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Abstract  
Biological processes in living organisms consist of a vast number of different molecular networks and 
interactions, which are complex and often hidden from our understanding. This work is focused on
recovery of such details for two quite distant examples: acclimation to extreme freezing tolerance in 
Siberian spruce (Picea obovata) and detection of proteins associated with prostate cancer. 
     The first biological system in the study, upon P. obovata, is interesting by this species ability to 
adapt and sustain extremely low temperatures, such as -60⁰C or below. Despite decades of 
investigations, the essential features and mechanisms of the amazing ability of this species still 
remains unclear. To enhance knowledge about extreme freezing tolerance, the metabolome and 
proteome of P. obovata’s needles were collected during the tree’s acclimation period, ranging from 
mid August to January, and have been analyzed.   
     The second system within this study is the plasma proteome analysis of high risk prostate cancer
(PCa) patients, with and without bone metastases. PCa is one of the most common cancers among 
Swedish men, which can abruptly develop into an aggressive, lethal disease. The diagnostic tools,
including PSA-tests, are insufficient in predicting the disease’s aggressiveness and novel prognostic 
markers are urgently required. 
     Both biological systems have been analyzed following similar steps: by two-dimensional difference 
gel electrophoresis (2D-DIGE) techniques, followed by protein identification using mass 
spectrometry (MS) analysis and multivariate methods. Data processing has been utilized for 
searching for proteins that serve as unique indicators for characterizing the status of the systems. In 
addition, the gas chromatography-mass spectrometry (GC-MS) study of the metabolic content of P.
obovata’s needles, from the extended observation period, has been performed.  
     The studies of both systems, combined with thorough statistical analysis of experimental 
outcomes, have resulted in novel insights and features for both P. obovata and prostate cancer. 
In particular, it has been shown that dehydrins, Hsp70s, AAA+ ATPases, lipocalin and several
proteins involved in cellular metabolism etc., can be uniquely associated with acclimation to extreme
freezing in conifers. Metabolomic analysis of P. obovata needles has revealed systematic metabolic 
changes in carbohydrate and lipid metabolism. Substantial increase of raffinose, accumulation of 
desaturated fatty acids, sugar acids, sugar alcohols, amino acids and polyamines that may act as
compatible solutes or cryoprotectants have all been observed during the acclimation process.  
     Relevant proteins for prostate cancer progression and aggressiveness have been identified in the 
plasma proteome study, for patients with and without bone metastasis. Proteins associated with lipid 
transport, coagulation, inflammation and immune response have been found among them. 
  
Conclusions Proteomic and metabolomic approaches, which include qualitative and quantitative 
analysis of proteins and metabolites, are widely used for studies of complex biological systems and 
for screening in medical applications. These approaches are an effective way to retrieve information 
and acquire a firmer understanding of biological processes and to highlight potential diagnostic and 
prognostic markers. In this work it has been demonstrated, through the use of a combination of 
‘omics’ techniques and uni- and multivariate analyses, that one can attain erudition about the
acclimation in boreal conifers to extreme freezing tolerance and how prognostic and diagnostic 
markers, for high risk prostate cancer, can be detected. 
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Abstract  
Biologiska processer i levande organismer, är uppbyggda av stora nätverk av olika molekyler som
interagerar med varandra, vilka är komplexa och svåra att förstå. Denna avhandling fokuserar på att
förstå sådana molekylära interaktioner kring två inbördes väldigt olika processer: anpassning av
sibirisk gran till extrem kyla och uttrycksmönster av proteiner i plasma hos patienter med
prostatacancer.  
     Det första biologiska systemet i studien är intressant genom dess förmåga att anpassa sig till
extremt låga temperaturer som -60⁰C och ännu kallare. Trots årtionden av undersökningar så är
mekanismerna bakom denna häpnadsväckande förmåga hos träd fortfarande oklara. För att öka
kunskaperna om extrem frystolerans så analyserades metabolomet och proteomet i barr insamlade
under trädens anpasningssperiod från mitten på augusti till januari.   
     Det andra exemplet i studien är analys av plasmaproteomet hos patienter med aggressiv
prostatacancer, med och utan benmetastaser. Prostatacancer är en av de vanligaste cancerformerna
hos svenska män, vilken ibland utvecklas till en aggressiv dödlig sjukdom. De diagnostiska verktyg
som används idag (inklusive “PSA-testet”) är otillräckliga för bedömning av sjukdomens aggressivitet
och det behövs därför nya prognostiska markörer.  
     De båda biologiska systemen analyserades på följande sätt: 2D-DIGE-tekniken följd av MS-analys
för proteinidentifiering och multivariata metoder för dataanalys och identifiering av proteiner
associerade till systemens unika särdrag.  Dessutom utfördes en GC-MS-analys av barrens
metaboliter under den aktuella observationsperiden.  
     Studierna av båda systemen resulterade i tidigare okända insikter. Mer specifikt så kunde
dehydriner, Hsp70s, AAA+ ATPases, lipocalin och flera andra proteiner associeras till barrträds
anpassning till extrem kyla. Metabolitanalysen av barren visade på förändringar i kolhydrat och fett-
ömnesomsättningen under anpassnings processen, med kraftig ökning av sockersorterna raffinose
(en oligosaccharid), sockersyror, socker alkoholer och dessutom ökade andelen av omättade
fettsyror, aminosyror och polyaminer, vilkat a  alla gör att den siberisk gran klara den extrema kylan. 
    Proteiner relevanta för utvecklandet av prostatacancer detekterades i plasmaproteomet hos
patienter med aggressive prostatacancer. Bland dessa kan nämnas proteiner viktiga för
lipidtransport, koagulering, inflammation och immunrespons.  
 
Sammanfattning Tillämpningar av proteomik och metabolomik, vilka inkluderar kvalitativ och
kvantitativ analys av proteiner och metaboliter, används ofta för studier av komplexa biologiska
system och för identifiering av medicinska biomarkörer. Detta tillvägagångssätt är effektivt då man
vill erhålla ny kunskap om biologiska processer eller identifiera nya möjliga prognos markörer. Detta
avhandlingsarbete visar hur kombinationen av ‘omics’-tekniker och multivariat dataanalys kan ge ny
insikt om hur barrträd acklimatiserar sig till extrem kyla samt användas för att identifiera möjliga
diagnostiska/prognostiska markörer för aggressiv prostatacancer. 
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INTRODUCTION 

This chapter outlines the concept of ‘omics’ approaches, focusing on 
proteomics and metabolomics, as well as their application in plant and 
medical sciences. It gives a brief overview of the Siberian spruce (P. obovata) 
and the mechanisms of freezing tolerance within plants. Furthermore, it 
explains why plasma protein markers are in strong demand for the early 
diagnosis of high risk prostate cancer. 

 

‘Omics’ philosophy 

To understand the whole, one must study the whole…   Henrik Kascer 

The word ‘omics’, is derived from the Greek suffix, ‘ome’ (meaning all, every, 
whole, or complete) and refers to the scientific areas in molecular biology, 
which aim for a global view on biological systems in order to understand life 
and its organization as holistic existence. In the mid 1990’s, rapid evolution 
and growing knowledge concerning genomes (the complete genetic sequence 
of an organism) led to a quick development of the full range of ‘omics’ 
approaches (genomics, transcriptomics, proteomics, metabolomics and more 
recently, degradomics, lipidomics, interactomics, bacteriomics, eukaryomics, 
glycomics etc.). These methodologies are high-throughput screening and 
biological sample classification technologies, which allow one to get answers 
to such of the following questions:  

 
− What is happening inside the cell/organ/tissue?  

− What is a key player in the biological process being studied?  

− Why do these biomolecules behave so differently?  

− What new can one learn from this knowledge? 

The ‘omics’ approaches are often applied to investigate samples collected 
from different populations or upon different physiological states (e.g. disease 
vs healthy, treated vs untreated, temperature stressed vs unstressed, etc.), 
aiming to find molecules that would differentiate between these classes of 
samples. Once the panel of differentially changed markers (genes, 
transcripts, proteins or metabolites) is characterized, they can be used for 
future sample differentiation and classification or as molecules indicating 
the processes that are involved in the scientific inquiry. The main power of 
‘omics’ approaches lies in the generation and testing of new hypotheses. In 
this thesis, several new hypotheses have been put together and analyzed: two 
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‘omics’ approaches, i.e. proteomics and metabolomics, have been used to 
investigate molecular processes involved in freezing tolerance development 
in boreal conifer P. obovata, when fully acclimated. Furthermore, this 
approach has been utilized to demonstrate how plasma proteomics can be 
applied to discover new biomarkers for high risk prostate cancer.  

 

Proteomics 

The term ‘proteome’ refers to the PROTEin complement that is expressed by 
the genOME  (Wasinger et al. 1995). While the genome is relatively static 
and remains identical over the lifespan of a living organism, the proteome is 
highly dynamic, constantly changing and responding to internal and external 
stimuli. The proteome represents not only the expression part of the 
genome, but also the variation of several active forms and post-translational 
modifications (PTMs) of proteins for a single gene. This makes proteome 
studies increasingly more complex than expected, on the basis of the number 
of genes in the genome.  

Based on the central dogma, that the sequential information is transferred 
from deoxyribonucleic acid (DNA) by transcription via messenger 
ribonucleic acid (mRNA) and then by translation to proteins (Crick 1970), it 
could be expected that proteome expression (the quantitative and qualitative 
measurement of the global protein levels) would remain consistent with 
mRNA expression. At the same time, the evaluation of the correlation 
between mRNA levels and corresponding protein levels in cells indicates a 
coherence, mostly for prokaryotes (Scherl et al. 2005) and a very poor 
correlation for eukaryotes, as was shown in several studies (Gygi et al. 1999). 
There is still little known of these processes and since genomics cannot 
answer all the questions, proteomics is a great complementary tool to convey 
knowledge to the life sciences. 

Proteomics involves the systematic qualitative and quantitative study of sets 
of proteins and protein variations on a large scale, as a result of biological 
processes and perturbations within a cell or tissue. “Proteomics includes not 
only the identification and quantification of proteins, but also the 
determination of their localization, modifications, interactions, activities, 
and, ultimately, their function” - Stan Fields in Science,  2001 (Fields 2001). 

Proteome analysis began with techniques based on two-dimensional gel 
electrophoresis (2D-GE), which was introduced by Klose and O’Farrell in 
1975 (Klose 1975, O'Farrell 1975). This was expanded upon by application of 
gel-free techniques, such as liquid chromatography-mass spectrometry (LC-
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MS). Both gel-based and gel-free methods have relative merits and 
weaknesses and the choice of the preferable strategy is varying. While gel-
based proteomics is time-consuming and difficult to automate (having 
limited dynamic range of protein detection as well as a restricted ability to 
separate membrane proteins), it nevertheless is an effective analytical tool 
for the global overview and quantitative comparison of thousands of proteins 
simultaneously within their complex biological systems. To achieve an in-
depth proteomic analysis, pre-fractionation and depletion/enrichment 
procedures have been developed. Advances in instrumentation (application 
of narrow range immobilized pH gradient gels, which increase resolution of 
analysis; fluorescence imaging; mass spectrometry), methodologies (protein 
microarrays, MS-based methods, chromatography) and bioinformatics have 
expanded the application of proteomics research.  

In the studies presented in this thesis (paper I and IV), the gel-based 
proteomics strategy has been used specifically for the study of these 
biological systems – the combination of two-dimensional difference gel 
electrophoresis (2D-DIGE) coupled with mass spectrometry (MS). Both 
proteomic studies have been successfully performed and resulted in an 
updated panel of the proteins crucial for the aforementioned studied 
processes. The principles of the selected gel-based proteomic approach that 
was utilized in this study are described in more details in the Materials 
and Methods chapter. 

 

Metabolomics 

Metabolomics was coined relatively recently, in 1999 (Fiehn et al. 2000, 
Nicholson et al. 1999). Similar to how proteomics is aimed at the global 
qualitative and quantitative characterization of all the proteins within the 
proteome, metabolomics is directed at the global, high-throughput 
measurements and characterization of the hundreds of metabolites (e.g. 
amino acids, fatty acids, mono- and di-carbohydrates etc.) within the 
metabolome. Metabolome refers to the set of endogenous and exogenous 
small-molecules, i.e. metabolites, that can be found in a living cell or 
organism (Oliver et al. 1998). Metabolites reflect the events that occur at 
different levels of the organism and can be regarded as the end-point of the 
chain beginning with gene expression in response to internal or external 
stimuli, through to mRNA and protein interactions. Thus, metabolites are 
believed to be able to describe the current state of an organism in a more 
comprehensive way than that of mRNA transcripts or proteins. However, for 
a complete understanding of the mechanisms involved in the processes 
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taking place in a living organism, all levels of the information pathways 
should be considered.  

Metabolomic analysis requires a set of analytical tools that can explore the 
overall ‘signatures’ of the chemically diverse cellular metabolites and 
characterize each metabolic variation. This can be achieved by a combination 
of several approaches: proper and optimized isolation/extraction 
procedures, separation techniques (e.g. GC, LC) coupled with MS 
identification and/or spectroscopic techniques without prior-separation 
(MS, NMR). Suitable software is required for rapid and correct spectral-
chromatographic data processing.  

In this metabolomic study of dynamic metabolic alterations during the 
acclimation process in Siberian spruce (paper II), GC-MS technique was 
used. This is one of the most powerful and sensitive high throughput 
methods, which can detect and identify the largest possible number of 
metabolite profiles. The principles of this technique are described in detail 
within the Materials and Methods chapter. 

The amount of information and complexity of the data produced by 
metabolomics and proteomics gives rise to many new challenges.  To recover 
the metabolite interconnection through metabolic reactions and their 
implication into metabolic pathways, the joined interrelation of several 
disciplines - computational science, statistics and bioinformatics - are 
required.  The development of suitable tools for data analysis, interpretation 
and visualization, in order to reach a holistic view of living processes, is 
needed.  Paper III is dedicated to this point. It proposes a discussion of new 
questions, where not only in the description of significantly changed 
metabolites are of main interest, but rather their coherent dynamics for 
particular intervals of time. The detailed strategy of data analysis is ascribed 
further in the Materials and Methods chapter. 

 

Biological Application  

Siberian spruce (Picea obovata) 

Siberian spruce (P. obovata) is one of the most dominating species of dark 
coniferous forests in Russia (Siberia) and Canada. Within the territory of 
Middle Siberia (Krasnoyarsk, Evenkia, Khakasia, Tuva) it occupies more 
than 10 million hectares, which constitutes about 10.5% of the forest-covered 
territory (Rysin and Savel’eva 2002). Growing in the wide geographic range 
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and in the areas where the summers are very hot, reaching over +35 ºC and 
mid-winter temperatures can drop below -60 °C and may remain below  
-40˚C for two to three months (Bonan and Shugart 1989). P. obovata has 
found its own unique mechanisms to survive such extreme conditions and to 
keep its needles alive.  

Previously it has been shown by Strimbeck (2008), that P. obovata is already 
acclimated by the end of October and that this ability is sustained 
throughout the winter. When it is fully acclimated, its needles can survive 
immersion in liquid nitrogen at -196˚C, if at first they are slowly cooled to an 
intermediate temperature, typically -20 to -30˚C. This amazing ability to 
withstand the freezing stress makes this species attractive for the 
investigation of acclimation to extreme frost hardiness in living tissues. 
Although several proteomic and metabolomic studies gave valuable insight 
in the field of freezing stress in the Arabidopsis thaliana (Amme et al. 2006, 
Kaplan et al. 2004), this model organism does not achieve the same level of 
freezing tolerance as boreal conifers can, once fully acclimated. The physical 
properties of intracellular membranes and fluids at the point of full frost 
hardiness are not fully understood. 

Despite the limited sequence information available for P. obovata, it is a 
suitable species for exploration of mechanisms of extreme freezing tolerance. 
Increase in published genome sequences from other conifers and boreal 
plants, coupled with continuous updating of protein and metabolite 
databases, as well as MS development and advances in the field of 2D-DIGE 
techniques, have all made it possible to obtain detailed proteomics and 
metabolomics data from non-model organisms like P. obovata (paper I, III). 

Siberian spruce is one of the traditional subjects of forest genetic and 
breeding research. This species has a great economic and ecological 
significance and is part of intensive breeding programs. For this reason, the 
study of the molecular processes occurring in this tree during cold-
acclimation may yield valuable knowledge on plant adaptation and evolution 
leading to the acquirement of freezing tolerance. 

 

Molecular aspects of freezing stress  

Boreal conifers, naturally growing in the regions where winter can arrive 
early, must be well prepared in advance for the first frost event and for 
avoidance of the ice-formation in the extracellular matrix and within the cell. 
This preparation/acclimation is undertaken by the triggering of complex 
cellular machinery. It includes:  
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(1) changes in membrane fluidity which can be acquired by fatty acid 
desaturation and changes in lipid composition (Oquist 1982, Quinn 1985, 
Steponkus et al. 1990);  
 
2) alterations in carbohydrate metabolism with accumulation of sucrose and 
oligosaccharides (Frankow-Lindberg 2001, Hansen and Beck 1994);  

 
(3) synthesis and accumulation of proteins with probable cryoprotective 
functions (Close 1997, Shinozaki and Yamaguchi-Shinozaki 2000);  
 
(4) accumulation of lower molecular weight compatible solutes, such as 
proline and glycine betaine (Li et al. 2004);  

 
(5) increases in the ability to withstand oxidative stress (Tao et al. 1998).   

Freezing temperatures cause cellular water deficiency, which is driven by 
crystallization of unbound water in the intercellular space. As a result, 
cellular water moves down its potential gradient, crossing the plasma 
membrane into the cell wall and the intercellular space. In turn, living cells 
dehydrate, crenate and possibly die, if uncontrolled by the cellular 
machinery. Various models have been proposed to understand how cellular 
processes act to prevent injury to membranes and proteins, for example by 
promoting intracellular vitrification (i.e. glass transition) or by preventing 
membrane phase changes.  

Nevertheless, there is no commonly accepted biochemical model that 
quantitatively and qualitatively describes the mechanism of acquired 
freezing tolerance on a molecular level.  Furthermore, there are no known 
clear triggers or sensors of this process that are uniquely associated with 
response to a decrease in temperature. This study is an attempt to contribute 
to this fundamental question in nature. 
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Medical Application 

Prostate Cancer 

Prostate cancer is one of the most common cancers among men in Sweden 
and in the rest of the Western world. About 10 000 new cases are diagnosed 
every year in Sweden, and of those about 25 % will die from this lethal 
disease. According to Swedish official statistical data (2010), this type of 
cancer represented 36% of all male cancers in 2009 and the incidence has 
increased by 2.7 % annually over the last 20 years (Fig. 1a). The risk of 
developing prostate cancer increases with age: the median age at diagnosis is 
over 75 years and cases under the age of 40 are extremely rare (Fig. 1b). It is 
uncertain if the increased detection of prostate cancer nowadays is a direct 
result of either an ageing population, an increase in testing of prostate-
specific antigen (PSA) levels in the blood, an improvement in biopsy 
techniques or an increase in public awareness. Despite this increased 
incidence, the mortality in Sweden is stable (Damber and Aus 2008). 

The correlation between mortality and prevalence of prostate cancer varies 
largely between different regions around the world, genetic background, 
environment and diet (Kolonel et al. 2004), however, the etiology of prostate 
cancer is largely unknown. 

                

 
Figure 1. (a) Number of new diagnosed PCa cases, 1960-2010; (b) Age-specific number of new PCa cases. 
Adapted by courtesy of The National Board of Health and Welfare (Socialstyrelsen) official statistical data 
(2010)  

12 
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Prostate cancer diagnosis and prognosis 

At present, prostate cancer diagnostics is based upon testing for serum levels 
of prostate specific antigen (PSA), digital rectal examination and sampling of 
transrectal ultrasound guided biopsies. PSA testing remains the standard 
method for detection of prostate cancer, despite the fact that it has low 
specificity and limited prognostic value. It is considered normal if the level of 
PSA is in the range between 0 and 3.0 ng/ml, while values above 10.0 ng/ml 
indicate a substantial risk for having prostate cancer. Of major concern is 
that a majority of men with moderately elevated levels of PSA (3-10 ng/ml) 
do not have PCa, but are instead diagnosed with inflammation, prostatitis or 
benign prostatic hyperplasia (BPH) (Schröder 2009). Another issue is that 
there exists populations of men, with prostate cancer, who all actually have 
PSA values lower than 3.0 ng/ml (Thompson et al. 2004).  

Furthermore, a large fraction of men diagnosed with prostate cancer have 
indolent tumors, which are unlikely to progress for many years. Prognosis 
for a patient is predicted by evaluating tumor grade (on the Gleason score 
scale) and clinical stage (T1-4) in combination with the PSA value 
(Fiorentino et al. 2010). Patients with high tumor grade (GS 8-10) and/or 
non-localized tumors (T3-4) have a high risk of developing metastases, 
primarily in the bone, leading to fatal disease. Low-risk tumors (T1, GS <6) 
are asymptomatic and remain confined in the gland for many years until 
they can be detected. The majority of newly diagnosed cases however, have 
intermediate-risk tumors (T2, GS 6-7) and the ability to predict tumor 
behavior in these cases is very limited. Thus, patients with benign and low-
risk tumors can undergo a huge amount of unnecessary biopsies and over-
treatment, while other patients get therapy too little too late. When the 
cancer has spread outside the prostate organ and metastasized, only 
palliative therapeutic options are available.  

New markers to improve diagnostics and prognostics of prostate cancer 
are therefore crucial. 

 

Biomarkers for prostate cancer 

The prostate is a walnut-sized and shaped male gland, which surrounds the 
urethra just below the urinary bladder. A healthy male prostate has a high 
degree of cellular organization and is composed of ducts lined with basal 
epithelial cells, secretory luminal epithelial cells and neuroendocrine cells, 
surrounded by a fibromuscular stroma (Schalken and van Leenders 2003). 
Fibromuscular stroma is composed of different types of cells: smooth muscle 
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cells (SMC), fibroblasts, mast cells, and macrophages, all embedded in a 
collagenous matrix together with nerves, lymphatic and blood vessels. 
Prostate tumors (malignant as well as benign) consist of abnormal cells that 
are different from the healthy prostate not only in the cell composition, but 
also in the expression of growth factors, angiogenetic factors and proteolytic 
enzymes etc. (Josson et al. 2010). Malignant tumors are often multifocal and 
heterogeneous with respect to gene and protein expression/utilization. In 
addition, the degree of aggressiveness results in the probability of finding 
biomarkers in tissue and blood, with prognostic information being highest in 
patients with this kind of tumor. 

The ‘omics’ approaches aforementioned above, are widely used in cancer 
research. These approaches compare samples of diverse origins (for 
instance, from patients with different degrees of tumor aggressiveness) and 
allow discrimination and characterization of markers that can be used to 
differentiate clinically significant tumors. As a result of rapid ‘omics’-
technologies, a few potential molecular markers for prostate cancer have 
been detected (Leman and Getzenberg 2009, Makarov et al. 2009). Their 
application for early detection of disease, prognostication, prediction of 
treatment response, or as a measure of response to treatment is currently 
under testing and validation phases. 

An optimal tumor marker should be tumor-specific and easily assessable by 
non-invasive tests in order to precisely determine if there is a need for 
further biopsy analysis. Blood is one of the most suitable biofluids available 
for biomarker discovery. It reflects diverse physiological and pathological 
states and can contain various cellular elements, circulating tumor cells, 
secreted proteins/peptides, metabolites and cell-free DNAse/RNAse. Since 
the prostate tumor volume is minute, expected tumor-specific or metastatic-
specific markers will be present at very low concentrations in the blood. 
Therefore, detection of biomarkers in plasma, especially for early stages of 
the disease, is extremely challenging. Since the research presented in this 
thesis was focused on the discovery of PCa relevant biomarkers using 
proteomics, the discussion of metabolomics application in this field was 
omitted. Successive application of metabolomics, in the search for PCa 
markers within human blood and tissue, was however, recently published by 
(Sreekumar et al. 2009, Thysell et al. 2010).  

Plasma proteins have a high dynamic range, which makes plasma proteomic 
analysis particularly challenging. Identification of low abundant proteins 
within plasma is extremely difficult, since in the analysis highly abundant 
proteins can mask them. The difficulties caused by the complexity and broad 
protein abundance range in plasma are gradually being overcome with 
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proper experimental design, novel experimental approaches and data 
analysis. Several comparative proteomic analyses of plasma or serum have 
revealed potential biomarkers for prostate cancer (Byrne et al. 2008, Lam et 
al. 2005, Qin et al. 2005). Several in-depth approaches, including plasma 
depletion (Chromy et al. 2004, Moritz et al. 2005) and extensive 
fractionation, using the ProteoMiner normalization technology (Righetti et 
al. 2006), have increased sensitivity of plasma proteome analysis 
(Pernemalm et al. 2008, Sihlbom et al. 2008). In this study, a combination 
of plasma fractionation with ProteoMiner technology and 2D-DIGE has been 
utilized, with the aim of finding new potential biomarkers in blood plasma 
for high risk prostate cancer patients.  
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AIMS OF THIS STUDY  

The overall aims of this study were (i) to investigate the molecular changes of 
cold-acclimation effects in Siberian spruce (Picea obovata), and (ii) to 
identify potential plasma biomarkers for high risk prostate cancer.  

The specific aims to accomplish this were:  

I. To use proteomic and metabolomic approaches for finding specific 
proteins and metabolites associated with cold-acclimation and 
extreme freezing tolerance ability in P. obovata.  

II. To explore different methods to detect the presence of distinctive 
phases in seasonal-responsive changes in metabolic patterns of    
P. obovata during cold acclimation.  

III. To investigate proteomic differences between plasma samples 
corresponding to patients with high risk prostate cancer and patients 
with benign diseases.  
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MATERIALS AND METHODS 

This thesis is based on gel-based proteomic and GC-MS-based metabolomic 
analysis of two different types of biological samples. In papers I, II and III, 
the needles from Siberian spruce (Picea obovata) collected in time-course, 
were studied. In paper IV, plasma samples from patients diagnosed with 
high-risk prostate cancer were subjected for proteome analysis. The 
following subsections will briefly describe the main steps in proteomic and 
metabolomic analysis: (1) samples and sample preparation; (2) the key 
techniques in proteomics - 2D-DIGE coupled with MS-identification; and 
metabolomics - GC-ToF/MS; and (3) the subsequent data processing and 
statistical analyses used in this study. 

 

Samples and sample preparation  

Sample preparation is one of the most crucial steps in obtaining high-quality 
data for proteomic and metabolomic analysis. The major problem in 
extensive cell/tissue extraction of proteins or metabolites lies in the high 
dynamic range of expression/abundance and diversity of these molecules 
with respect to their chemical and physical properties (molecular weight, 
isoelectric point, solubility, polarity, volatility, etc.). One-step sample 
preparation procedures would be highly desirable with respect to simplicity, 
reproducibility and minimization of artifacts, but it is hardly achievable.  

Proteins or metabolites can be extracted after cell disruption processes, 
achieved mainly by freezing, grinding, homogenization, detergent lyses, and 
other procedures. Samples should be kept cold during cell breakage to 
inhibit cellular metabolism and to prevent possible degradation and 
modifications during the sample preparation step. Interfering substances, 
e.g. proteolytic enzymes, DNAses/RNAses, salts, plant phenols and many 
others, should be inactivated by appropriate inhibitors and/or removed, 
keeping in mind that each additional sample preparation step can result in 
the possible loss of analyzed molecules. 

Pre-fractionation steps are especially advantageous for proteome analysis in 
order to reduce complexity of the sample and to enrich the proteins of 
interest before sample extraction/solubilization. The buffer optimization and 
compatibility are crucial for both proteomic and metabolomic analysis. In 
this study (paper I and IV) a urea/thiourea buffer, compatible with 2D-
DIGE, was used for protein solubilization and in paper III - an optimized 
methanol : chloroform buffer was used for metabolite extraction.  
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Labeling of proteins with cyanine dyes (CyDyeTM DIGE Fluors) prior to 
electrophoretic protein separation, is also preferable. It allows obtaining 
highly accurate qualitative and quantitative proteomics, mainly because of 
(1) minimization of gel-to-gel variation, caused by distortion of 2D-patterns 
(i.e. it is possible to separate up to three samples on the same 2D-DIGE gel), 
and (2) the use of internal standard (i.e. the pooled mixture of all samples 
labeled with one specific CyDye, usually Cy2) facilitating image analysis. 

After extraction of metabolites, additional derivatization procedures should 
be carried out before analysis with GC-MS, in order to reduce polarity of the 
metabolites and facilitate their chromatographic separation. Metabolites 
containing functional groups with active hydrogens (-OH, -SH, -NH) are 
inactivated, for example by a silylation reaction. In addition, keto (oxo-) 
groups are oximated in order to prevent enolization reactions, which can 
lead to generation of multiple products.  

 

Plant material 

Three Siberian spruce trees, growing in The Ringve Botanical Garden in 
Trondheim, were selected for repeated needle sampling every two to four 
weeks, from August 2006 to April 2007. It has been shown by Strimbeck et 
al. (2007) that these trees develop extreme freezing tolerance and the main 
interest in this study was to analyze protein and metabolite changes in 
needle cells during its cold acclimation.  

 

Protein extraction, solubilization and labeling  

Analysis of protein expression (paper I) in samples representing non-
acclimated (5 September), partially acclimated (8 October) and fully 
acclimated (5 November) stages were chosen on the basis of freezing 
tolerance data from the same individual trees, sampled from August 2006 to 
April 2007 (Strimbeck et al. 2008). Total protein content was extracted from 
80 mg ground needle tissue. Conifer tissues are very rich in polysaccharides 
and phenols, which can interact with proteins and as a result, give rise to 
streaky 2D – patterns and a poor quality of resolved protein spots. Thus, 
combined TCA/acetone and methanol washes and phenol extraction 
procedures were performed as described by Wang et al. (2006). The 
resulting pellets, from a total of four extractions of each sample, were 
dissolved in urea/thiourea buffer, compatible with minimal labeling from 
CyDye™ Fluors (Cy2, Cy3, and Cy5) prior to 2D-DIGE.  
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Metabolite extraction and derivatization 

Samples were also collected during broader time-course acclimation, 
representing nine different time points, every two to four weeks, from 
August 2006 to January 2007 (paper II and III). These were analyzed by a 
metabolomic approach. The metabolites were extracted from ~10 mg of P. 
obovata needle, ground to powder in N2 with normalized volumes of 
extraction mixture, consisting of chloroform : methanol : H2O (1:3:1) and a 
series of stable isotope compounds as described in (Gullberg et al. 2004). 
Samples were evaporated to dryness and then derivatized by 
methoxyamination and afterwards by trimethylsilylation, prior to GC-
ToF/MS. 

 

Plasma samples 

Plasma proteome analysis is challenging because of the huge disproportion 
in protein abundance with the dynamic range of over ten orders of 
magnitude (Anderson and Anderson 2002). This prevents the simultaneous 
analysis of high- and low-abundant proteins (probably the most interesting 
plasma proteins, in terms of marker selection). Albumin alone represents  
~60% of the total protein content and the nine most abundant human serum 
proteins (albumin, immunoglobulin G, haptoglobin, transferrin, 
transthyretin, a1-antitrypsin, a1-acidic glycoprotein, hemopexin, and a2-
macroglobulin) constitute about 90% of the entire serum proteome (Pieper 
et al. 2003). In order to increase the probability of finding specific tumor 
markers in blood for aggressive prostate cancer, extensive ProteoMiner 
fractionation of plasma, in combination with DIGE, was carried out in this 
study.   

Plasma fractionation using the ProteoMiner normalization technology 
(BioRad) (Thulasiraman et al. 2005) is based on the interaction of protein 
samples with a highly diversible library of hexameric peptide ligands bound 
to the surface of the beads. Each bead has millions of copies of a single 
peptide, and each bead has a potentially different peptide ligand. Since the 
binding capacity is limited by bead capacity, the high-abundant proteins 
quickly saturate all available ligands, while the low-abundant proteins are 
concentrated on their specific ligands. Thereby, the dynamic range of protein 
concentration is decreasing and low-abundant proteins are enriched, 
meaning quantitative information is preserved. 

Several studies have shown (Pernemalm et al. 2008, Sihlbom et al. 2008) 
that ProteoMiner technology can have increased sensitivity of plasma 
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analysis, by surface enhanced laser desorption and ionization time of flight 
mass spectrometry (SELDI-TOF/MS) and 2D-DIGE in comparison with 
other fractionation techniques. On the other hand, comparison of immuno-
depletion strategies with the ProteoMiner technique by Bandow (2010) did 
not reveal substantial differences in protein patterns. The critical point 
against application of beads was published by Keidel et al. (2010), where it 
was claimed that the ProteoMiner bead interaction with protein mixtures 
was caused more likely by general hydrophobic binding mechanism similar 
to Sepabeads. Hence, the diversity in beads surface ligands plays only a 
negligible role. 

In this study, plasma proteome patterns that corresponded to high risk 
prostate cancer patients with (M1, N=7) and without (M0, N=14) established 
bone metastasis, as well as patients with benign prostate disease (B, N=15) 
were obtained by 2D - DIGE. Selected samples were first ProteoMiner 
enriched and eluted using a series of buffers according to the manufacturer´s 
protocol and performed by scientists at BioRad (Hercules, CA) : fraction (1) -  
1M NaCl, 20 mM, HEPES, pH 7.5; fraction (2) - 200 mM glycin, pH 2.4;  
fraction (3) -  60 % ethylene glycol; fraction (4) -  33.3 % isopropanol, 16.7 % 
acetonitrile (ACN), 0.1 % trifluoric acid (TFA). All four fractions 
corresponding to one person were subsequently cleaned-up and pooled 
before protein quantification. A pool of all samples corresponding to an 
internal standard sample was labelled with Cy2, and samples from different 
patients were labeled by either Cy3 or Cy5.  Protein content of plasma 
samples was separated in the first dimension in the 3 – 11 pH range and in 
the second dimension on 10-15% gradient sodium dodecyl sulfate – 
polyacrylamide gel electrophoresis (SDS-PAGE). 

 

Proteomics workflow 

2D-DIGE  

2D electrophoresis, introduced by O'Farrell (1975), is a widely used gel-based 
proteomic technique applied to analysis of complex protein mixtures, 
originated from cells, tissues or biofluids. The electrophoretic protein 
separation occurs in two dimensions, according to different protein 
properties. In the first-dimension, isoelectric focusing (IEF), proteins are 
separated in the gel matrix according to their isoelectric point (pI) and in the 
second-dimension, using SDS-PAGE, proteins are separated according to 
their mass. The innovation of immobilized pH gradients by Görg et al. 
(1988), (1995) made a great improvement in reproducibility of gels between 
labs and gave rise to gel-based proteomics in general. The further developed 
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2D-DIGE method by Ünlü et al. (1997), facilitated quantitative and 
qualitative analysis of differences in protein patterns between groups of 
samples. In DIGE, proteins are labeled/stained with fluorescent dyes, like 
the cyanine dyes (CyDyes) used in our study, prior to 2D separation. Having 
an NHS-ester reactive group, cyanine dyes are covalently bound to an amino 
group of a single lysine residue, per protein molecule, via an amide linkage. 
The ratio between dye to protein was designed to ensure the staining of one 
dye per protein; thus, it is so called, "minimal labelling". Protein mixtures 
(up to three samples), labeled with CyDyes (Cy2, Cy3, Cy5) can be separated 
in one gel. Due to the different excitation wavelengths of each CyDye it is 
possible to acquire up to three images from one gel.  

 

Image Analysis 

After 2D-DIGE, the gel images with differentially labeled and co-resolved 
proteins need to be obtained on a multi-wavelength scanner and analysed. In 
general, image analysis is very time consuming and encompasses multiple 
steps. Several software packages for DIGE image analysis are available 
nowadays and the REDFIN software (Ludesi AB, Lund, Sweden) was used in 
this study. The images were matched using all-to-all spot matching and 
manually edited where needed. Quantification was achieved by measuring 
the cumulative spot intensity with subsequent background subtraction and a 
two-step normalization procedure. Within the first step, normalization was 
done according to a calculated normalization factor across all three images 
obtained from each gel. In the second step, spot volumes were normalized by 
the normalization factors that were calculated for all internal standards. The 
package also included several standard statistical tools for preliminary 
grouping of the matched spots based on pre-processing their relative 
intensities including Student t-test, Mann-Whitney test and Analysis of 
Variance (ANOVA).  

 

Protein identification by MS 

Mass spectrometry (MS) is the key analytical technique in proteomics. It 
provides information about protein identification by measuring mass to 
charge ratio (m/z) of ions generated in the gas phase. Therefore, protein 
digests (peptides) should be turned into the gas phase, than ionized and 
afterwards analyzed for mass to charge ratios. A mass spectrometer typically 
consists of three integral parts: (i) an ion source for peptide ionization; (ii) a 
mass analyzer where ions are separated according to their m/z ratio; (iii) a 
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detector, which registers the amount of separated ions. All integral parts are 
connected to a computer to enable control, registration and evaluation of 
obtained data.  

In the present study, identification of proteins from 2D gel spots was 
performed by two different MS-techniques. In paper I, protein identification 
was done by MALDI-TOF/TOF analysis at the W.M. Keck Foundation 
Biotechnology Resource Laboratory, Yale University, USA. Protein 
identification, in paper IV, was performed by LC-MS/MS at the Umeå 
Protein Analysis (UPA) Facility, Umeå University, Sweden. 

 

Metabolomics workflow 

GC-MS 
Several analytical methods can be used for analysis of the chemically diverse 
cellular metabolites and characterization of the metabolic variations. Cellular 
metabolites are usually analyzed using LC-MS or GC-MS, despite the fact 
that nuclear magnetic resonance spectroscopy (NMR) offers cost-effective 
and quick sample analysis. LC-MS has a number of advantages over GC-MS, 
since more polar compounds are covered with this technique and there is 
usually no need for derivatization. LC-MS chromatograms are however more 
difficult to process and deconvolute than is the case with GC-MS. 
Furthermore, nowadays the identification of compounds is increasingly 
easier for GC-MS, thanks to many commercial and public GC-MS libraries 
establishing. GC-MS has also a higher sensitivity, as compared to nuclear 
magnetic resonance spectroscopy (NMR) (Lisec et al. 2006), which makes it 
one of the most commonly used analytical techniques in metabolomics.  

In GC-MS, compounds in the gas phase are separated on the column. They 
are carried through a column with an inert gas (such as helium) and column 
effluent flows into the mass spectrometer, where separated analytes are 
ionized and fragmented. The mass to charge ratios (m/z) of obtained 
fragments, together with their relative abundances, are measured. Libraries 
of known mass spectra are used for metabolite identification.    

GC-TOF/MS analysis in papers II and III was undertaken according to a 
standardized protocol (Gullberg et al.  2004). Metabolites were annotated by 
comparing their mass spectra to spectral databases containing standard 
compounds and maintained by the Umeå Plant Science Center1 in Umeå, 
Sweden, as well as the Max Planck Institute2 in Golm, Germany.  
1 http://www.upsc.se/Technology/Metabolomics-Facility/metabolomics-facility.html 
2 http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/gmd.html 

http://www.chem.umu.se/upa/
http://www.chem.umu.se/upa/
http://www.upsc.se/Technology/Metabolomics-Facility/metabolomics-facility.html
http://www.upsc.se/Technology/Metabolomics-Facility/metabolomics-facility.html
http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/gmd.html
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Data processing 

‘Omics’ approaches generate large and multivariate data sets and the 
appropriate data pre-processing and hypothesis testing are required to 
construct new and valuable insights into the ‘overall picture’ of cellular 
complexity.  

 

Analysis of GC-MS data  

Several approaches have been successfully utilized for qualitative data pre-
processing and quantitative analysis of information contained in data 
(Boccard et al. 2010). Data pre-processing encompasses normalization 
procedures, alignment and deconvolution of peaks across samples, multiple 
peak recalculations and metabolite annotation. Most of these steps can be 
done with the help of commercial or in-house developed softwares and with 
a minimal need in supervision. However, there are no perfect deconvolution 
algorithms and the quality of spectrum largely depends on the level of 
compound in the spectrum (i.e. low level – bad spectrum). Thus, the task to 
computerize and automate the processes of metabolite annotation is rather 
difficult and dependent on a subjective factor and the substantial 
involvement of a scientist.  

Annotation of metabolites can bring further challenges, due to several other 
factors, including improper design of experiment, instrumental drift and 
poor quality of measurements or insufficient number of independent 
measurements. Even though the origins of inconsistency of metabolite 
identification are often difficult to detect, some of these problems can be 
resolved by appropriate modification of experimental conditions (e.g. 
different running modes), which were used for GC-MS analysis in papers II 
and III. They are briefly discussed below.  

In the ideal situation, the relative metabolite profiles obtained by different 
running conditions should be the same. However, in practice, because of 
different reasons, e.g. broad dynamic range of metabolites present in the 
studied samples, profiles might substantially differ. Among the many 
reasons, two are apparent: (1) relative metabolite profiles are different, if a 
metabolite is highly abundant, then saturation of measurements 
(chromatographic peaks areas) can occur; (2) relative metabolite profiles can 
be different, if the measurement of a low abundant metabolite (for one of the 
running conditions) is below the threshold.  
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To avoid these cases, GC-MS chromatograms in the presented study were 
recorded in two different running modes - splitless and split (i.e. metabolic 
extracts were injected in reduced proportion 1:20). Such measurements for 
both modes are depicted for raffinose and phytol in Fig.2 (A, B). As it is 
shown, relative levels of raffinose measured by both modes are almost the 
same during August - October, while they substantially differ (more than 
2.5X) for observations obtained between 05/11 and 02/01. This observation 
indicates that the splitless data for raffinose are likely to be saturated and are 
deficient, despite the narrow ranges of confidence intervals voting for 
consistent and accurately computed measurements.    

                   

 

(A) 

(B) 

Figure 2.  Time-course dynamics of relative raffinose (A)  and phytol (B) levels in needles of P. obovata 
during cold-acclimation: the solid black line are the measurements obtained by GC-MS analysis performed in 
splitless mode and the dashed blue line - in split (1/20) mode.   

The saturated peaks for raffinose, at several time points, were already 
observed during chromatogram evaluation and the metabolite annotation 
tasks. However, analysis of relative metabolite profiles, depicted in Fig.2, 
suggests a basis for developing a procedure for automatic evaluation and 
data filtering. Such analysis might provide comprehensive information about 

24 
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consistency of data, for both split and splitless modes, for the whole 
observation interval, i.e for which period of observations the results are 
similar and at what time they started to deviate etc.   

Similarities in the relative metabolite profiles obtained in different modes 
are difficult to detect and quantify.  Overlapping of measurements, as it 
appears for raffinose in the beginning of the observed time interval (i.e. 
between the dates 15/08 and 23/10), see Fig. 2 (A) — allows fusing of these 
independent data sets. This improves the measurements quality, via 
reducing the variance. However, there are many situations where fusing 
different measurements is a challenge. One such case, is depicted at Fig. 2 
(B). The confidence intervals for most of the points of the two data sets do 
not overlap, meaning that fusing of data following the classical settings 
cannot be done. Meanwhile, it is clear that measurements obtained, in split 
and splitless mode, are rather similar. They possibly differ, merely by 
appropriate scaling. The formalization of this similarity and automatic 
detection of a common pattern is quite difficult.     

These observations can be used for optimization and re-design of experiment 
or additional data pre-processing (i.e. with the aim to deduce what 
measurements are ‘as correct as possible’) for further statistical analysis and 
hypothesis testing.    

 

  Statistical analysis   

The common statistical approach, used in metabolomics data analysis, is 
based on multivariate analysis (MVA), including methods such as principal 
component analysis (PCA) (Wold et al. 1987), partial least squares 
discriminant analysis (PLS-DA) and its extension - orthogonal projections to 
latent structures-discriminant analysis (OPLS-DA) (Trygg and Wold 2002).  

These statistical methods are often applied for clustering and visualization of 
essential trends and changes among large subsets of metabolites. To a 
certain extent, these methods are insensitive to typical perturbations (e.g. 
random noise) and expected to draw similar conclusions. This robustness in 
analysis could be a limitation in the testing for delicate properties of subsets 
or even individual metabolites.  

For example, the insensitivity of a statistical method to saturation in levels of 
raffinose, shown in Fig. 2 (A), potentially implies that this method is rather 
approximate and that: 
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• it cannot provide comprehensive and detailed information on a 
pattern that this metabolite followed, in course of cold acclimation;  
• it cannot point out metabolites that shared a similar behavior;  
• it can be limited in analysis and reconstruction of biochemical        
networks and timing of critical events; and so on. 

As a result, the conclusions drawn by MVA, regarding biochemical properties 
of individual metabolites, might be vague or inconsistent. Hence, if such 
dynamics are of interest and multivariate methods are primarily applied, 
they should be complemented by testing relevant hypotheses for individual 
metabolites of particular interest with univariate analysis (UVA). This can be 
done using a variety of available algorithms used for testing simple 
hypotheses, such as Student t-test, Mann-Whitney U-test, Kolmogorov-
Smirnov test, and others. The UVA can be applied for testing several 
alternative hypotheses at once, which are important, for instance, in 
characterizing a pattern of time-course changes of metabolite and searching 
its homogeneity intervals. Again, various algorithms and software packages 
are available for these purposes, where the classical one-way Analysis of 
Variance (ANOVA) and non-parametric Kruskal-Wallis test are the 
immediate and well-known procedures to mention.  
 
This study went above and beyond this classical framework and used 
advanced statistical tools – the so-called step-up and step-down procedures 
(Holm 1979, Lehmann and Romano 2005) – for controlling the level of 
family-wise error rate (FWER) in pair-wise multiple comparisons. The 
motivation to employ these advanced tools arose from the analysis of 
acclimation period, performed in paper II, by the multivariate method 
(OPLS-DA) and the concluded segmentation of this period into four phases 
for majority of putative metabolites. The pair-wise multiple comparisons 
(Holm 1979, Lehmann and Romano 2005) were used for reconstructing 
homogeneity intervals for all metabolites that were found, to validate and 
complement the OPLS-DA classification. The results of this investigation 
were collected and are represented in paper III.  
 
In addition to analysis of metabolite patterns, it was proposed to re-use the 
pair-wise multiple comparisons to recover a set of metabolites that displayed 
a similar behavior over a time course. 
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RESULTS AND DISCUSSION OF PAPERS 

PAPER I  

Objective: To study proteome dynamics during acclimation to extreme                             
 freezing tolerance in Siberian spruce (Picea obovata). 

Results: Two-dimensional difference gel electrophoresis (2D-DIGE) 
was used to analyze protein expression profiles of extreme freezing tolerant 
conifers, during September to November. Proteins associated with the 
acclimation process were clustered into five distinct expression profiles, 
using multivariate analysis (MVA). Forty three protein spots were identified 
by matrix-assisted laser desorption/ionization tandem time-of-flight mass 
spectrometry (MALDI-TOF/TOF). Twelve of these were previously found to 
be associated with various biotic and abiotic stress responses in other plants. 
Dehydrins, Hsp70s, AAA+ ATPases, lipocalin, cyclophilins, glycine-rich 
protein (GNP) and several reactive, oxygen intermediate scavenging proteins 
showed elevated levels from September to November.  

Comments and discussion: 
The first 2D-proteome map of the needle tissue of P. obovata was presented 
in this paper. It provides a reference map for further studies on the freezing 
tolerance in boreal conifers. Several of the proteins, including their functions 
associated with acclimation to freezing tolerance in the needle tissue of P. 
obovata, are briefly discussed below. 

Dehydrins (DHNs) were the most interesting finding and seem to be 
uniquely associated with the biochemical changes related to freezing 
tolerance. With a very low abundance found in the September samples, 
DHNs were strongly up-accumulated during October and November. Their 
biochemical functions are still unclear. Most of the studies suggest that 
DHNs prevent ice crystal growth (Wisniewski et al. 1999), stabilize 
membranes and macromolecules (Close 1996), and may interact with sugars 
to promote low-temperature cytoplasmic vitrification (Buitink and Leprince 
2004). 

The heat-shock class protein, HSP70, is a molecular chaperone involved in 
protein importation, translocation, proteolysis, aggregation prevention and 
refolding of non-native proteins under normal and stress conditions 
(Frydman 2001, Hartl 1996). Accumulation of HSP70, found in four protein 
spots in course of acclimation, indicates that this protein is involved in 
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maintaining proper protein biogenesis and may contribute to freezing 
tolerance by stabilizing proteins during frost induced protein denaturation. 

Several proteins involved in cellular metabolism, such as photosynthesis, 
carbohydrate and lipid metabolism, protein and secondary metabolite 
synthesis, were also found in the present study. These include down-
regulation of malate dehydrogenase, glyceraldehyde-3-phosphate 
dehydrogenase, glutamine synthetase, peptide methionine sulfoxide 
reductase, RuBisCO (Ribulose-1,5-bisphosphate carboxylase oxygenase) 
activase and the up-reagulation of nucleoside-diphosphate-sugar 
epimerases, proteasome subunit alpha type-2-B, PsbP, and dihydroflavonol 
4-reductase. 

The spot, identified as a lipocalin-like protein in this study, showed a 3.87 
fold increase during the acclimation period. It was shown by Charron et al. 
(2005) that a temperature induced lipocalin from arabidopsis (atTIL) is 
associated with the plasma membrane and that lipocalins and lipocalin-like-
proteins are up-regulated during cold acclimation (Charron et al. 2005). A 
later study reported that atTIL is involved in the plants ability to cope with 
oxidative stress (Charron et al. 2008). The biochemical function of lipocalin 
in plants is still unknown and therefore this protein is a strong candidate for 
further studies. 

Many of the proteins found in the present paper belong to large protein 
families, typically found to fulfill a wide range of functions in the cells. Given 
the substantial structural and functional knowledge published to date, it is 
believed that one can now begin to observe the structure of the complex 
cellular machinery at work during acclimation and extreme freeze tolerance 
in P. obovata. 
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PAPER II   

Objective: To study the metabolic alterations occurring during 
acclimation to extreme freezing tolerance in Siberian spruce 
(P. obovata) and to define when and how this acclimation 
takes place. 

Results:  Gas chromatography coupled with mass spectrometry (GC-
MS) was used for metabolic profiling of needle contents of P. obovata to 
reveal metabolic alterations during cold acclimation in response to natural 
temperature fluctuations during August to January. Significant differences 
in metabolite profiles occurred in several distinct phases representing the 
next consecutive time intervals: I - pre-acclimation (around mid-August);    
II - early acclimation (from the beginning of September to middle of 
October); III - late acclimation (around the last decade of October); and IV - 
full acclimation (from the beginning of November to January). The 
comparison of pre-acclimation (phase I) with full acclimation (phase IV) P. 
obovata samples revealed almost three hundred putative metabolites, where 
223 of these were found accumulated and 53 depleted respectively. 
Systematic metabolic changes in carbohydrate and lipid metabolism were 
observed, including changes associated with increased raffinose family 
oligosaccharide (RFO) synthesis and accumulation, desaturation of fatty 
acids in membrane lipids, and accumulation of sugar acids, sugar alcohols, 
and protein and non-protein amino acids and polyamines that may act as 
compatible solutes or cryoprotectants during acclimation process. 

Comments and discussion: 
This metabolomic study contained some serious difficulties for GC-MS 
analysis, since concentrations of many of the metabolites varied over a wide 
range, during the observation period. To find an appropriate balance, GC-
MS analysis of samples was done in two modes: split (1/20) and splitless. 
This improved the quality of the GC-MS data, but increased the amount and 
complexity of metabolite annotation and further statistical analysis. 
Combination of univariate and multivariate analyses for data processing 
proposed in this paper allowed successful handling for both split and 
splitless data. The orthogonal projections to latent structures-discriminant 
analysis (OPLS-DA) grouped samples, collected in different times, according 
to their profiles within the four acclimation phases. 

The study has brought about new understanding and a deep insight into the 
mechanism of acclimation to extreme freezing tolerance in P. obovata. The 
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important features of the nature of metabolite alterations and characteristics 
of the acclimation process found in the work are briefly discussed below.  

Carbohydrates 
Increases in sugar concentrations (e.g. sucrose increased by 24x) are the 
most consistent change associated with low-temperature (LT) acclimation in 
plants (Sakai and Larcher 1987). In the overall transition from pre-
acclimation, to full acclimation in P. obovata, raffinose increased to over 
100x its initial level, the single largest increase in any metabolite detected in 
this study. Raffinose was shown closely associated with LT in conifers and 
proposed to have important cryoprotectant functions (Fischer and Höll 1991, 
Strimbeck et.al 2008). The overall increases in melibiose (8x) and galactinol 
(11x) were likely due to their important roles in RFO metabolism.  

Trehalose was found to increase by about 1.9x and was shown by Müller to 
be associated with desiccation tolerance in plants and animals (Müller et al. 
1995). Various studies have suggested that trehalose has special protective 
properties involved in either direct interaction with proteins or membranes 
(Crowe et al. 1984, Crowe et al. 1996) or by promoting intracellular 
vitrification (Koster et al. 2000).  

Myo-inositol decreased ≈0.8x, while pinitol and ononitol, both methylated 
forms of myo-inositol, increased 2x and decreased ≈0.3x respectively, during 
acclimation. These findings indicate that pinitol has some cryoprotectant 
function in P. obovata, while the decreases in myo-inositol and ononitol may 
be a result of their conversion to pinitol. 

 

Amino acids 
Significant increases in tryptophan (21x) and ornithine (3.3x) were observed 
rather continuously during acclimation. It was shown by (Kim and Glerum 
1995) that tryptophan was the only one out of 19 amino acids that 
consistently accumulated during acclimation in both Picea glauca and Pinus 
resinosa (Kim and Glerum 1995). Ornithine is also known to be an 
intermediate in polyamine synthesis, and various studies indicate that some 
polyamines may have a role in stress tolerance, either as protectants (Groppa 
and Benavides 2008) or as signaling molecules (Alcázar et al.). Hence, 
combining presented findings with these earlier studies suggest that 
tryptophan and ornithine may have some cryoprotectant function in P. 
obovata. 

Fatty acids and lipid components 
Like sugar accumulation, fatty acid desaturation and changes in lipid 
composition are broadly linked to acclimation in both chilling and freezing 
temperatures. Across the entire acclimation period and in individual stages, 
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significant changes in seven fatty acids and several compounds (that are 
common components of lipid head groups) were observed. 
These findings provided new insight into the mechanism of freezing 
tolerance development at the metabolic level and highlighted the 
cryoprotectant role of previously known and new unknown compounds 
involved in acclimation to extreme freezing tolerance in P. obovata.  

 

PAPER III  

Objective:  To evaluate the quality and the predictive power of 
conclusions given by multivariate analysis method (OPLS-
DA), a commonly used in metabolomic studies.  

Results:  The OPLS-DA applied to the GC-MS data of Siberian spruce 
needles illustrated the division of the observation period from mid-August to 
January into four consecutive intervals (acclimation phases). This conclusion 
was approached and tested by univariate analyses for each individual 
metabolite found in the study. The complimentary analysis of dynamics of 
individual metabolites rejected the OPLS-DA conclusion in a strong sense: a 
majority of the metabolites did not follow this four phase change. However, 
the complimentary analysis confirmed that many metabolites did experience 
changes in one or several time points, predicted by OPLS-DA. 

Comments and discussion: 
The main focus of this paper was to show that there are clear discrepancies 
in the conclusions made using multivariate and univarite methods in testing 
important hypotheses on features and transitions in metabolic 
modifications. The main efforts of this study were in the proper choice of 
statistical analysis, the organization of accurate data processing and the 
proper evaluation of findings to avoid trivial and/or inconsistent statements. 
Both methods are well known and successful in solving different tasks, so 
both can provide affirmative answers. With the exception of an analysis of 
the acclimation phases for each individual metabolite or the whole data set, 
both the univarite and multivariate methods can be used for searching 
metabolites with similar dynamics. However, for the hypothesis investigated 
in the paper, both methods came to two quite different conclusions, meaning 
that none of them was reliable and that the truth is still hidden within the 
data.  

In this work, apparent weakness of a multivariate method was shown, since 
it strongly voted for a particular separation of the observation period, which 
could not be supported by an alternative approach. This investigation 
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motivates for a developing of new methods for processing and hypothesis 
testing that would incorporate multivariate and univariate techniques for 
reliable evaluation of experimental data.   

PAPER IV   

Objective:  To examine plasma samples, corresponding to patients with 
 high risk prostate cancer (PCa) and patients with benign
 diseases, by a proteomic approach, in order to reveal proteins 
 that could serve as potential biomarkers for high risk prostate 
 cancer.    

Results: Plasma proteome analysis of high risk prostate cancer 
patients with (M1) and without (M0) established bone metastasis, as well as 
patients with benign prostate disease (B), was performed by 2D-DIGE 
analysis. This was undertaken after the low-abundant plasma proteins were 
enriched using the ProteoMiner enrichment technique. About fifty protein 
identities were detected as differentially expressed, compared between the 
defined study groups, using both univarite and multivariate analysis in 
combination. Protein identities that showed a consistently higher or lower 
plasma level in patients with high risk PCa (despite metastasis status) 
compared to benign disease (B) were considered as PCa associated proteins. 
Protein identities with higher or lower plasma levels in metastasis positive 
patients, compared to other PCa and control groups, were considered as 
metastasis-associated proteins and these were of specific interest. Twenty-
five putative proteins were revealed as metastasis-associated markers with 
increased plasma levels in M1 patients, including apolipoprotein A1 
(APOA1), hyaluronic acid binding protein 2 (HABP2), and inter-alpha-
trypsin inhibitor heavy chain H4 (ITIH4). Certain PCa associated proteins 
were consistently observed to be down-regulated in M1 patients compared to 
M0 patients and therefore were of notable mention. Among these PCa and 
metastasis associated proteins are coagulation factor XIII, complement 
component 4B, plasminogen, and clusterin.   

Comments and discussion: 
Combination of 2D-DIGE with ProteoMiner enrichment technique only 
allowed for the detection of proteins present in moderate to high abundances 
in plasma. The identified proteins, associated with high risk prostate cancer 
and bone metastasis, were mostly common plasma proteins involved in key 
functions, such as lipid transport, coagulation, inflammation and immune 
response. 
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Increased plasma levels of apolipoprotein A1 in patients with established 
bone metastases recorded in this study are consistent with the recent 
findings by Fan et al. (2011). It has been illustrated that increased 
apolipoprotein A1 levels were observed in patients with non-organ confined 
tumors compared to organ confined prostate tumors. Apolipoprotein A1 is 
involved in efflux of cholesterol to the liver (Zannis et al. 2004). Thus, higher 
levels of apolipoprotein in plasma could be indicative of a high cholesterol 
metabolism in prostate cancer bone metastases (Thysell et al, 2010). 

Coagulation factors and fibrinogen were found to be deregulated in patients 
with high risk prostate cancer. This might be related to an extensive 
coagulation that often occurs in cancer patients, sometimes with resulting 
venous thrombosis (Sampson and Kakkar 2002). High levels of hyaluronic 
acid binding protein 2 (HABP2) and inter-α-trypsin inhibitor heavy chain 
H4 (ITIH4) were seen in patients with established metastases. Both are 
known to bind hyaluronic acid, a glycosaminoglycan of extracellular matrix, 
that has been associated with aggressive behavior of adenocarcinomas 
(Sironen et al. 2011). HABP2 activates factor VII during the coagulation 
process and is also termed factor VII activating protease (Romisch 2002). In 
addition, coagulation factors and regulating proteases could have direct 
tumor stimulating effects and their plasma levels may not only reflect 
coagulation but also the biology of the underlying cancer.  

The consistently decreased levels of clusterin in patients with high risk 
tumors verify the previous results observed, of decreased levels in patients 
with an increasing tumor grade (Byrne et al. 2009). Clusterin is a 
multifunctional protein which has been implicated in a number of biological 
processes, such as having both anti- and pro-apoptotic effects (Rizzi and 
Bettuzzi 2010). Its relevance for prostate cancer progression, however, 
merits further investigation. 

Combination of a ProteoMiner enrichment technique coupled with 2D-DIGE 
revealed that there were mainly plasma proteins present in moderate 
concentrations. This is indicative that tumor-derived proteins may still be 
out of reach.  To reach a goal in plasma biomarker research screening, 
improved fractionation methods and techniques are greatly required. 
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CONCLUSIONS 

This thesis presents the discussion of experimental studies and biochemical 
analyses for two applications:  acquired freezing tolerance in Siberian spruce 
(P. obovata) and detection of plasma proteins associated with high risk 
prostate cancer. Both biological systems, being conceptually different, have 
been investigated using similar experimental techniques and the results have 
been analyzed by comparative statistical tools. The observed outcomes are 
briefly reiterated and emphasized below. 

 

Study of extreme freezing tolerance in Siberian spruce  

In order to characterize P. obovata’s protein and metabolite alterations and 
explore their dynamics during acclimation to extreme freezing tolerance, a 
combination of proteomic (2D-DIGE combined with MALDI-TOF/TOF) and 
metabolomic (GC-TOF/MS) studies have been performed. The large amount 
of data generated by these approaches has been carefully analyzed by 
utilizing appropriate choices of both univariate pair-wise comparison 
procedures and multivariate projection methods.  

The proteomic analysis of needle tissues of P. obovata, during cold 
acclimation, has revealed differences in protein profiles associated with cold 
acclimation. These findings highlight the importance of several proteins, 
which are strongly believed to be involved in acclimation and freezing 
tolerance development in boreal conifers. The list of proteins associated with 
the acclimation processes, includes dehydrins (DHNs), heat-shock proteins, 
proteins related to reactive oxygen species (ROS) regulation, proteins related 
to cellular metabolism and photosynthesis light reaction.  

The proteomic study of needle tissues has been followed by the analysis of 
metabolite alterations during the acclimation process. At least 275 putative 
metabolites have been found responsive to cold acclimation. Among other 
findings, it is worthwhile to emphasize the increases in sugar concentrations: 
for instance, in the overall transition, from pre-acclimation to the full 
acclimation state, in P. obovata. Raffinose, known for its cryoprotectant 
function, was observed to increase by over 100x its initial level, showing the 
single largest increase in any metabolite detected in this study.  

Notable changes in other sugars that are not known to have cryoprotectant 
functions, but are related to cell wall synthesis or degradation, have been 
detected. Rhamnose (increased ≈2x) is best known as a component of cell 
wall polysaccharides, while cellobiose (increased ≈5x) and gentobiose 



CONCLUSIONS 

35 

(decreased ≈0.4x) occur primarily as hydrolysis products of cellulose and 
hemicelluloses, respectively. Despite its relatively high overall increase, it is 
unclear what function cellobiose (or cellulase activity) might have in 
acclimating spruce needles. Myo-inositol decreased ≈0.8x, while pinitol and 
ononitol, both methylated forms of myo-inositol, have increased ≈2x and 
decreased ≈0.3x respectively, during acclimation. Other groups of 
metabolites, such as amino acids, polyamines, fatty acids and lipids have 
been found strongly associated with the acclimation process in P. obovata.  

As a separate contribution in the presented thesis, it is worth mentioning 
several arguments that could be used in regard to the search and analysis of 
the phases involved in the development of freezing tolerance in P. obovata 
done with the help of the MVA. It turned out that this particular question is 
an example of the conceptual problem present in many metabolomics 
investigations: To what extent a conclusion, drawn from multivariate 
analysis and reformulated as a new hypothesis for each individual 
metabolite, will be valid for the majority of metabolites. 

In the study, MVA resulted in separation of the observation period from mid 
August to January into four phases, in between which, the metabolome of P. 
obovata needles experienced substantial changes. Thus, a natural question 
appeared: Can this four phase pattern be observed in the dynamics of 
individual metabolites?  

Comprehensive analysis and discussion led to an unexpected answer: it is 
likely, that for most of the metabolites, the pattern was not followed. A rather 
weak correlation existed between the MVA conclusion and the majority of 
metabolites. It is hoped that such results will stimulate the development of 
new statistical analysis tools that can provide comparative interpretations 
both for whole data sets and for a substantial number of individual 
metabolites.    

Overall, the presented proteomic and metabolomic analyses are in-line and 
coherent with the available results on freezing tolerance. It is known that 
freeze dehydration causes cell wall shrinkage by forcing together the internal 
cell membranes and macromolecules. The structure of the membrane in the 
living cell is a result of the dielectric constant of water (Tanford 1978). To 
maintain cell integrity, during acclimation and freezing, molecules other 
than water could maintain the dielectric constant. It was suggested that 
sugars and dehydrins might carry out this function (Crowe et al. 1997) and in 
fact, both sugars and dehydrins have been found in this study. 
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Biomarker detection for aggressive prostate cancer 
 

Plasma proteome analysis of patients with high risk PCa tumours and 
patients with benign prostate hyperplasia, the second biological system in 
the study, have revealed several proteins that could potentially serve as 
candidates for biomarkers. Namely, a high level of hyaluronic acid binding 
protein (HABP2) has been observed in patients with established metastases. 
HABP2 activates factor VII during the coagulation process and is also 
termed factor VII activating protease (Romisch 2002). It has been recently 
shown that hyaluronic acid content in the micromilieu of prostate tumors is 
associated with poor prognosis of prostate cancer patients (Josefsson et. al, 
2011), and furthermore low molecular fragments of hyaluronic acid are 
known to activate HABP2, resulting in vascular leakage (Mambetsariev et al. 
2011). If tumor levels of hyaluronic acid are mirrored in plasma and/or 
related to the HABP2 plasma levels, this could imply a possible biomarker 
that could be used for screening for high risk PCa. However, this has not 
been validated as of yet and further research is required. 

 
In addition, coagulation factors (with deregulated levels in the patients with 
high risk prostate cancer) and regulating proteases could have direct tumor 
stimulating effects. Their plasma levels may not only reflect coagulation, but 
also the biology of the underlying cancer. The consistently decreased levels of 
clusterin in patients with high risk tumors concurs with previously recorded 
results, that showed a decrease in clusterin levels was observed in patients 
with an increasing tumor grade (Byrne et al. 2009). Clusterin is a 
multifunctional protein, which has been implicated in a number of biological 
processes, such as having both anti- and pro-apoptotic effects (Rizzi and 
Bettuzzi  2010). Its relevance for prostate cancer progression however, 
merits further investigation.  

Protein markers associated with high risk prostate cancer progression, have 
the potential to improve prognosis of prostate cancer progression. Since this 
study has been based on a limited number of plasma samples, their value as 
biomarkers should be further validated. The findings presented in this study 
may also provide information regarding the mechanisms behind disease 
progression and thus, possible therapeutic targets, if their functional roles 
could be revealed in the future. 
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