiling, 2-DE 
coupled to MS analysis and shotgun proteomics, can be employed for suc-
cessful biomarker discovery. Any of the specific approaches can be rational-
ized, but there is no a standard analytical strategy, no should it be.  

 
 

 
Figure 5. Schematic representation of three major strategies for biomarker discov-
ery77. (A) Proteome profiling; (B) 2-DE combined with MS or MS/MS analysis; (C) 
Shotgun proteomic approach. 

After all, disregarding the method employed for biomarker discovery, 
proper experimental design and pertinent sample preparation and fractiona-
tion strategy remain major requirements for obtaining meaningful results78.  
Different approaches to protein isolation select for a distinct subset of prote-
ome (e.g. acidic or basic, soluble or hydrophobic), and different separation 
and detection methods offer unique advantages. Each combination of meth-
ods provides a different view of the proteome and has a potential to provide 
valuable insights and promising biomarkers. In fact, this diversity of experi-
mental approaches at the early stage of biomarker discovery is highly desira-
ble, as it will ultimately help to cover the complexity of the proteome and 
provide larger sets of potential biomarkers for further investigation. Thereaf-
ter, carefully designed and vigorously controlled biomarker validation stud-
ies are required. 
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Despite of enormous efforts and more than a decade of extensive re-
search, we are now only beginning to see candidate markers make their way 
through the whole process. Technologies like DNA microarrays and prote-
omics resulted in more than 150,000 publications documenting thousands of 
putative biomarkers, but fewer than 100 have been validated for routine clin-
ical use79. In part this is a due to the lack of coherent pipeline connecting the 
two stages of biomarker discovery process, as well as absence of well-
established methods for validation.  
 

4.1 Application of proteomics in environmental research 
With the development of the global industry and growth of human popu-

lation, thousands of man-made chemicals are annually released to the envi-
ronment by transport, industry, agriculture and other human activities. Tradi-
tionally, the pollution status of aquatic or terrestrial ecosystem has been as-
sessed by the chemical analysis of environmental samples (e.g. water, soil). 
However, given the large number, complexity and in some cases low toxicity 
thresholds of the chemicals present, chemical analysis alone is not able pro-
vide a satisfying assessment of the environmental quality of an ecosystem80. 
Moreover, characteristics of the biological organisms inhabiting the receiv-
ing environment can be affected by other factors such as seasonality, repro-
ductive and nutrient status, which may be independent of the effect caused 
by pollutants. In other words, chemical analysis of environmental samples 
does not provide complete information regarding the health state of the eco-
system, and therefore it is important to monitor the response of biota to the 
pollutants as well.  

In a complementary approach, the number and physiological state of indi-
vidual species inhabiting a given ecosystem is used as ‘‘indicators’’ of 
chronic chemical pollution81, which lead to the development of biomarkers 
of toxicity (e.g. DNA fragmentation, level of acetylcholine esterase and cy-
tochrome P450). In terms of environmental science, biomarkers can be de-
fined as “the measurements of body fluids, cells, or tissues that indicate in 
biochemical and cellular terms the presence of contaminants or the magni-
tude of the host response”82. While conventional biomarkers of pollution are 
a good tool in the assessment of environmental conditions, they require a 
deep knowledge of toxicity mechanisms and characterize only a number of 
well-known proteins, excluding those that are also altered but whose re-
sponse to pollutants is currently unknown. 

Simultaneously, it has become evident that instead of searching for a sin-
gle “ideal” biomarker, investigation of toxicological effects within ecosys-
tems would benefit from the use of multiple biomarkers. The combined use 
of sets of marker proteins associated with a given pollution impact is ex-
pected to be more reliable, as they are based not only on several unique 
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markers measured independently, but reflect the complexity of a toxicologi-
cal response83. In that sense, a proteomic approach capable of detecting 
changes in the expression of multiple proteins in response to environmental 
stress has obvious applications in the field of ecotoxicology. Environmental 
proteomics provides a more comprehensive assessment of toxic and defen-
sive mechanisms triggered by pollutants and does not require prior 
knowledge. Importantly, proteomics may help to detect subtle pollution, 
such as a mixture of pollutants at low concentrations, where clear signs of 
toxicity are absent. 

Proteomics analysis allows isolating sets of proteins within the proteome 
that are specific to different stressors: biological, physical or chemical. The-
se pollutant-specific sets of protein biomarkers have been termed protein 
expression signatures (PES)84. Not only do they allow the identification of 
new protein biomarkers of toxicity, they also provide an insight into the 
mechanisms underlying toxicity.  

The application of proteomic approaches in environmental research can 
be divided into two groups: 1) study of proteomic response to stress, which 
provides information on the mechanism of the response and helps to under-
stand why some organisms could resist extreme environmental stress (bi-
omarkers of effect); 2) screening environmental samples by a proteomic 
method to monitor exposure to certain pollutants (biomarkers of exposure). 

Today, studies using environmental proteomics have investigated many 
organisms, ranging from microorganisms and plants to invertebrates and 
vertebrates. For instance, in marine pollution monitoring blue mussels Myti-
lus edulis have been selected as the most useful sentinel organisms, due to 
their ability to bioaccumulate and concentrate pollutants and to their seden-
tary habits, thus providing information regarding the levels of contaminants 
on coastal waters85 (we used blue mussel as a model organism for marine 
pollution assessment in paper I). There is an increasing number of studies 
that have applied a comparative 2-DE-based proteomic approach to biomoni-
tor marine pollution using blue mussel as a model organism in both laborato-
ry and field experiments 86; 87; 88; 89. This led to the establishment of “protein 
signatures” after the exposure to a variety of environmental contaminants 
including polychlorinated biphenyls (PCBs)90, polyaromatic hydrocarbons 
(PAHs)86, heavy metals and crude oil91.  MS-based proteomic approaches 
have also been employed for marine pollution assessment, e.g. a SELDI-
TOF MS strategy was adopted to examine proteome changes in blue mussels 
exposed to PAHs and heavy metals under field conditions92.  

Several research groups, including ours, pioneered the proteomics ap-
proach in environmental toxicology, but this field is still at a comparatively 
early stage of its development. One reason for that is that many of the organ-
isms used in the studies are poorly represented in protein and gene sequence 
databases. This limits application of high-throughput shotgun proteomic 
approaches to the field of environmental toxicology. Moreover, as the sam-
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ples are collected directly from the environment, there is a high degree of 
genetic variation between them, accompanied by different nutrient status, 
complex pollutant cocktails, which may complicate the interpretation of the 
results. 

 

4.2 Proteomics in aging research 
Biological aging can be represented as a function of several closely interre-
lated parameters, including metabolic rate, caloric intake, lifestyle and envi-
ronmental factors93.  

Over the years, several theories trying to explain the mechanisms of aging 
process have been developed, including the “oxidative damage/free-radical 
theory”94, the “cross-linking/glycosylation theory”95, the “replicative senes-
cence hypothesis”96, the “rate-of-living theory”97 and the “somatic mutation 
theory”98 among others.  Some of these theories are based on common phe-
nomena and essentially complement each other. For example, the “rate-of-
living theory” is based on the fact that higher metabolic rates correlate with 
shorter life span. High metabolic rates are usually associated with a high 
level of reactive oxygen species (ROS) produced, which in turn can cause 
chemical modifications of biological macromolecules. These modifications 
can lead to post-translational glycation of proteins and DNA, supporting the 
“cross-linking theory”. In fact, the “free-radical theory of aging” is built on a 
similar argument: age-dependent increase of oxidative modifications of bio-
molecules due to increased level of ROS. Supported by a vast body of evi-
dence, the free-radical hypothesis is currently one of the most accepted theo-
ries of aging. However, a growing number of reports have failed to validate 
key predictions of this theory, as reviewed in99.  

Aging represents a complex developmental phenomenon, depending on a 
global interplay between genes and gene products. The rate of aging depends 
on the identity of the gene, rate and regulation of translation process, the 
residence time of gene products in the organism, and PTM of gene 
products100. A thorough understanding of the aging process requires evalua-
tion of all these processes, and that is where aging research will greatly ben-
efit from proteomics and genomics. Currently the role of proteomics in aging 
research is evaluation of age-related changes in protein abundance as well as 
characterization of numerous protein PTMs caused by the aging process. 
Ultimately, there is a hope that proteomics will not only further improve our 
understanding of aging, but also yield reliable biomarkers for the early-
diagnoses of age-related diseases.  

Biomarkers of aging can be defined as age-related changes in body func-
tion or composition that could serve as a measure of biological age and pre-
dict the onset of age-related diseases and/or residual lifetime101. Unfortunate-
ly, up to date no true biomarker of aging has been found, and most of the 
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potential biomarkers are rather related to age-related diseases than to the 
aging process itself. In fact, this is one of the hurdles of evaluation and vali-
dating of aging biomarkers, which results from the overlapping of aging and 
age-related diseases as sources of change102. Other hurdles include high in-
ter-individual variability and measurement variations that could be large 
enough to obscure changes that were caused by aging. 

With the myriad of different proteomic techniques available, each specific 
research problem may be solved by a different approach, ranging from 2-DE 
to MS-based shotgun proteomics. Proteomic approaches found to be particu-
larly useful in characterization of PTMs of an “aging proteome”, such as 
phosphorylation, carbonylation and advanced glycation products formation. 
At present, there are relatively few proteomic studies in aging research, 
however the number is constantly increasing 103; 104; 105.  

Deciphering the molecular mechanisms of aging and age-associated pa-
thologies is largely dependent on the successful selection of adequate aging 
models. Given the duration of lifespan in humans, only a limited selection of 
cell lines and organs are available for the proteomic characterization of a 
healthy human aging. Therefore the majority of the studies performed using 
animal models of a relatively short lifespan (2-3 years), followed by the ex-
trapolation of the data obtained for these different animal models to a human 
aging. The most frequent models used in aging studies are the budding yeast 
Saccharomyces cerevisiae, roundworm Caenorhabditis elegans, the fruit fly 
Drosophila melanogaster, rodents such as mice (Mus musculus) and rats 
(Rattus norvegicus) 106; 107. In papers II and III we have used mouse models 
to study age-related proteomic changes in kidney and liver, respectively. In 
paper IV we have used yeast as a simple eukaryote to test the ability to de-
liver antioxidants to peroxisomes with the assistance of cell-penetrating pep-
tides. 

5. Peroxisomes and aging 

5.1 The peroxisome: structure, function and biogenesis 
De Duve and Baudhuin 108 first isolated peroxisomes from rat liver cells 

and discovered that these organelles contain hydrogen peroxide-producing 
oxidases as well as catalase, a hydrogen peroxide (H2O2)-degrading enzyme. 
Based on this discovery, the functional term peroxisome was coined, replac-
ing the former morphological designation, microbody, introduced by Rodin 
109. 

The peroxisome is a ubiquitous organelle present in nearly all eukaryotic 
organisms, with a variety in appearance and metabolic function. They are 
remarkably plastic organelles in both their metabolic functions and responses 
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to the various environmental stimuli, which makes them key regulators of 
many biochemical processes. Morphologically, the peroxisomes are charac-
terized by a single limiting membrane and range in size from 0.1 to 1 µm in 
diameter 110. Their ultrastructure is characterized by amorphous granular 
matrix and often an electron-dense crystalloid core composed of the highly 
abundant enzyme urate oxidase (Figure 6).  

 

Figure 6. Electron micrograph of peroxisomes from a rat liver cell 111. Visible dense 
cores of distinctive crystalline deposits composed of enzyme urate oxidase. 

In recent years, it has been shown that peroxisomes are involved in a 
range of important cellular functions, exhibiting an essential oxidative type 
of metabolism. Up to date more than 50 biochemical pathways have been 
characterized within peroxisomes, and mammalian peroxisomes harbor more 
than 100 enzymes and other proteins. Among the major peroxisomal func-
tions are oxidative degradation of long- and very long-chain fatty acids, oxi-
dation of purines and D-amino acids, synthesis of ether phospholipids, me-
tabolism of glyoxylate, dolichol and cholesterol112. However, from plants to 
mammals, the unique feature of peroxisomes includes their capacity to gen-
erate and decompose H2O2

108, which is an important signaling molecule in 
addition to being a potential toxin. Due to a high content of catalase in their 
matrix, peroxisomes have been widely regarded as important in detoxifying 
intracellular H2O2. However recent studies on rat hepatocytes are highly 
suggestive of a sophisticated spatial management of H2O2. For instance, it 
has been shown that intact peroxisomes are inefficient in degrading  external 
as well as internal H2O2 that is generated by the core-localized enzyme urate 
oxidase. This can be explained by the fact that the crystalline core appears in 
close association with the peroxisomal membrane, and H2O2 produced by 
urate oxidase is released directly into surrounding cytoplasm.  
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Unlike mitochondria and chloroplasts, peroxisomes lack DNA and all 
their proteins are encoded by nuclear genes and synthesized on free polyri-
bosomes in the cytoplasm and incorporated into peroxisomes posttransla-
tionally 113. Interestingly, peroxisomes are capable of importing fully folded, 
co-factor bound and even oligomeric proteins by shuttling receptors114. Two 
types of sequences that target proteins to the peroxisomal matrix have been 
described: a C-terminal serine-lysin-leucine (SKL) variant known as peroxi-
somal targeting signal (PTS) 1 115, and N-terminal nonapeptide known as 
PTS2 116. Each sequence is recognized in the cytosol by its own cognate 
receptor: Pex5p for PTS1 and Pex7p for PTS2. Receptor-shuttle complex 
then dock at the peroxisomal membrane and cross the lipid bilayer. The re-
ceptors are then monoubiquitinated or polyubiquitinated and exit peroxi-
somes for another round of protein import or to be degraded by proteasomes, 
respectively. 

Genetic and proteomic studies in yeast and mammalian cells have led to 
the discovery of 32 proteins (collectively called peroxines or Pex, encoded 
by PEX genes) that are required for the biogenesis and maintenance of func-
tional peroxisomes. Of these peroxines, three in mammalian cells – Pex3p, 
Pex16p and Pex19p - and two in yeast cells – Pex3p and Pex19p –are specif-
ically involved into peroxisomal membrane proteins import. It has been 
shown that if at least one of these proteins is absent or mutated, peroxisomes 
disappear. However, upon reintroduction of lacking genes in such mutants, 
the peroxisome population is restored even after many generation of growth 
without peroxisomes117, suggesting that peroxisomes can be formed de novo. 

The mechanism of peroxisome biogenesis has long been a subject of de-
bate, and two opposing models dominated in the field. According to the first 
model, peroxisomes arise de novo from the endoplasmic reticulum (ER) and 
mature into functional organelles118; 119. In the second model peroxisomes are 
formed by the growth and division of existing peroxisomes, with the ER 
providing the lipids120; 121. There is evidence supporting both of these mod-
els, and the third model has been postulated that incorporates features of the 
first two. According to this model, ER-derived preperoxisomal structures 
mature into peroxisomes and subsequently divide122; 123. 

5.2 The role of peroxisomes in aging 
Reactive oxygen species and alterations in lipid homeostasis are considered 
to be important events in the aging process and age-related diseases. Peroxi-
somes are involved in both oxygen and lipid metabolism, therefore one 
might expect that biochemical processes governed by this organelle may 
play a critical role in regulating cellular aging.  

Peroxisomes contain multiple hydrogen peroxide-producing oxidases as 
well as enzymes that participate in the break down of free radicals (Table 1). 
In this contest, peroxisomes participate in the aging process through the gen-
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eration of reactive oxygen species, according to the free radical theory of 
aging124. On the other hand, considering the unique role of peroxisomes in 
lipid metabolism (β-oxidation of long- and very long-chain fatty acids that 
are poorly oxidized in mitochondria, biosynthesis of docosahexaenoic acid 
(DHA) and plasmalogens among others), the involvement of peroxisomes in 
the aging process may also be related to the membrane theory of aging125.  

 

Table 1. Enzymes involved in the production and degradation of ROS in peroxi-
somes (adapted from 126). 

H2O2-generating enzymes Antioxidant enzymes 

Acyl-CoA oxidase 
D-amino acid oxidase 
Cytochrome b5 reductase 

Catalase 
Superoxide dismutase 
Glutathione peroxidase 

Cytochrome P450  
Glutaryl-CoA oxidase  
L-α-Hydroxyacid oxidase A and B 
Oxalate oxidase 

 

Pipecolic acid oxidase  
Polyamine oxidase  
Pristanoyl-CoA oxidase  
Trihydroxycholestanoyl-CoA oxidase  
Urate oxidase  
Xanthine oxidase  

 
Besides being able to control the synthesis and degradation of ROS within 
the organelle, peroxisomes also contribute to the maintenance of ROS ho-
meostasis within the entire cell127. The levels of antioxidant catalase have 
been shown to decrease during aging128, which is accompanied by the accu-
mulation of H2O2 and related ROS within the cells. This leads to a compro-
mised import of many critical proteins, imbalance in peroxisomal (and cellu-
lar) ROS homeostasis, changes in peroxisomal morphology, and the organ-
ism’s lifespan shortening. Using knock-out experiments, it has been demon-
strated that lack of peroxisomal catalase causes a progeric phenotype in the  
nematode C. elegans129. On the other hand, extension of murine lifespan has 
been achieved by overexpression of catalase in various subcellular orga-
nelles130. 

In addition to the pro-aging role of peroxisomes postulated by the free-
radical theory of aging, there is growing evidence that at low, non-toxic lev-
els, peroxisomal ROS can function as anti-aging signaling molecules that 
induce “stress-response hormesis”131. In fact, a recent study suggests that 
caloric restriction or catalase inactivation in yeast induces elevated levels of 
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H2O2, presumably at non-toxic/hermetic levels, which results in extended 
chronological lifespans132. 

In conclusion, the peroxisome is very clearly integrated into the complex 
inter-organelle system that governs aging, however the impact of peroxi-
somes on the aging process requires further study.  

6. Cell-penetrating peptides as delivery vectors for 
protein cargoes 
The potential for intracellular therapeutic use of proteins, peptides and oli-
gonucleotides has been limited due to the impermeable nature of the cell 
membrane to these polar compounds. Still, many drugs need to be delivered 
intracellularly to exert their therapeutic action in the cytoplasm or individual 
organelles, such as the nucleus (the target for gene and antisense therapy), 
mitochondria (the target for pro-apoptotic drugs in cancer therapy) and lyso-
somes (the target for the delivery of lysosomal enzymes, which are deficient 
in lysosomal storage diseases)133. Therefore, great efforts have been directed 
towards development of safe and efficient delivery systems. 

To date, a variety of methods have been proposed for the delivery of pro-
teins and other bioactive macromolecules into cells, including microinjec-
tion, electroporation, receptor-mediated endocytosis, lyposomes and scrape 
loading134. However all of these methods suffer from serious limitations such 
as low transfer efficiency and cellular toxicity, among others135. 

 Over the last two decades, several short, cationic and amphypatic pep-
tides have been identified that are able to translocate across cell membranes 
in a seemingly direct fashion136. These peptides are usually referred to as 
cell-penetrating peptides (CPPs) or protein transduction domains (PTDs).  
Subsequently, it was found that these peptides are also capable of internaliz-
ing various hydrophilic molecules into the cells, which has opened up a 
whole new horizon in the drug delivery research field.  

CPPs include protein-derived peptides, such as TAT (48-60) derived from 
the transactivator of transcription (TAT) of HIV-1137; penetratin (43-58) 
derived from the homeodomain of Drosophila Antennapedia136; pVEC de-
rived from murine vascular endothelial cadherin138. Additionally, synthet-
ic/chimeric peptides were designed de novo based on structure-activity rela-
tionships of CPPs, including polyarginine139, M918140 and transportan141, 
among others.  
Three different general uptake mechanisms have been proposed: 1) inverted 
micelle model; 2) direct penetration in a receptor- and energy-independent 
manner; 3) endocytosis-mediated pathway (Figure 7). Initially, it was gener-
ally believed that CPPs internalize via receptor-and energy-independent 
pathway other than endocytosis. However, an increasing number of studies 
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are now emphasizing the role of endocytosis in translocation of CPPs142. 
Most likely, different CPPs utilize different uptake pathways depending on 
their charge and structure, and the presence of cargoes may alter their uptake 
mechanism.  

Although the actual mechanism of cellular uptake by CPPs is still contro-
versial, these peptides have been successfully used for intracellular delivery 
of many therapeutic cargoes including small molecules, proteins, peptides, 
plasmids and oligonucleotides both in vivo and in vitro143.  

 

 
Figure 7. The three proposed mechanisms of CPPs uptake. Model 1 – inverted mi-
celle model. Model 2 – direct penetration (pore formation) mechanism. Model 3 – 
endocytotic mechanism of uptake (adapted from144).  

6.1 Targeting proteins to peroxisomes using CPPs – application 
to age-related diseases. 
Since it was proved that the TAT protein was able to transport various pro-
teins across cell membranes134, shorter TAT peptides and many other CPPs 
have been extensively employed as translocation tools for a wide range of 
proteins of different size and function, inducing various biological responses. 
Use of CPPs as vectors for protein delivery has several advantages over tra-
ditional approaches such as endogenous expression of a protein from a plas-
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mid. CPPs are able to internalize cells without causing membrane destabili-
zation or loss of cellular integrity. Moreover, is has been shown that incorpo-
ration of the desired signal peptide sequence into a fusion protein, site-
specific delivery of proteins can be achieved, enabling effective targeting of 
various subcellular compartments. 

Currently, application of CPPs as delivery vectors to specific subcellular 
compartments has been limited to targeting proteins to nucleus145 and mito-
chondria146. However the delivery of specific protein therapeutics into cells 
and their subsequent targeting to other subcellular organelles, such as lyso-
somes and peroxisomes, may be a way to treat single enzyme deficiencies 
and many other biogenesis disorders. Notably, protein therapy is particularly 
suitable for peroxisomes due to their ability to accommodate fully folded and 
even oligomeric proteins. 

 As I have discussed above, peroxisomes play important role in the aging 
process as they involved in both ROS production and scavenging. Therefore 
maintaining or restoring oxidative balance within peroxisomes through en-
hanced delivery of missing enzymes (e.g. antioxidant catalase) will have 
implications on cell stability and overall health state of an organism. Oxida-
tive balance within peroxisomes is based on their ability to generate and 
degrade hydrogen peroxide; various oxidases produce it and peroxidase cata-
lase metabolizes it. The mechanism that coordinates activities or concentra-
tions of these enzymes is currently still unclear. It is known that peroxisomal 
oxidative balance is compromised in aging and certain disease states, as well 
as through exposure to certain xenobiotics and environmental pollutants. 
Very often imbalance is caused by reduced presence or activity of catalase, a 
condition termed acatalasemia or hypocatalasemia127. This condition can 
arise in a number of ways: due to the unstable mRNA that encodes catalase 
or due to the labile protein itself; catalase may be inactivated chemically or 
mislocalized into the cytosol. Additionally, acatalasemia characterized by 
impaired import machinery, presumably due to the decrease of Pex5 affinity 
to PTS1 sequences with age, or oxidative damage of Pex5 by accumulated 
hydrogen peroxide and other ROS.   

Therefore, targeting missing enzymes such as catalase to peroxisomes 
aided by CPPs would be of a great therapeutic value, and may in future be-
come a successful strategy for treatment the plethora of peroxisomal biogen-
esis disorders. 
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Present investigations: results and discussion 

In this chapter I will present and discuss the results from the papers that my 
PhD thesis is based on. My PhD work can be divided into 3 parts, with the 
two first dedicated to proteomic analysis entirely and the third one involving 
import studies into peroxisomes: 1) development of simple fractionation 
procedure prior to 2-DE analysis and its application for the marine pollution 
assessment and age-related changes in the mouse kidney subproteome; 2) 
application of a quantitative shotgun mass spectrometry proteomic approach 
to uncover age-related changes in the mouse liver subproteome with the 
focus on peroxisomes; 3) targeting proteins to peroxisomes by means of cell-
penetrating peptides. 

 
1. Subproteomic approach based on LC coupled to 2-
DE: method development and its application for marine 
pollution assessment and aging research (Paper I and II) 
 
1.1 Paper I 
The aim of this study was to develop robust subproteomic approach for ma-
rine pollution assessment that would generate highly reproducible protein 
expression patterns. For the purpose of optimization, a field project using 
digestive glands from blue mussels collected from four sites with different 
levels of pollution in the vicinity of Gothenburg harbor (Sweden) was per-
formed.  

First of all, we aimed to reduce proteome complexity by means of a sim-
ple centrifugation step in order to remove highly abundant proteins and ob-
tain an organelle-enriched fraction of interest. As ultimate goal of the project 
was utilization of this approach in large biomonitoring campaigns, prefrac-
tionation procedure required being simple, robust, affordable and scalable up 
to automation. Therefore as a first step, homogenates were subjected to a 
simple centrifugation procedure (Figure 8) yielding a “mixed organelle frac-
tion” enriched in light mitochondria, peroxisomes and lysosomes. This sub-
cellular fractionation step constitutes an attractive alternative to other com-
plex subcellular fractionation strategies that has been previously applied in 
attempts to obtain proteomic signatures of marine pollution86; 91. 
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As a next step, several ion-exchange matrices for the LC-separation have 
been tested, and anion exchanger Q-Sepharose Fast Flow provided the high-
est number of spots on well-resolved 2-DE maps. Initially, proteins were 
separated over a range of pH 3-10, but as the majority of proteins exhibited 
acidic-to-neutral pI, utilization of the 4-7 pH range further improved resolu-
tion of the 2-DE maps. 
To examine the robustness of optimized fractionation procedure, a pilot ex-
periment was performed using blue mussel samples collected from four 
sampling sites around Gothenburg harbor, where an accidental oil spill oc-
curred in June 2003. 2-DE maps from biological replicates were obtained, 
and the differences in protein expression were evaluated by means of uni-
variate and multivariate statistical analysis. Two-sample t-test revealed 13 
protein-spots that were drastically altered in three sampling sites compared 
to the non-contaminated control site, with the closest site to the harbor 
demonstrating the most pronounced changes in protein expression (up to 15-
fold).  

 

 
Figure 8. Schematic illustration of subcellular fractionation approach depicting 
centrifugation and subsequent LC-separation steps prior to 2-DE analysis, employed 
in Papers I and II (adapted from 87). 

Multivariate analysis by PCA clearly organized all the gels into four pop-
ulations, and the control site was discriminated from the polluted areas on 
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the basis of PC1. Moreover, PC2 could distinguish between two sites located 
close to the harbor and the third station situated further away from it. Addi-
tionally, hierarchical clustering analysis confirmed the pollution gradient 
predicted by PCA, revealing that the level of similarity between all the sta-
tions was lower than 50%.  

Although protein identification was not essential for the marine pollution 
assessment by this method, we putatively identified several proteins that 
composed PES of pollution using ESI-MS/MS and homology search. The 
ten out of 13 differentially expressed proteins that were putatively identified, 
were considered to localize in peroxisomes, mitochondria, lysosomes and 
cytosol. Among up-regulated proteins, we identified glutathione-S-
transferase (GST), important antioxidant enzyme that is involved in detoxifi-
cation of many xenobiotic compounds and adaptive response of organisms to 
chemical pollution.  The increased activity of GST has been recently estab-
lished a useful biomarker for long-term pollution monitoring in marine 
coastal ecosystems147. Among down-regulated proteins, we identified two 
putative heat shock proteins (HSPs). HSPs are known to be massively in-
duced under the oxidative stress conditions, and exhibit antioxidant proper-
ties together with GST148. In its turn, HSPs induction is mediated by tran-
scription factor HSF1 (heat shock factor 1). It has been reported that HSF1 is 
directly influenced by the redox state of the cell, suggesting that a reduced 
glutathione level may lead to direct activation of HSF1, and HSP induction 
consequently149. Therefore, down-regulation of HSPs observed in the present 
study, might be due to the increased levels of GST as a result of oxidative 
stress.  

To summarize, we developed and optimized a subproteomic approach 
based on simple subcellular fractionation and LC-based separation in combi-
nation with classic 2-DE analysis. The robustness of the method has been 
probed in a pilot experiment with blue mussels collected from three sites 
around Gothenburg harbor and a control station. PES of marine pollution 
was obtained, which was composed of 13 differentially expressed proteins. 
Multivariate analysis could distinguish between the control and polluted sites 
and provided a spatial gradient from the polluted source. Several of differen-
tially expressed proteins were putatively identified by ESI-MS/MS and ho-
mology search. We suggest that this approach can be utilized for biomonitor-
ing of coastal waters, as it has proved to be robust, reproducible, scalable to 
automation and economically feasible. 

1.2 Paper II 
In this study we tested the utility of previously developed subproteomic LC-
2DE approach to investigate the effect of gender on aging mouse kidney. 

Mouse tissues are frequently used in aging research, however the kidney 
has not been extensively studied, although renal morphology and function is 
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known to change markedly with age150. Moreover, most of the aging studies 
involve only male mouse species; therefore we included samples of both 
genders in order to discriminate any gender-associated differences in protein 
expression of aging kidney. The ultimate goal of this study was to obtain a 
PES of aging kidney, which could be utilized to improve the process of or-
gans selection for renal transplantation. 

 We analyzed protein expression in mouse kidneys of both genders and 
three ages: young (28 weeks old), adult (52 weeks old) and old (76 weeks 
old).  Four biological replicates per each group have been subjected to sub-
cellular fractionation, LC and 2-DE analysis as described previously105. The 
pH range of 5-8 was selected for the separation of proteins in the first di-
mension as it provided the best resolution and optimal number of proteins 
(300 protein-spots per gel on average) for the analysis. To detect spots dif-
ferentially expressed between different age groups, statistical analysis by 
one-way ANOVA (p<0.05) and Tukey test was employed. In summary, in 
males 22 proteins showed significant changes in expression between the 
young and two groups of older mouse kidney, whereas for females 33 pro-
teins were differentially expressed with age. Noteworthy, the observed 
changes in protein expression were not very profound, with rather moderate 
folds up to 3.25 maximum. PES common for both genders was composed of 
only 8 proteins. Additionally, multivariate analysis by PCA and hierarchical 
clustering was performed. Both methods clearly distinguished old samples 
from young and adults in case of both genders.   

Some of the proteins that demonstrated significant age-dependent changes 
in expression were identified by means of MALDI-TOF MS. Among pro-
teins that were differentially expressed with age in case of both genders, we 
identified ATP synthase, transferrin, heat shock protein (HSP 9A), 3-
hydroxyisobutirate dehydrogenase (HBD), isocitrate dehydrogenase 1 
(IDH1) and two isoforms of a hypothetical protein with the predicted func-
tion as a hydrolase. Noteworthy, all significant changes (p<0.05) observed 
for the proteins that composed PES of aging kidney common for both gen-
ders, exhibited the same trend in up- and down-regulation of protein expres-
sion, whereas the cases of opposite response in two genders were not signifi-
cant according to ANOVA and therefore should not be taken into account. 
Among up-regulated proteins composing common PES of aging kidney we 
identified IDH1 and HBD. Elevated level of cytosolic IDH1 has been previ-
ously shown to occur during the aging of rat skeletal muscle151. These find-
ing is in agreement with the ”free-radical theory of aging”, as it has been 
suggested that IDH1 plays an important role in cellular defense against oxy-
gen-induced oxidative damage152. Age-dependent increased level of HBD, a 
mitochondrial enzyme involved in valine metabolism, has been previously 
reported in rat neural retina153. Higher levels of HBD may reflect the in-
creased need for energy because of the declined glucose metabolism in the 
neural retinas of old animals. Among the proteins that were differentially 
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expressed only in one of the genders we identified decreased level of peroxi-
somal antioxidant catalase and a compensatory increase level of glutathione 
synthetase in male mouse kidney. 

In conclusion, using proteomic approach based on LC coupled to 2-DE 
we obtained PES of aging mouse kidney of both genders. Identification of 
some proteins composing this PES provided an additional insight into mo-
lecular mechanisms underlying age-related renal decline. As expected, gen-
der-dependent differences in protein expression were observed, however 8 
proteins showed age-dependent changes in expression in both genders. We 
suggest that our proteomic approach can be utilized for high-throughput 
screening that would aid the process of organ selection for renal transplanta-
tion. 

2. Shotgun subproteomic approach based on iTRAQ-
LC-MS/MS to study age-related changes in mouse liver 
peroxisome-enriched fraction (Paper III) 
In paper II we applied a 2-DE-based approach to study age-related changes 
in the mouse kidney subproteome. In an attempt to increase the sensitivity of 
proteomic analysis and to further reduce sample complexity, in paper III we 
utilized a shotgun proteomic approach based on iTRAQ labeling and LC-
MS/MS to investigate age-related changes in peroxisome-enriched fractions 
from mouse liver. Our choice of peroxisomes in this study was based on the 
evidence that these organelles together with mitochondria are involved in the 
aging process due to the oxidative nature of their metabolism.  

Peroxisomal proteins were enriched by a differential density centrifuga-
tion procedure that has been optimized in our laboratory86, the effectiveness 
and reproducibility of the isolation procedure was controlled by Western 
blotting against organelle-specific markers. Obtained peroxisome-enriched 
fractions were subjected to digestion with trypsin, labeled with iTRAQ rea-
gents, pooled and analyzed by LCMS-MS. Each biological replicate was 
labeled individually in order to assess inter-individual variance between aged 
animals. Additionally, the sample preparation time-schedule and the labeling 
scheme were randomized to eliminate possible “batch-effect”. The reference 
standard composed of all the samples was allocated into each iTRAQ exper-
iment using the same tag. 

With the aid of the ProteinPilot™ software 234 proteins were identified 
and quantified. Among those, 150 proteins (64%) that were present in at 
least three out of six biological replicates, were subjected to statistical analy-
sis. According to t-test (p<0.05) 8 proteins were differentially expressed 
between young and old animals, exhibiting moderate folds ranging from 1.2 
to 4.1. Further statistical analysis revealed high biological variability within 
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the same age groups, which may be one of the reasons for a relatively low 
number of differentially expressed proteins with high significance.  

Another reason for rather minor changes observed in aged mouse liver 
may be impressive restorative capability of this organ. It has been reported in 
several studies, including a comparative 2-DE-based study from our 
group154, that the aging response is tissue-specific, which can by explained 
by differing regenerating capacities of different organs. It has been shown 
that senescent liver preserves its functions very well, in contrast to kidney 
that consists of post-mitotic cells and undergoes deleterious age-related 
changes155. 

Among the differentially expressed proteins that emerged from this study, 
four proteins were localized to peroxisomes and were up-regulated with age 
with moderate folds ranging from 1.2 to 1.7. This group of proteins includes 
the peroxisomal/cytosolic enzyme epoxide hydrolase, which is involved into 
detoxification of epoxides by converting them into readily excretable dihy-
drodiols. Age-dependent increase in activity of cytosolic epoxide hydrolase 
has been previously reported for mice hepatic tissues156, and it may indicate 
an adaptive process of the liver to counteract the adverse effects of aging 
process. 

 Another peroxisomal protein that was up-regulated with age was 3-
ketoacyl-CoA thiolase A. In addition to taking part in the final step of perox-
isomal β-oxidation, this enzyme participates in cholesterol biosynthesis. 
Thus, augmentation of 3-ketoacylthiolase with age may be a consequence of 
an increased level of cholesterol in aged liver. 

The observed increase in the level of the H2O2-generating peroxisomal 
enzyme sarcosine oxidase is in agreement with ”oxidative damage theory” of 
aging. Up-regulation of peroxisomal 2,4-dienoyl reductase, an auxiliary en-
zyme of β-oxidation can be seen as a defense signal against aging, as gener-
ally peroxisomal β-oxidation pathway is inhibited with age. 

As a next step, candidate biomarkers of aging emerged from this study 
will be validated on bigger sample groups and by means of targeted mass 
spectrometry-based proteomic approach. 

3. CPP-mediated delivery of proteins into yeast 
peroxisomes (Paper IV) 
In this paper we utilized the well-described CPPs TAT and pVEC for the 
delivery of catalase into yeast peroxisomes.  

The ability of CPPs to traverse biological membranes and deliver cargoes 
in cells thereby inducing biological response, have been extensively studied. 
However most of the studies were focused on targeting cytosol, the nucleus 
or mitochondria, whereas a number of reports dedicated to CPP-mediated 
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protein delivery into other intracellular compartments such as peroxisomes is 
limited. Yeast S. cerevisiae was selected as model organism in this study for 
a number of reasons: 1) it is a simple eukaryotic organism; 2) peroxisomes 
can be easily induced in S. cerevisiae by growth in oleic-acid containing 
medium; 3) CPP uptake studies involving yeast cells are limited. 

The delivery of specific protein therapeutics into cells and their subse-
quent targeting to peroxisomes would provide an opportunity to treat single 
enzyme deficiencies as well as plethora of biogenesis disorders157. In our 
study we addressed the case of acatalasemia, a peroxisomal disorder charac-
terized by complete lack of catalase.  

As it has been demonstrated that the mechanism of entry of CPP con-
structs can be influenced by the cargo158, we have started by testing whether 
CPPs with no cargoes attached are able to traverse the peroxisomal mem-
brane. Based on the results obtained from this experiment, pVEC was select-
ed for further studies, in addition to one of the most frequently used CPPs 
TAT.  

Next, we examined ability of in vitro synthesized TAT-Cat and pVEC-
TAT fusion proteins to transduce the yeast peroxisomal membrane. In order 
to discriminate the driving force for the translocation process, two versions 
of constructs were designed for each CPP. One version contained a full-
length catalase, while another, truncated version, was lacking the peroxiso-
mal signal sequence SKF at the C-terminus. In case of import into the wild-
type peroxisomes at standard import temperature (26oC), both CPPs showed 
high and nearly equal capability to deliver both versions of catalase, as 
demonstrated by the protease protection assay. This observation suggests 
that TAT and pVEC are capable of delivering catalase to peroxisomes and 
do not require a peroxisomal signal sequence for that. However, this experi-
ment does not provide any information regarding the exact mechanism of 
internalization.  

As most of CPPs have been reported to use an endocytotic route to gain 
access to the intracellular milieu, we investigated whether TAT and pVEC 
may utilize endocytosis for the internalization of catalase into peroxisomes. 
In order to do that import assays were performed at 4oC, as low temperatures 
are known to inhibit endocytotic pathways in cells159. At these experimental 
conditions, a fraction of proteins protected from externally added catalase 
was significantly reduced, particularly in the case of truncated version of 
catalase, indicating the possibility of endocytotic route involvement in the 
mechanism of uptake. 

Next, in vitro import assays were performed using a catalase deficient 
mutant (YWT1) yeast strain. In this case the ability to import catalase that 
possessed PTS1 has been significantly compromised, whereas relatively 
large fractions of the truncated version of catalase were imported. Based on 
these and previous observations we suggest that TAT and pVEC are able to 
traverse the yeast peroxisomal membrane and delivery catalase, and the im-
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port does not require engagement of the classical peroxisomal import ma-
chinery. However, when peroxisomal targeting signal is present, it seems to 
be a preferable mechanism utilized.  

It can be expected that peroxisomes of acatalasemic yeast cells are func-
tionally impaired and less import competent, which would explain why full-
length catalase was not efficiently important into catalase deficient peroxi-
somes. Additionally, overall decrease in the fraction of proteins imported 
into acatalasemic peroxisomes in comparison to wild type yeasts, might be 
explained by higher susceptibility of the mutant yeast’s peroxisomes to pro-
teolysis, e.g. due to altered lipid composition or increases membrane fragility 
caused by accumulated ROS. 

Finally, we investigated whether catalase delivered into acatalasemic pe-
roxisomes with the help of CPPs, preserved its activity. Indeed, as indicated 
by in-gel catalase activity staining, catalase remained active.  

Our findings provide an insight into the mechanism of CPP-mediated pro-
tein delivery into peroxisomes, and can have a possible application in target-
ed protein therapy of single enzyme deficiencies. 
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Concluding remarks and future perspectives 

Part I 
 

The first part of this thesis was focused on the development of subproteomic 
methods that would be suitable for the detection of potential biomarkers in 
the field of environmental science and aging research. Both areas are rather 
new in the field of applied proteomics, and there is still a long way until the 
biomarkers will be validated and introduced into the practical use.  

Our study on the marine pollution assessment demonstrated that proteo-
mic methods are suitable for biomonitoring as they can provide classification 
of samples according to the pollution gradient, based on the PES obtained. 
Even though not essential for the biomonitoring campaigns, identification of 
the proteins composing PES would provide useful information regarding the 
metabolic pathways involved into the ecotoxicological responses. Our LC-2-
DE method has been proven to be robust, reproducible and with the recently 
developed possibility to perform fully automated 2-DE160, it can be adjusta-
ble to a high-throughput analysis. 

Unfortunately, our proteomic approach has some limitations. As in most 
of the cases marine pollution assessment studies involve invertebrates, e.g. 
blue mussels, which are poorly represented in sequence databases, identifica-
tion of proteins composing PES is usually a challenging task. Moreover, it 
has to be mentioned that in order to obtain complete information regarding 
the pollution status in the environment, proteomic analysis must be comple-
mented by chemical analysis of environmental samples, e.g. by controlling 
the chemical composition of water over the time. Additionally, this kind of 
analysis is complicated by genetic variety of samples analyzed. This problem 
can be overcome by utilization of larger number of biological replicates and 
appropriate statistical analysis. 

Application of proteomic approaches (both 2-DE-based and MS-based 
shotgun proteomics) to the field of aging research holds a great promise to 
provide biomarkers of aging that would help to discriminate biological age 
of a tissue or an organ from its chronological age. In its turn, this infor-
mation can have a possible application in the selection of organs for trans-
plantation. Additionally, information regarding the biological age of an or-
gan would be useful to discriminate changes in the proteome caused by dis-
ease from those due to the aging process. Moreover, identification of the 
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proteins composing PES of aging would provide an additional insight into 
the mechanisms of aging.  

In this thesis we have utilized two different proteomic approaches (LC-2-
DE-based and shotgun MS-based using iTRAQ labeling) to study age-
related changes in the subproteome of two tissues with differing regenerative 
capacities (kidney and liver, respectively). Both of these two methods 
demonstrated their strengths and weakness, however the results obtained 
from those two studies cannot be compared directly as different tissues and 
subproteomes were analysed. Our future aims include verification of the lists 
of candidate biomarkers obtained in papers II and III. This could be done by 
means of a targeted mass spectrometry approach, named single reaction 
monitoring (SRM), that would have to be performed over the large cohort of 
samples. 

 
Part II 

 
In the second part of the thesis we showed that short cationic peptides which 
are known as CPPs are able to translocate across peroxisomal membranes 
and to deliver protein cargo into the peroxisomal matrix. Unfortunately we 
didn’t elucidate the exact mechanism of translocation employed by TAT and 
pVEC, but our experiment provided some insight into it. We suggest that the 
endocytotic pathway is involved into the uptake of cargoes by peroxisomes 
when the classical peroxisomal import machinery is not engaged (i.e. when 
peroxisomal signal sequence is absent). However when the SKF signal of 
catalase is present, CPP-fusion protein constructs are imported via the Pex-
machinery. Most importantly, catalase delivered into acatalasemic yeast 
peroxisomes with the help of CPPs, preserved its biological activity. There-
fore, our finding suggests that CPPs might be a useful tool for a protein ther-
apy of single peroxisomal protein deficiencies. 

Even though our first attempts to study CPP-mediated delivery of proteins 
into peroxisomes appeared to be rather promising, many investigations are 
required before peptide-mediated delivery of proteins can be implicated in 
clinical practice. Our future plans in this direction include time-course stud-
ies of CPP-cargo uptake and monitoring of the biological effects caused by 
the protein cargo delivered, followed by whole cell and eventually whole 
animal experiments. 
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