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Zusammenfassung

Zusammenfassung

Die vorliegende Arbeit hatte zum Ziel, Datenbanken fiir das Proteom von Blutplasma und
mononukledren Blutzellen (PBMC) des Menschen zu erstellen und anhand einer humanen
Interventionsstudie mit einer hohen Proteinzufuhr zu priifen, inwieweit Markerproteine einer

metabolischen Adaptation identifiziert werden konnen.

Humanstudien erlauben vielfach nur eine minimal invasive Probennahme. Entsprechend sind Blut mit
seinen PBMC oder Urinproben als Probenmatrix die am haufigsten benutzten Quellen. Plasma besitzt
nach heutigem Erkenntnisstand das umfassendste Proteom, da es neben den klassischen
Plasmaproteinen auch solche Proteine beinhaltet, die aus Gewebsverletzungen und Entziindungen
hervorgehen. Der enorme Konzentrationsbereich von Plasmaproteinen stellt fiir die Analytik jedoch
eine grofle Herausforderung dar. Proteine, die als Biomarker fungieren kdnnten, aber in geringer
Konzentration vorliegen, werden héufig von den abundanten Proteinen verdeckt. Grundlage der
Proteomanalyse in dieser Arbeit war die klassische 2D Elektrophorese kombiniert mit der Matrix-
Assisted Laser Desorption Ionization (MALDI) Massenspektrometrie zur Proteinidentifizierung. Aus
den Plasma- und PBMC-Proben von Probanden wurden Proteomkarten erstellt und mit Datenbanken
vernetzt, die Informationen {iber die dargestellten Proteine beinhalten. Mit Hilfe dieser Datenbanken
kann die Identifizierung von Proteinen in kiinftigen Interventionsstudien deutlich beschleunigt werden
und ermoglicht eine schnelle und geeignete Ermittlung von verdnderten Proteinen und ihren Spiegeln.
Schwankungen biologischer oder analytischer Art wurden ohne Intervention im Proteom von Plasma
und PBMC untersucht. Dabei zeigten sich betrichtliche inter-individuelle Unterschiede im Proteom

der Probanden.

In einer humanen Interventionsstudie wurde die Anwendung der entwickelten in-house Datenbanken
gepriift. Dabei wurde der Einfluss eines Proteinsupplements in Probanden auf das Proteom von
Plasma- und PBMC-Proben untersucht. Die Aminosdureprofile im Plasma und Urin sowie klinische
Parameter lieferten zusdtzliche Informationen iiber die Stoffwechselantworten. Die Probanden
reagierten auf die hohe Proteinzufuhr mit einem deutlichen Anstieg der Harnstoffkonzentration in
Plasma und Urin. Es konnten jedoch keine signifikant erhdhten Konzentrationen von Proteinen und
Aminosduren aus dem Harnstoffzyklus als Indikatoren der metabolischen Adaptation gefunden
werden. Die Plasmaanalyse ergab Hinweise auf einen Anstieg der Proteinsynthese in der Leber,
wéhrend in den PBMC vermeintlich vermehrt Strukturproteine als Reaktion auf die hohe Proteindosis

gebildet wurden.



Summary

Summary

The project presented in this thesis aimed at the generation of databases for the proteome of human
plasma and peripheral mononuclear blood cells (PBMC) with a proof of principle by application in a

human intervention study with a high-protein supplementation over 5 days in human volunteers.

In many cases, human studies only allow minimally-invasive sampling. Therefore, blood and PBMC
derived from blood samples as well as urine samples are mostly used as sources. Plasma is reported to
possess the most complex proteome that covers proteins derived from tissue leakage and inflammation
markers besides the classical plasma proteins mainly secreted by liver and immune cells. However, the
huge concentration range of plasma proteins poses a major analytical challenge. Low-abundant
proteins which may represent biomarkers of diseases are frequently masked by highly-abundant
plasma proteins. To overcome these difficulties we established and standardized analytical methods
with depletion of the most-abundant plasma proteins by prefractionation over antibody columns.
Classical two-dimensional electrophoresis and Matrix-Assisted Laser Desorption Ionization (MALDI)
mass spectrometry for protein identification were applied to plasma and PBMC samples. From the 2D
gels corresponding proteome maps were created and linked to databases containing information of the
displayed proteins with biomarkers of interest included. These databases may reduce the burden of
protein identification processes in future human intervention studies and may allow a quick and
convenient detection of proteins with altered levels. The biological and/or analytical variability of
plasma and PBMC proteomes was assessed in volunteer samples with a remarkable inter-individual

variation.

A human volunteer study was performed to search for changes in plasma and PBMC proteome
markers representing a signature for a high-protein dietary intervention. Compliance was tested by
assessing plasma amino acid and urinary excretion levels before, during, and after the intervention
with the expected increase in urea production. However, no significantly elevated concentrations of
urea cycle amino acids and proteins could be identified that would indicate a metabolic adaptation.
Plasma analysis resulted in an increase in selected hepatic proteins that may be taken as a measure of
increased synthesis, whereas in PBMC some structural proteins changed in response to the

intervention.



1. Introduction

1. Introduction

1.1. Biomarker Discovery in Nutritional Research

Current nutrition and food research intends to characterize the impact of diet and food components on
human metabolism at the cellular and molecular levels. The goal is to identify biomarkers that can
serve as measures of the health status of the human body and where nutrition can be applied to
improve health or even prevent disease. Especially diabetes and cardiovascular disorders are caused
and promoted in genesis by an unhealthy lifestyle and diet [1]. Typically, nutrition-related effects on
the human metabolism are very small, within the normal health state of the body and extremely time-
dependent [2]. Therefore, the identification of alterations in human homeostasis after food intake and

dietary interventions remains as a real challenge [3, 4].
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Figure 1-1 Profiling techniques in nutritional research

Biomarkers are considered to indicate disease risks and are mostly derived from large epidemiological
studies [3]. Assessing the effects of diet on human metabolism by employing the profiling techniques
of transcriptomics, proteomics and metabolomics aims at the detection of such biomarkers that can be
altered to prevent disease at an early state by dietary interventions and optimized advice [5]. For this
approach new phenotypical biomarkers have to be identified with sensitive technologies. Ideally, these
techniques screen for a large number of parameters, as nutrients interact with many targets at once and

can influence human metabolism through the inter-connected biological pathways [2].

Genomic, transcriptomic, proteomic and metabolomic approaches aim at the identification of genes,
transcripts, proteins and metabolites in a particular sample at a certain time point. Assessing changes
in expression levels of transcripts, proteins and metabolites by the platform technologies upon dietary
treatments allows comprehensive coverage of biological adaptation [3]. Therefore, the omics-
technologies provide promising platforms to identify or even predict disorders that can be caused or

prevented by nutrition [4].
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1.2. Impact of Dietary Protein Intake on Human Metabolism

Amino acids from dietary proteins fulfill numerous functions in the human body. The proteinogenic
amino acids provide building blocks and nitrogen for the synthesis of proteins, nucleotides and other
nitrogen-containing molecules. They can influence signal transmission through hormones and act as
neurotransmitters. As a carbon source, amino acids take part in the energy homeostasis through
formation of ATP and creatine. Glucogenic amino acids serve as precursors for de novo glucose
synthesis and glucose homeostasis. Glutamine and alanine serve as nitrogen carriers in the blood and
in inter-organ metabolisms of nitrogen. Sulfur-containing amino acids provide organic sulfur for
synthesis of other sulfated biomolecules. Glutathione, containing glycine, glutamate and cystein, is the
most important water soluble antioxidant and taurine serves as an osmolyte. Ammonia derived from
amino acid degradation is part of the acid-base balance in the liver and kidneys. The adult human
contains approximately 10 kg protein with some 2.5 kg in collagenes. As a result from a high protein
turnover, a daily amount of 250-300 g of proteins is degraded or newly synthesized. The main part of
this, up to 100 g per day, in muscles and up to 50 g per day in the liver. Nitrogen homeostasis is a
highly controlled mechanism that regulates protein and amino acid degradation and synthesis
according to the individual demand. Processes that are involved in nitrogen homeostasis are the
protein turnover, amino acid oxidation, urea production and nitrogen excretion (Fig. 1-2). Nitrogen
losses occur in the form of urea (about 80-85%), ammonia and creatinine but also through the faeces
(10-15%) and several other losses (sweat <5%). The amount of excreted urea reflects the protein

uptake. Dietary protein intake is therefore necessary to maintain the nitrogen balance of the human

body [6, 7].
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Figure 1-2 Nitrogen balance in adults (modified from [7])
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Ingested proteins are absorbed in the form of free amino acids and as di- and tripeptides. After a
protein-rich meal the liver is the central organ for plasma amino acid metabolism. Ammonia is
eliminated in the form of urea and approx. 1/3 of the amino acids are used for liver needs and plasma
protein synthesis. An increase in postprandial plasma amino acid levels is mainly due to branched-
chain amino acids that are taken up and metabolized by the liver to only a minor extent. Those are
trans-aminated in muscles, kidneys and the brain. In muscle they inhibit the uptake of glutamine and

therefore stimulate protein biosynthesis in muscle cells in the presence of insulin [6-9].

Bioavailability of amino acids from a given protein source also has to be considered. The quality of a
protein source is classified through the Protein Digestibility Corrected Amino Acid Source (PDCAAS)
established by the Food and Agriculture Organization (FAO 1991). It describes the utilization of
amino acids in a test protein compared to a reference amino acid pattern. This utilization is then
corrected for differences in protein digestibility. Milk-derived whey protein followed by casein show
the highest PDCAAS values due to a high content of essential and branched-chain amino acids. Casein
intake induces a moderate, long-lasting effect of high plasma amino acid levels up to 7 hours after
ingestion [10]. The recommended daily allowance (RDA) level for proteins recommended for body
maintenance of healthy adults is reported as 0.8 g/kg BW and day. This level does not consider an
elevated need of energy intake during exercise to overcome protein and amino acid oxidation and
repair processes after muscle damage. Recommendations for athletes vary between absolute intake
ranges of 1.0 to 1.6 g/lkg BW and day for endurance athletes and up to 2 g/kg BW and day during
strength and power exercise. Heavy protein consumption exceeding 5 g/lkg BW and day is considered
as a risk factor [10, 11].

However, a high dietary protein intake has become popular especially for power and endurance
athletes. The aim of a protein supplementation in the first instance is building up muscle mass during
exercise periods. Several beneficial effects of protein rich diets have been discussed also for non-
athletes mainly based on increased satiety effects and benefits during weight loss programs. Although
the mechanisms of actions of the proteins are not yet fully elucidated it is also important to point out
that a chronic high protein intake may be negative [12, 13] especially when additionally an impaired

renal function is given.

Studies with athletes uncovered several beneficial effects of protein supplementation during exercise
periods. The most obvious are weight loss and increased muscle glycogen synthesis [9, 14-18]. After
protein rich meals, plasma insulin levels were found to be increased as well as fasting plasma
glucagon. High insulin concentrations in plasma lead to an increased glucose uptake into skeletal
muscle and a higher glycogen synthase activity especially after an increase in plasma amino acid
concentrations. Elevated glucagon levels stimulate gluconeogenesis. Both hormones have an impact

on satiety as well [14, 16, 19]. The branched-chain amino acids (BCAAs) leucine, isoleucine and
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valine make up to about one third of the skeletal muscle protein. Leucine appears to play a role in
many metabolic processes, including stimulation of protein synthesis via mTOR and modulation of the
insulin signaling pathway. Supplementation of BCAAs was shown to reduce protein degradation rates
and muscle glycogen depletion during aerobic exercise, and proven to upregulate muscle protein
synthesis in catabolic conditions. Some researchers have investigated whether leucine plays a key role
in controlling metabolic processes of dietary amino acids ingested in doses above the RDA level [9,
10]. Due to the effect of proteins on glucose metabolism it is further speculated whether patients
suffering from type 2 diabetes could improve their glycaemic control through a dietary

supplementation [19].

Several studies have demonstrated a satiety effect of a protein rich diet and ghrelin levels are
considered to be part of this effect. Ghrelin is a hormone produced in the endocrine cells of the
stomach and is referred to as the only orexigenic hormone stimulating food intake. Screening for
changes in the transcriptome of circulating leukocytes indicated also that ghrelin level changes in
blood after high-protein meals may mediate the effects. It is however not yet clear whether insulin is
responsible for this ghrelin suppression. Furthermore, genes related to energy homeostasis were down-
regulated, whereas satiety-related genes showed higher expression levels after consumption of high-
protein meals [20]. Some studies suggest that the satiety effect of protein is even higher than the
effects of fat and carbohydrates [17] and, therefore, a high-protein intake could have an impact in
weight loss in obesity prevention. Several studies could also show a reduction of fasting plasma
homocysteine concentrations by high-protein diets suggesting that such diets could be preventive for
cardiovascular diseases. However, supplementation with protein powder instead of elevating the
protein content of the normal diet increased postprandial homocysteine concentrations but did not

affect the fasting state levels [21].

Formation of renal stones, osteoporosis, cardiovascular disease and even cancer are often discussed in
the context of high-protein diets although a clear link between high-protein intake and these diseases
could not be shown [10]. Renal diseases due to the elevated glomerular filtration rates could also not
be detected [10, 22]. Supplementation with high protein doses above 5 g/kg BW and day could exceed
the liver’s capacity to convert nitrogen into urea and therefore cause hyperaminoacidemia,
hyperammonemia, hyperinsulinemia and can cause nausea, diarrhea and even death [11]. Thus it is
recommended to stay within the safe intake range in order to avoid toxicity. Daily protein doses below
2.8 g/lkg BW and day did not have an impact on renal functions in athletes with regular protein
consumption [23]. High-protein intake is also widely believed to lead to a wash-out of calcium from
bones and cause osteoporosis. Due to the high phosphate content of a protein rich diet this effect is
even reversed during protein supplementation. Furthermore, most protein supplements are enriched

with calcium. The main source of high calcium levels found in urine after supplementation with
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protein powders in volunteers therefore is of dietary origin and does not come from bone degradation
[10]. A high dietary intake of the sulfur-containg amino acids methionine and cysteine may lead to
acidosis after their oxidation to SO,*, which is then eliminated by the kidneys after neutralization.
This indeed is the case as shown in studies with moderate protein content and the absence of
alkalinizing salts in the diet [10].

Taken together, a high-protein intake via the diet is well tolerated by healthy humans when not
exceeding the capacity for hepatic elimination of nitrogen by urea synthesis and sufficient water for
renal elimination and excretion of urea. Whilst for rats it has been shown that a high-protein diet
causes adaptive changes in protein synthesis for hepatic genes, mainly of the urea cycle, it is not
known whether the same is true for humans. Since PBMC express selected genes of the urea cycle and
circulate in the blood, reaching various sites in the body, we used proteome profiling techniques to

analyze whether changes in PBMC and plasma proteins can be identified under a high-protein diet.

1.3. Use of Proteomics Applications to Human Plasma and Blood Cells in Nutritional

Intervention Studies

In contrast to cell or animal experiments, human intervention studies require easily accessible sample
sources. All body fluids such as blood, urine and saliva therefore represent sample targets, especially if
they can be obtained in sufficient amounts. The most interesting of these body fluids seems to be
blood, including plasma and blood cells, which are the only cell types that can be obtained in
sufficient amounts using minimal-invasive sampling methods. Blood plasma, the fluid compartment of
blood, carries inter-organ metabolites and signaling molecules and therefore mediates the
communication between cells and tissues directly or indirectly. It thus reflects also the conditions of
organs and physiological processes associated with them. Moreover, proteins in the blood actively
participate in many life-sustaining body functions such as the transport of nutrients and metabolites,

inflammation, hormone signaling, and many more [24].

Blood is drawn in sufficient amounts for analysis of several clinical parameters in most clinical and
nutritional studies. In contrast to tissue samples, it is relatively stable against proteolytic degradation
[25]. Among blood cells, peripheral blood mononuclear cells (PBMC) seem to be the most valuable
ones, because they are the most easily accessible. PBMC can be isolated directly from whole blood by
centrifugation and therefore represent an easily accessible source for cells in the human body. Target
molecules (as proteins for example) can be quickly obtained from the cellular fraction, and excess
plasma can be directly stored for later use. PBMC consist of 80-85% lymphocytes that are known to
be responsible for inflammatory responses in the human immune system and in the repair processes
after tissue injury. In the nearby environment they form cytokines like interleukin-6, TNF-o,
interferon-y and others as an acute answer to inflammation [6, 26, 27]. 5% of white blood cells are
monocytes that become activated in inflammatory conditions. They produce biologically active

molecules such as cytokines, chemokines, adhesion molecules and enzymes for signal transduction in
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many disease states [28]. As they circulate through the body it is likely that PBMC can serve as a
“monitor” of tissue and organ responses. Both plasma and PBMC therefore serve as an easily
accessible sample source, and may contain valuable information on the current health status of the

organism.

In contrast to transcriptomics, proteomics detects all expressed proteins including their isoforms,
interactions and modifications. Proteomics is the only platform that provides targets to interfere with,
as proteins can be directly influenced by extrinsic factors. Thus, proteomics is ideally used to screen
on a large scale for changes in response to external factors [29, 30]. Despite its high potential,
proteomics science has to deal with several analytical difficulties. Anderson and Anderson remarked
in 1998: “Considered objectively, there is every reason to expect that proteomics will ultimately
exceed genomics in total effort, though this effort will sorely be limited by the availability of scientists
able to deal with protein’s nonideal properties.” [31]. Since the early 1980s proteomics technologies
have developed significantly and the different techniques are applied as powerful diagnostic tools
today. They allow measurement and also identification of many proteins and therefore can provide an
overall image of the proteome of a cell or body fluid under a certain condition [24, 31]. The
pharmaceutical industry has established this technology for the development of novel drugs and it is

clear that proteomics will become a strong tool in nutritional science as well [32, 33].

Proteome profiles of plasma and PBMC react to external signals which make these blood components
a valuable sample source and may provide a better understanding of effects of nutrients in human
metabolism. So far, several studies have uncovered alterations linked to nutritional factors in the
PBMC genes [34], whereas studies on the protein level are still sparse. However, changes in the
proteome of human PBMC in response to dietary interventions can be shown as well [35, 36].
Therefore, plasma and blood cell proteomes are potential candidates for the discovery of biomarkers
that indicate early stages of disorders, respond to dietary ingredients, and may uncover the effects of

nutrition on human health.

As the proteome of PBMC underlies quick changes due to external factors, the method of sampling
and the sample processing prior to proteomic analysis is very important and has to be optimized and
standardized. Protein profiles are expected to vary between subjects anyway, whereas it was shown
before that gene expression profiles within the same person appear to be relatively constant [20]. The
most crucial issue is platelet contamination of the PBMC fraction in the isolation process. Various
isolation methods can result in enormous differences in platelet content within the PBMC sample and

therefore in a varying amount of platelet-specific proteins in the analysis [37].
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1.4. The Plasma Proteome

Plasma is believed to contain the most complex human-derived proteome. It includes far more than
just the classical “plasma proteins” that carry out their functions in circulation, but also secretion

products and proteins derived from leakage from cells (Fig. 1-3).
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Figure 1-3 Reference intervals for 70 protein analytes in plasma (from [24])

The total number of proteins in human plasma can still not be quantified and is expected to exeed
100,000 [38] covering a huge quantitative dynamic span of at least 10 orders in magnitude. This
makes analysis a difficult task. Albumin is the most-abundant plasma protein making up to 55% of all
plasma proteins with concentrations of about 35-50 mg/ml. Low-abundant proteins are for example
cytokines, such as interleukin-6, appearing in concentrations of pg/ml.

The classical plasma proteins are mainly secreted by the liver and the intestine. Immunoglobulins also
constitute a high-abundant protein fraction in plasma. About 10 million different sequences of
antibodies are believed to be present in human plasma. Tissue leakage products or other secretion
products may be present only transiently by release from cells or tissue by damage in disease states,
and may represent diagnostic biomarkers. Receptor ligands, such as peptide and protein hormones and
cytokines, mostly have a relatively short residence time in plasma, as their molecular weight is

typically below the kidney filtration cut-off of about 45 kDa [24].
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First in silico methods have been applied to explore the origin of the various proteins in plasma — as a
surprisingly high number of “unexpected” proteins was identified. For example, a large number of
intracellular proteins and even proteins of nuclear origin have been found in plasma. Whether they are
indicators of normal tissue renewal processes or measures of tissue (organ-specific) damage is
currently under investigation. In this context, the isoform-specific proteins (in case of selected

enzymes well established clinical markers) in plasma are interesting for further exploration.

1.5. Proteome Analysis of Plasma and PBMC

The huge dynamic range of protein abundancy in plasma makes analysis of this sample a difficult task.
To overcome this problem either very sensitive technologies are needed to allow detection and
identification of less-abundant proteins, or the proteins of interest must be enriched in the sample itself
[39]. Recently, various efforts have been put into the development of sensitive methodologies that
improve plasma as well as blood cell proteome analysis. Proteome analysis of blood proteins depends
on many variables, most importantly the method of sampling, sample processing and sample storage.
It is obvious that the optimization and standardization of these experimental parameters is needed in

order to reduce analytical variation [40].

The Human Proteome Organization (HUPO) Plasma Proteome Project, in which worldwide 38
laboratories contributed to the goal of providing a first map of the human plasma proteome, has made
major contributions to, and provided important recommendations for, sample analysis. In a pilot phase
sample treatment procedures were standardized. Different technologies were used to test their
advantages and limitations in plasma proteome analysis. A comparison of reference specimens of
human plasma and serum was used to test these technology platforms by comparison based on protein
numbers. The long-term goals are the complete identification of the human plasma and serum
proteome, the identification of variation of plasma constituents within individuals and across
individuals [41]. A wealth of biological information is already available from the Human Plasma
Proteome Project (HPPP), and essentially all is in the public domain. The HPPP has defined a variety
of critical parameters determining the quality of analysis of the plasma proteome, and gives
recommendations on the most reliable methods for sample collection, storage, treatment and analysis
[42]. In the following section the state-of-the-art of plasma proteome analysis methods will be
discussed in order to provide an overview of current technologies and their advantages and

disadvantages.

The present study is based on the HUPO recommendations for plasma proteome analysis. Two-
dimensional gel electrophoresis (2DE) followed by Matrix-Assisted Laser Desorption lonization
Time-of-Flight Mass Spectrometry (MALDI-TOF-MS) was used for plasma and PBMC proteomics,
and Liquid Chromatography coupled to Tandem Mass Spectrometry (LC-MS/MS) for amino acid

analysis. Sample complexity in plasma was beforehand reduced through antibody-based depletion of
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the proteins with highest abundance from the crude sample. Results obtained from the applied
technologies and possible alternatives are discussed later (chapter 5.1.). Figure 1-4 shows the different

steps in sample analysis for plasma as used in the present study (Fig. 1-4).
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Figure 1-4 Sample analysis of plasma and PBMC using 2DE and MALDI-TOF-MS

1.5.1. Sample Preparation

Method of Sampling

In most experiments venous blood is collected in 10 ml vacutainer tubes. Without any special
additives the blood will clot and coagulate. In this case after centrifugation the supernatant is referred
to as ‘serum’. Alternatively, tubes may contain certain additives to prevent the blood from
coagulating. After centrifugation for cell removal, this type of sample is called ‘plasma’. Common
additives are EDTA, heparin and citrate. It is obvious that serum and plasma will differ with regards to
the composition of the proteome. For instance, serum will not contain large quantities of blood-

clotting factors, whereas plasma does.

There are also important qualitative differences. It has been observed that the proteins in serum suffer
more from ex vivo degradation. During the clotting process natural proteases are released from the

blood cells into serum, which in turn influences protein stability. This seems especially problematic
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when the analysis is performed at the level of small peptides, since breakdown products appear then in
the normal peptidome (as the sum of all low-molecular mass peptides). An extra complication of
clotting is observed when analytical techniques like Surface-Enhanced Laser Desorption Ionization
Time-of-Flight Mass Spectrometry (SELDI-TOF/MS) are used.

It appears that the clotting process is extremely difficult to standardize and is highly influenced by
factors such as temperature and processing time. This can affect the reproducibility of SELDI
experiments when serum is used as the bio-sample. Plasma is therefore preferred to serum.
Nevertheless, the generation of standardized proteomics procedures to analyze serum is advocated
because in many studies performed in the past, including those on the effects of nutrition, samples

have already been stored as serum.

The preparation of plasma samples demands closer attention with respect to sample quality. Since
clotting is omitted platelets will remain intact, and because of their small mass the centrifugation step
to spin down blood cells is not able to remove most of these. Moreover, during sample centrifugation,
processing and storage, components may leak from the platelets contaminating the plasma proteome
and peptidome. It seems therefore advisable to put effort in the removal of platelets. This can be
achieved by a second centrifugation step at higher speed. Alternatively, one can filter the plasma over
a 0.2 um membrane that should have low protein-binding characteristics. Platelets can be stabilized by
the addition of citrate and even more so by EDTA as anti-clotting agents for generating plasma
samples. These treatments have the added advantage that their chelating activity stabilizes the platelets
and at the same time inactivates many proteases that need metal ions as a cofactor.

One issue that needs to be addressed is that the addition of a concentrated citrate solution as anti-
clotting agent results in some degree of dilution of the plasma samples. Generally, 15% lower protein
concentrations are achieved compared to heparin or EDTA plasma. This of course can have an effect
on the number of detectable and identifiable proteins, although no direct comparisons are available

[43].

From the data obtained in the HPPP it seems that a nutrigenomic experiment, aiming to detect
dynamic changes in the plasma proteome or peptidome, may be best performed with EDTA-treated
and platelet-depleted plasma samples. Of course, for a nutrigenomic experiment the requirements for
standardization go beyond the use of the best sampling method. Besides nutrients many other factors
influence the blood fluid proteome, such as the moment of sampling, the amount of physical activity
of the volunteer before sampling and others. All these potentially interfering parameters need to be
controlled by standardizing the sampling procedure. In some human studies blood sampling may also
be part of more complex sampling protocols, and this of course requires extra attention on

standardization of sample preparation for proteome analysis.
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Storage

The storage of serum/plasma to preserve the proteome should follow the general rules for the storage
of biological materials. The storage temperature should be kept as low as —80°C. Lower temperatures
like that of liquid nitrogen may be preferred, but the improvement of conservation in going from —
80°C to —180°C seems to be relatively limited. Samples should be stored in minimal aliquots sufficient
for analysis so as to minimize repeated freeze/thawing. This may induce denaturing of some proteins,

give proteases more chance to exert their degrading activity and might lead to disruption of platelets.

The addition of protease inhibitors should be a matter of careful consideration in the light of the
methods of proteome analysis that later will be applied on the samples. Some protease inhibitors are
peptides or proteins and their addition to the sample may interfere with the subsequent analysis. The
same holds true for inhibitors that bind to the proteins. Often these chemical inhibitors are not very
specific and will attach not only to proteases but also to other proteins.

It should be mentioned that the effect of prolonged storage of blood fluids (i.e. over a period of years)
on the conservation of the proteome has not been studied. Such a study would provide essential

information for future experiments [43].

1.5.2. Plasma Sample Processing

The dynamic range of blood proteins is at least 10'° and, as expected, the proteins appearing in higher
concentrations are identified more easily. A complicating factor is that these proteins and their
breakdown products interfere with the intermediate or lower-abundance proteins. This leads to serious
problems in the visualization and identification of protein present at lower concentration levels in case
of most of the analytical techniques. To deal with this problem, sample processing prior to protein
separation and analysis is necessary. Various so-called ‘clean-up’ methods have been designed to
either remove the most-abundant proteins from the sample or to reduce complexity of the sample
through pre-fractionation steps prior to proteomic analysis. Therefore, either antibody-based or dye-
based depletion methods are used, or membrane filtration for separation of low-molecular-weight
proteins, including many biomarkers from the high-molecular-weight fraction, is applied [44, 45].
Within all these methods immunodepletion is the technique with the highest resolution and detection

rate of low-abundance proteins [46] and is further discussed below.

Antibody-Based Depletion of Highly-Abundant Proteins

Surprisingly, when samples depleted of the top six abundant proteins are analyzed by two-dimensional
gel electrophoresis (2DE), the number of newly identified proteins does not dramatically increase, but
rather so the number of isoforms of the same set of proteins. Apparently, the depletion leads somehow
to the unmasking of protein isoforms, which do already belong to the group of next-to-high-abundant

proteins. From a scientific point of view, this broadening of the scope of protein isoforms is very
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interesting, because it allows studying the effect of nutrition on the body’s protein isoform
management.

A variety of these methods, usually based on affinity-extraction with antibodies, have already been
taken into commercially available kits. Some of those remove only albumin and immunoglobulins,
while the more advanced systems remove up to twenty proteins. Although the available kits seem to
work reasonably well, all of them result more or less in the loss of some medium- and low-abundant
proteins due to non-specific binding to the extraction material or to the extracted proteins. Antibody-
based columns showed the lowest rate for unspecific binding [47-49].

In addition, albumin is a natural carrier protein in blood, and many compounds including proteins,
peptides, hormones, fatty acids and xenobiotics are bound to it. To a varying degree - depending on
the applied materials and conditions - all albumin-removing methods lead to some loss of the target
proteins. Of course, this may introduce an unknown degree of experimental variation in the quantity of
less-abundant plasma proteins. Therefore, there is a need for the improvement of the clean-up methods

[50, 51].

From the currently available methods, the MARS (Multiple Affinity Removal System) of Agilent
Technologies was reported to be the best after comparison with other antibody-based methods [51].
The system is based on a High-Performance Liquid Chromatography (HPLC) column filled with a
carrier resin to which polyclonal antibodies have been attached for selective removal of albumin,
transferrin, alpha-1-antitrypsin, haptoglobin, IgG and IgA. The use of polyclonal instead of
monoclonal antibodies ensures the removal of different structural forms of the proteins. Moreover, the
columns can be used in tandem to increase the purification efficiency [25, 51]. The MARS method
still has some disadvantages. It requires relatively expensive HPLC equipment, which is used at room
temperature. Repeated use of the column carries the risk of cross-contamination. As a consequence,
dye-based affinity depletion methods are still considered useful for certain experiments. The material
is relatively cheap and is supplied as spin columns, allowing a high throughput of samples that can be
rapidly processed in the cold. The major problem with the dye-based methods is the relatively high
degree of (non-specific) retention of target proteins, in particular via binding to extracted albumin.
This approach of affinity removal and treatment of samples might be considered useful and handy for
standardized protein fractionation, but is far from ideal as a means of perfect removal of interfering
proteins [52].

The depletion of the six most-abundant proteins seems to be only a first step towards the ultimate aim
of reducing sample complexity. Approximately 99% of the serum protein consist of about 20 proteins
including apolipoproteins and complement factors. An attractive aspect of antibody-based affinity
purification is the fact that, in principle, the number of extracted proteins can be extended without any

limits. Recently, spin columns with polyclonal antibodies against the 12 human blood proteins with
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the highest concentrations in plasma have been put into the market (Genway Biotech, Amersham,

Beckman). Another column (Sigma) claims to deplete even 20 proteins from the sample [53].

Pre-Fractionation/Pre-Separation of Samples

Sample pre-fractionation is used to further reduce the complexity of blood plasma and, therefore, to
simplify the sample prior to final separation and mass analysis. Important issues concerning the
quality of the analysis itself are reduction of separation speed, higher protein recovery and lower cost.
A comparison of several pre-fractionation methods showed that each approach resulted in the
identification of unique proteins that could not be detected with any other method. Therefore, it is
recommended to combine the available methods to get the highest number of protein identifications in
plasma. Widely used strategies include liquid chromatography, solution phase electrophoresis, free-
flow electrophoresis and flat-bed electrophoresis [54].

Various methods for pre-fractionation of plasma samples have been tested for validity and practical

applications (time, cost, efficiency) and are summarized briefly here.

Electrophoretic Methods

Proteins are separated based on their molecular mass on polyacrylamide gels. After electrophoresis in
the first dimension and staining with common methods, bands can be excised from the gel and either
digested directly ahead of mass spectrometric analysis, or further fractionated in multi-dimensional
chromatographic steps.

The Gradiflow BF 400 allows pre-fractionation of complex samples in a membrane-based
electrophoresis system. Proteins are separated due to their charge and size on uncharged membranes,
resulting in four fractions containing proteins with an isoelectric point (pl) pl>albumin, pl<5.25
combined with the molecular weight (MW) MW=>125 kDa, pl<5.25, together with MW<albumin and
an albumin fraction containing over 80 % of the total albumin amount present in the sample. With this
strategy especially the detection of proteins of extreme pl or mass range is improved. Limitations of
this technique lie in a limited resolving power, sampling efficiency, accuracy and therefore
confidence. Further fractionation with cation-exchange chromatography leads to an increase in the
number of proteins that can be identified [46, 55].

Sample pre-fractionation on Sephadex gels provides a cheap, simple and quick method based on
isoelectric focusing (IEF) in granulated gels. Proteins are focused according to their pl before fractions
are scraped from the gel and transferred directly to a narrow pH range Immobilized pH Gradient Gel
(IPG) strip for further gel electrophoresis. Therefore, the sample is not diluted and no proteins are lost
through precipitation. Using this method, the number of proteins detected on 2D gels is much higher

than running narrow-range IPG strips without pre-fractionation [56].
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Chromatography

Chromatofocussing is a pre-fractionation method utilizing differences in protein pl to separate
proteins. By application of a positively charged anion exchange column the system is set to a pH of
8.5 in the beginning with a decreasing pH gradient down to pH 4.0 during chromatography. Proteins
with a pl below that of the mobile phase are negatively charged and stay on the column, whereas the
ones with a higher pl are washed out. Proteins move down the column with the mobile phase when
their pl is identical to that of the solvent. Fractions are collected automatically and can be further
analyzed with common techniques, decreasing the detection limit down to ng/ml levels.

In order to overcome disadvantages in classical electrophoresis, a common alternative is the shotgun
or Multi-Dimension Protein Identification Technology (MudPIT) where complex protein mixtures are
digested prior to multi-dimensional separation, mostly with Strong Cation Exchange Chromatography
(SCX) and Reversed Phase Liquid Chromatography (RP-HPLC). With MudPIT strategies a higher
throughput and the identification of an increased number of proteins can be achieved. The techniques
are improving constantly and identifications should improve as well.

A highly sensitive MudPIT method, covering a concentration range of up to nine orders of magnitude,
is the protein array pixelation. After depletion of several proteins, the sample is further fractionated by
Microscale Solution Isoelectric Focusing (MicroSol-IEF) followed by SDS-PAGE electrophoresis. As
described by Tang et al., the plasma sample is applied to a special device with seven chambers
separated by immobilized gel membranes at pH values of 3.0, 4.4, 4.9, 5.4, 5.9, 6.4, 8.1 and 10.0.
Albumin, therefore, can be reduced to a single fraction. For the second dimension, short SDS minigels
are used where each protein fraction is loaded to a separate gel lane. As a result, low-resolution 2D
arrays are obtained where protein clusters can easily be located due to their pl and mass range after
visualization with common staining techniques. Subsequently, these protein gels are cut into equal
pieces and digested with trypsin, the derived peptides can be further analyzed by liquid
chromatography coupled to Electrospray lonization-Tandem MS (LC-ESI-MS/MS) as described
below. With this 4D method 3104 non-redundant proteins could be detected with high-confidence
criteria. The detection limit could be reduced down to pg/ml levels [57, 58].

For Magnetic Bead Separation magnetic particles (size >1 pm) with a pore size of 40 nm are coated
with hydrophobic surfaces containing C3, C8 and C18 residues. Protein samples, therefore, can be
fractionated due to hydrophobic interactions with the different beads. Beads are separated from the
sample solution, washed, and proteins are released from the bead surface with a water/acetonitrile
mixture. Subsequently, the different fractions can be analyzed in a mass spectrometer. As an example,
the detection limit for angiotensin Il in serum using this method is 2 ng/ml. Thus, it serves as a very

sensitive and reproducible pre-fractionation technique for complex samples [59].

1.5.3. Protein Separation Techniques

Protein separation is necessary prior to MS analysis due to the enormous complexity of the proteome

of human plasma and PBMC. Separation techniques are either based on electrophoresis or on
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chromatographic approaches. Further reduction of the complexity can be obtained by sample pre-

fractionation as described above.

Electrophoresis Approaches

Two-dimensional gel electrophoresis is still the only method that allows separation of complex protein
mixtures and a visual comparison of proteins from at least two gels. The method was first developed in
1974 [60] and is used up to now. A major advantage of this method is its simplicity and the direct
display of the separated proteins that makes the results directly accessible [30]. Proteins are separated
according to their pl on immobilized pH gradient gels in the first dimension, and then transferred onto
a polyacrylamide gel for separation according to their MW in the second dimension. After this
separation, spots can be excised from the gel and used for in-gel digestion before applying the sample
to mass spectrometry. Care should be taken though when extracting peptides from the gel due to low
extraction efficiency. A major disadvantage of 2D electrophoresis is the intense masking of lower-
abundant proteins by those present at high concentrations. This effect cannot be reduced completely
by depletion steps. However, after pre-fractionation many protein isoforms can be identified with 2D
electrophoresis, providing detailed structure analysis of the sample. After spot normalization
information about the relative abundance of these protein isoforms can be gained from this method
[61-63].

Variation between different gels even within the same 1% and 2™ dimension run cannot be avoided. It
results from changes in temperature or in slightly different buffer or gel compositions. The
reproducibility of 2DE was improved enormously by implementation of ready-made IPG strips,
polyacrylamide gels and buffers. The resolution and the detection limit can further be advanced,
especially for proteins and peptides with extreme mass and pl, by the introduction of narrow-range
IPG strips, covering a small and defined pH region. Pre-fractionation prior to analysis with narrow-
range pH is recommended. As 2D electrophoresis cannot be completely automated, the method is not
suitable for high-throughput strategies. Sensitivity of protein separation on gels is dependent on the
staining technique. So far, proteins in the range of 10-60 pug/ml can be resolved without any problems,
using classical staining techniques [64, 65]. New fluorescence stains could further improve the
dynamic range of detected proteins.

To overcome the limits of low sensitivity and reproducibility in 2D electrophoresis, fluorescent
labeling, as done in the Differential Gel Electrophoresis technology (DIGE), is introduced. Currently,
three commercially available cyanine dyes, Cy2, Cy3 and CyS5, are used to label the e-amino groups of
lysine residues. By adding Cy-dyes, the charge and molecular weight of the proteins changes only
slightly and mass analysis of labeled proteins is still possible. Up to three samples with different Cy-
dyes can be mixed and run on the same gel, making it possible to identify reliably changes in protein
expression levels and reducing the number of gels needed, thus saving time and labor. By the use of a

labeled internal standard, gels can even be standardized. The detection range of the DIGE technique
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covers up to four orders of magnitude in comparison to classical 2D gels with Coomassie staining that
covers only about one order of magnitude in protein abundance [66-69].

Another sensitive and high-throughput method for protein separation under native or denatured
conditions is Free Flow Electrophoresis (FFE). FFE coupled to rapid RP-HPLC in off-line mode
results in a high-resolution separation, detecting protein concentrations down to low ng/ml levels
under non-denaturing conditions. Compared to gel-based methods, FFE provides the opportunity of
automated sample loading with a continuous sample feeding. In addition, as no gel media is used,
sample recovery can be improved, thereby increasing the amount of proteins detected with this method

by 2-fold compared to 2DE techniques [70-72].

Chromatographic Approaches

Several chromatographic approaches are utilized as fractionation methods in proteomics, most useful
in the form of orthogonal multi-dimensional techniques. Separation is based on characteristic
properties like pl, mass, charge, hydrophobicity and affinity for ligands. Anion-exchange
chromatography is based on a Weak Anion Exchange (WAX) column and a buffer gradient,
increasing the amount of sodium perchlorate. The limited number of fractions suggests its use as pre-
fractionation step in combination with multi-dimensional separation techniques. Cation-exchange
chromatography is performed with SCX capillary columns and a multi-step salt gradient of
ammonium chloride adjusted to pH 3 with formic acid. Collected fractions can be further separated
either with other chromatographic techniques or 2D electrophoresis followed by MS analysis online or
offline. By offline combination of SCX capillaries and mass spectrometry a linear salt gradient instead
of steps is applied, improving fractionation for particular proteins that are only co-eluted when using
the multi-step gradient. Better sharpening and separation of the peaks can be achieved by the use of
acetonitrile in the mobile phase. The number of fractions can be expanded, as the length of the
columns and the flow rate is increased compared to the online strategy. Therefore, more proteins are
identified with the offline method than directly connected to a mass spectrometer. However,
automation is less possible compared with the online method. Shen et al. were able to cover about
eight orders of magnitude in protein abundance by using ultra high-efficiency strong cation exchange
chromatography in a 2D LC-MS/MS strategy.

RP-HPLC techniques make use of silica columns with a buffer gradient, increasing the amount of
acetonitrile in aqueous solution and separation based on different protein hydrophobicity. This method
is very useful for proteins, although the most hydrophobic fractions show co-elution due to the high
affinity of proteins to the column material, resulting in lower resolution. Most of this co-elution can be
suppressed by using a WAX column ahead of RP-HPLC. Another disadvantage lies in the fact that
this method is more time-consuming than other approaches, leading to further loss of low-abundant

proteins. On the other hand greater amounts of sample can be handled with RP-HPLC [73].
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Shotgun Techniques

The idea of shotgun approaches is to use direct tryptic digestion of proteins, in order to obtain shorter
peptides that can be applied directly to MS or MS/MS analysis. In this way, a labor- and time-saving
method can be applied together with high efficiency. No pre-fractionation of complex protein mixtures
is necessary and even proteins with extreme MW and pl can be detected in a high-throughput method.
The detection limit covers concentration ranges down to the ng/ml level. Shortcomings are that protein
isoforms can barely be resolved, and the reproducibility rate is relatively poor (45.7%). Compared to
2D electrophoresis, this technique is less useful to quantify differential protein expression levels [74].
The Accurate Mass and Time Tag Technology (AMT) consists of a high-resolution liquid
chromatography system coupled to mass spectrometry in a shotgun approach. Highly accurate data
from mass measurement and elution times obtained from complementary RP capillary
chromatography are stored in a database and serve as mass and time tags for subsequent biomarker
analysis. Therefore, a quick identification and improved quantification of peptides of interest can be
achieved with this method. For database setup, mass analysis is performed with an lon Trap Mass
Spectrometer (IT-MS) with the MS/MS strategy being replaced by a Fourier Transform lon Resonance
Cyclotron Mass Spectrometer system (FT-ICR-MS) in the subsequent routine analysis. MS/MS/MS
could further improve confidence in peptide identifications, as shotgun approaches deliver less
confident results due to partial digestion, missed cleavage sites and cleavage that results from the
normal biological process. Compared to other shotgun approaches, this technique allows an increased
throughput as well as the analysis of comparative samples. Apart from database setup that has to be
performed only once, measurement is very fast with this method, and replicate results can be
compared easily. However, peptides must be identified prior to the analysis itself. AMT should be

combined with protein depletion or enrichment techniques in order to improve sensitivity [75].

1.5.4. Protein ldentification

Mass spectrometry has become the method of choice for analyzing complex protein mixtures in
combination with complex protein databases. The discovery and development of protein ionization
techniques was awarded with the 2002 Nobel Prize in chemistry, and, after that, further attracted
interest for protein applications [76].

As no single analysis technique can be used to identify the whole plasma proteome, proteins are mass-
analyzed and identified with mass spectrometry after separation. With the obtained mass spectra
proteins can be identified in databases like IPI, NCBI or Swiss-Prot by application of different search
algorithms. Several highly sensitive systems are currently used, with ESI and MALDI as the most
common ones [76].

In Matrix Assisted Laser Desorption lonization (MALDI) proteins or peptides are included in a matrix
crystal with absorption properties at the laser wavelength. Irridiation by pulsed laser beams leads to
“soft” ionization, making analysis of complex protein or peptide mixtures possible without any

fragmentation. Usually, MALDI is coupled to a Time-of-Flight (TOF) analyzer, either working in
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linear or in reflector mode. The reflector mode also allows the analysis of fragments occurring from
induced protein decay, to gain sequence information through tandem mass spectrometry (MS/MS).
MALDI-TOF can be utilized to obtain the mass fingerprint that is unique for each protein. In this
method the peptide mass fingerprint obtained from MS is matched with the calculated peptide masses
of each entry in the database. Usually, MALDI is combined with 2D PAGE. This proteomics approach
can also be automated for high-throughput analysis, although gel-based separations limit the
throughput. Mass analysis by MALDI rapidly gives confident results with high sensitivity [30, 76, 77].
Surface Enhanced Laser Desorption Ionization (SELDI) is used to bind subsets of proteins and
peptides selectively onto the surface of a SELDI-chip. Chips coated with certain (bio-) chemical
entities like hydrophobic hydrocarbons or specific metal ions are incubated with plasma or serum, in
order to bind and concentrate the reactive proteins. Multiple surfaces can be used in one single
experiment to increase separation power. Fractionation of proteins with SELDI is still limited but
generally useful for increasing the number of proteins identified. As with many analytical approaches,
also the SELDI method is hampered by non-specific binding of the most-abundant proteins. Depletion
of these proteins from the sample before the use of the affinity chip is therefore advised. The peak
intensity provides information about the relative protein abundance instead of absolute abundance, as
intensities are influenced by sample preparation protocols, instrument settings and data normalization.
Additional information about different expression levels can be obtained by use of antibodies in a
Western blot. Comparisons of data even from multiple sites show a great consistency in relative peak
intensity and therefore a good reproducibility. This is supported by standard quality control chips and
standardized protocols [78, 79].

Electro Spray lonization Mass Spectrometry (ESI) is preferably used in combination with capillary
electrophoresis due to the very low flow rates improving the ionization efficiency. The sensitivity of
ESI is inversely related to the flow rate and the diameter of the LC column, respectively. The optimum
flow rate would be in the range of few nanolitres per minute. To obtain online analysis,
chromatographic columns are directly connected to the ionization chamber of the ESI instrument with
an integrated spray tip, reducing the post-column dead volume. Despite extensive system optimization,

the reproducibility between different runs is not very satisfying [77, 80].

In contrast to all described analytical methods, the use of antibody-mediated technology to (semi-)
quantify proteins in serum or plasma is not as much influenced by the presence of the abundant
proteins. In addition, use of protease inhibitors does usually not interfere with the analysis. On the
other hand, this way of proteome analysis is still limited by the availability of suitable antibodies.
However, a multiplex assay for up to 100 blood proteins has been developed and is on the market
(Rules Based Medicine, Inc). It is likely that in the near future antibody assays will be set up for many

more (maybe even all) plasma/serum proteins after their identification by other methods. Research
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groups, having already stored serum samples from previous nutrition studies, might want to save their

material until the ‘complete blood proteome antibody test’ has become available.

1.5.5. Search Algorithms

In proteomic experiments, a significant number of protein matches is incorrect due to a high rate of
false positives. One reason for that is based on the fact that a peptide sequence or peptide mass usually
does not uniquely define a protein. Results from search engines should therefore be interpreted
carefully in order to understand strengths and weaknesses of different search algorithms. Scoring
functions of these engines are based on two different algorithms.

Heuristic algorithms as used for SEQUEST, Spectrum Mill, X!Tandem or Sonar correlate
experimental MS/MS spectra with theoretical spectra and count the number of peaks common to two
spectra (“shared peak count”).

The second approach is the probabilistic algorithm, as used in search engines like MASCOT or
Peptide Prophet that provide information about the probability, that a peptide sequence produced a
spectrum by chance. The MASCOT algorithm itself is based on the probability, that a match is a
random event. By adding the size of the database, an objective score is created, demonstrating the
significance of a given hit. MASCOT, Sonar and X!Tandem give the most sensitive hits, and
SEQUEST combined with Peptide Prophet reduce the number of false positives [81].

In general, it can be said that the combination of a high-sensitivity algorithm with a high-specificity

algorithm should increase the confidence in protein identification.

1.5.6. Plasma Protein Databases

Usually, proteomics data sets are publicly available in the form of long lists and tables, containing
enormous amounts of data. In order to prevent unstructured data storage, several publicly available
and accessible databases have been developed in the HUPO Plasma Proteome Project Pilot Phase.

The HPPP Database (http://www.plasmaproteomedatabase.org) was set up to provide information
about all protein isoforms found in the literature and assembled due to genetic origin. Additional
information considering SNPs (single nucleotide polymorphisms), PTMs (post-translational
modifications), tissue expression and sub-cellular localization information is provided for each
isoform. In total, 4932 protein entries derived from 2446 genes and based on the 3020 proteins,
identified by laboratories participating in the pilot phase of the HPPP, is included in the dataset. In
addition, information on 2672 PTMs, 11381 SNPs and 248 cleavage sites can be drawn from the
database [82, 83].

Martens et al. developed the Proteomics Identification Database (PRIDE) as a publicly available and
easily accessible database. It serves as a central storage tool with a web-based interface for data
submission. The database can be accessed under http://www.ebi.ac.uk/pride [84].

PeptideAtlas is a genome-mapped database derived from LC-MS/MS proteomics data, leading to

databases for human and Drosophila melanogaster. A unique database is built from data derived from
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proteomics experiments using human plasma and serum, the Human Plasma PeptideAtlas. The

database is publicly available in the internet under http://www.peptideatlas.org [85].

1.5.7. The Sub-Proteomes of Human Plasma

An attractive way to study an increased number of blood proteins is by generating sub-proteomes
enriched for proteins carrying a defined protein modification. Antibodies against such a modification
can be used for this purpose, as done for example by precipitation of phosphorylated proteins with
anti-phosphoserine or —phosphotyrosine antibodies. Until now, most of these applications have not
received sufficient attention to culminate in standardized protocols. An analytical method based on
(bio-) chemical fractionation is the SELDI approach.

Based on different selection methods, a sub-proteome of glycosylated proteins has also been defined.
Using hydrazine chemistry, glycosylated proteins are coupled to a resin via their sugar chains. After
trypsin digestion and washing, the N-glycosylated peptides are released from the carrier by digestion
with the enzyme PNGase F. The mixture of peptides is then collected, whereas the sugar moieties
remain attached to the carrier. Peptides can be separated and sequenced by LC-MS/MS, whereas
quantitative comparison of peptides between different mixtures can be done by the isotope-coded
affinity tags (for instance with the ICAT approach) labeling procedure in advance of LC-MS/MS.
Although not yet reported, the procedure may be extended with the enzymatic release of O-linked
glycosylated peptides. Another way of establishing a sub-proteome is by affinity purification of the
glycosylated proteins via their binding to lectins. This can be done with both, serum and plasma,
resulting in mixtures of comparable protein composition. Of course, glycoproteins involved in the
blood coagulation, like fibrinogen, are missing from serum. For both approaches the advantage is, that
albumin, being a non-glycosylated protein, is not a constituent of the glycoprotein sub-proteome,
although minor amounts of albumin cannot be excluded because of non-specific binding to the resin or
the trapped glycosylated proteins. Although about 150 glycoproteins have been identified in this way,
their range of biological functions seems confined, since one third was contributed by keratins (5),
apolipoproteins (6), complement factors (13), immunoglobulin heavy or light chains (23) [82, 86, 87].
The plasma peptidome includes the low-molecular-weight proteome with molecular masses of
peptides <15 kDa. Plasma peptides are of interest because of their specific functions in biological
processes. They can occur as hormones, growth factors, cytokines or through proteolytic cleavage of
high-molecular-weight proteins. Analysis of the peptidome with a differential peptide display (DPD)
includes a RP-HPLC separation with subsequent MALDI-TOF analysis of 96 chromatography
fractions. By combination of all 96 mass spectra, an in silico 2D display of peptides in the range of
750-15 000 Da shows the m/z ratio for all peptides on the x-axis and their retention times on the
chromatographic column on the y-axis. Peptide fragmentation and sequence analysis is done by
MALDI-TOF/TOF-MS or by combining ESI with a quadrupole and a time-of-flight mass analyzer
(ESI-qTOF-MS/MS), resulting in peptide identification from a database search. With this method it is

possible to analyze peptides down to the picomolar concentration range [88, 89].
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Other subproteomes categorize proteins according to their origin or their body functions. Based on
literature data, “functional subproteomes” from the identified proteins of HPPP have been defined.
These include for example about 110 proteins related to inflammation, including cytokines, adhesion
molecules and chemokines, 362 proteins of liver origin, 345 proteins with cardiovascular function,

DNA-binding proteins, and many others have been separated out from the HPPP database [82].

1.6. Identification of the Plasma Proteome

In 1977, first approaches resulted in the display of 20 proteins from human plasma using 2D
electrophoresis [90]. Because of the huge dynamic range and the lack of sufficiently sensitive analysis
technologies, this number was only increased up to 55 in 1991 [91]. In 2002, a list of 289 proteins
found in plasma or serum could be retrieved from literature [24].

As up to the present several methods for protein separation and identification have been established,
all these technologies result in quite different results in protein analysis. Anderson et al. merged four
different methodologies in order to describe the plasma proteome. These included a literature search,
multi-dimensional analysis of either proteins or tryptic peptides, using chromatography followed by
electrophoresis and mass spectrometry, and multi-dimensional chromatographic analysis of low-
molecular-weight peptides followed by mass spectrometry. 195 identified proteins and peptides of all
four methods appeared in more than one dataset, and far less, only 46, were redundant in all four
datasets [92].

Li et al. identified 560 unique serum proteins using five different approaches. Of these, 2-dimensional
electrophoresis combined with MALDI-TOF-MS/MS after anion-exchange chromatography yielded
78 proteins, whereas an offline shotgun-nanospray strategy identified 330 unique proteins. The 2DE
method, however, included more information about pl isoforms and the relative abundance of serum
proteins. Of all proteins, 37 were identical in all five approaches [93]. In 2005, a list of 1427 high-
confidence plasma proteins from literature identified with various methods was published (Fig. 1-5),
and the proteins were categorized due to their cellular origin and biological function. The dynamic
range of these proteins was estimated to be about 10%, still not displaying the very low-abundant
proteins from plasma [39].

Shen et al. could expand the number of identified proteins in plasma up to 2392 through affinity
depletion of IgG and albumin and separation with ultrahigh-efficiency capillary liquid
chromatography. Proteins were mass-analyzed using an ion-trap mass spectrometer. Some of the
proteins are in correlation with diseases and can be considered as biomarkers of risk [94].

When plasma is fractionated with anion-exchange chromatography followed by a second reversed-
phase fractionation, 2254 different proteins could be identified by LC-MS/MS analysis. It could be
clearly shown that extensive fractionation results in an increased number of detected proteins [95].
However, this also increases complexity of protein analysis. The Pilot Phase of the HUPO Plasma

Proteome Project yielded a total number of 3020 proteins based on two or more peptides from
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different analysis techniques. This is the starting point for the next phase in that project that will

include further determination of subproteomes in plasma, quantitative data and bioinformatics [96].
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Figure 1-5 Categorization of 1427 high-confidence proteins (from [39])
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2. Aim and Outline of the Thesis

Nutrition-related biomarker discovery recently has become very popular. However, effects of nutrients
on human metabolism often are very small and complex. As for humans, sample sources to analyze
these interactions are limited to easily accessible body fluids. The plasma and peripheral mononuclear
blood cells (PBMC) are reported to reflect the health status of the human body. As easily accessible
sample sources they are ideal targets for biomarker discovery in human studies. Assessing the plasma
and PBMC proteome therefore provides the possibility to uncover adaptive changes in human

metabolism.

The present work used proteome analysis of plasma and PBMC samples to assess changes in response
to a dietary intervention in human volunteers. First, sample preparation and separation using 2D
electrophoresis was optimized and standardized based on analytical recommendations from the HUPO
PPP. Resolution of low-abundant proteins in 2D gels was improved through removal of the 12 most-
abundant proteins with antibody-based depletion. The variability and “stability” of the human plasma
and PBMC proteome was investigated in collaboration with NuGO partners, including four different

proteomics centres, to assess basal variation.

Proteome 2D maps for plasma and PBMC were created in order to accelerate the identification process
for altered proteins. Mass analysis of all visible protein spots on the gels was undertaken with
MALDI-TOF-based mass spectrometry. All identified spots were included in an in-house proteome
database. Based on the established proteome maps the plasma and PBMC proteomes of 10 volunteers
were analyzed after a high-protein supplementation, as frequently used by athletes. Volunteers
received 2 g/kg BW and day of a commercially available protein supplement on top of a controlled in-
house diet over a time period of five days. Baseline variation was investigated during repeated
measurements after overnight fasting as well as the wash-out of the protein supplement. In addition to
plasma and PBMC proteome data, amino acid levels in plasma and urine were determined with LC-

MS/MS as well as clinical chemistry parameters.
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3. Materials and Methods

3.1. Chemicals and Consumables

Unless otherwise described all chemicals and consumables were purchased from Merck (Darmstadt,
Germany), Roth (Karlsruhe, Germany) or Sigma (Taufkirchen, Germany) and of pro analysis quality.
All ready-made IPG buffers and IPG strips came from GE Healthcare (Miinchen, Germany).

3.2. Instruments

Special laboratory equipment which was used in addition to common centrifuges, rotators etc is

indicated below.

3.3. The High-Protein Intervention Study

3.3.1. Volunteer Recruiting

11 male volunteers were recruited from the (ZIEL) at the Technical University of Munich. One
volunteer was excluded due to an illness, 10 healthy men participated in the study. The average age of
participants was 29.73 + 6.76 years, body-mass index (BMI) values were reported with 23.95 £ 3.73
kg/em® (mean + SD). All participants were healthy and did not take any medication (for details see
Table 6-4).

3.3.2. Study Design

The study period consisted of a one-week pre-phase, a five day intervention phase with a standardized
diet and protein supplementation and a wash-out phase of 10 days. Participants should proceed with
their normal diet during the pre-phase and the wash-out phase. During the intervention all volunteers
were given a standardized diet supplemented by 2 g of the commercially available protein powder
Protein90Plus (Power System) per kg body weight. The protein powder was taken during the day after
mixing it with fruit juice. The volunteers were not allowed to eat or drink anything additional except

tap water, coffee and tea.

Seven urine and blood samples were taken in the morning after an overnight fasting period from each
volunteer. BL1, BL2 and BL3 were taken on days 0, 5 and 7 in the pre-phase in order to assess the
baseline levels. HP1 and HP2 were taken during the intervention period on days 9 and 11. Finally,
WOI1 and WO2 were taken on days 15 and 21 after finishing the supplementation to assess the wash-
out phase (Fig. 3-1). Blood samples were used for proteome analysis, clinical chemistry and
determination of amino acid concentrations. Clinical chemistry parameters and amino acid

concentrations were also detected in urine samples at each time point.
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High-Protein Challenge Wash-Out
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Blood withdrawal after overnight fasting: proteome analysis, clinical chemistry and amino
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Figure 3-1 Outline of the high-protein intervention study

Ethical permission for the study was obtained from the Medical Ethical Committee at the Technical

University of Munich.

3.3.3. Sample Collection

Blood was drawn from the arm by venipuncture using the Vacutainer CPT tubes (BD, Heidelberg,
Germany) for PBMC isolation containing sodium heparin as anticoagulant. Tubes were inverted 8-10
times and centrifuged at room temperature and 1500-1800 x g for 20 minutes. The buffy coat above
the gel barrier containing the PBMC (approximately 2 ml from each vacutainer) was carefully
removed with a glass pipette into an empty 15 ml falcon tube. The plasma layer on top of the tube was
removed as well and aliquoted into 1.5 ml Eppendorf tubes. Plasma was stored at -80°C. Morning
urine samples were collected in 1 mM sodium azide. Cell debris and particles were removed with

1000 x g centrifugation at 4°C for 8 minutes. Urine samples were stored at -80°C.

3.3.4. SDS Electrophoresis of the Protein Powder

Analysis of the protein content in Protein90Plus was caried out with SDS electrophoresis on EXEL®
8-18 SDS gels (Pharmacia, Erlangen, Germany). The protein powder was dissolved by 30 minutes
incubation in a reducing buffer containing 5 mM TRIS acetate, 6 M urea, 1% SDS, 8 mM tris-(2-
carboxyethyl-) phosphine (TCEP, Calbiochem, Darmstadt, Germany) and bromophenol blue. 1 ml of
the solution was incubated for another 5 minutes at 100°C and then mixed with 10 pl 20% TCEP
solution. 3 pl of the sample was pipetted onto cellulose acetate paper (Schleicher & Schiill, Kassel,
Germany) and used for electrophoresis. Electrophoresis was carried out at 12°C, 600 V and 35 W until
the bromophenol blue front reached the anode. Staining was carried out at 50°C for 75 minutes using 1

tablet Coomassie R-350 (PhastBlue R, Pharmacia) in 2 liters 10% acedic acid before destaining in
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10% acedic acid at room temperature. Finally, the gel was incubated for another 15 minutes in 15%
glycerine solution and dried overnight. The gel was scanned using the image scanner Umax Astra
1120 (GE Healthcare) and analyzed with the software Total Lab 2008 (Nonlinear Dynamics,
Newecastle upon Tyne, UK). Quantitative measurement of protein fractions was carried out through
comparison with the following calibrants: casein (300, 600, 900, 1200, 1500 pg/ml), B-lactoglobuline
(60, 120, 180, 240, 300 pg/ml), a-lactalbumine (30, 60, 90, 120, 150 ug/ml), as well as BSA,
lactoferrine und IgG (each 20, 40, 80 pg/ml).

3.4. Sample Preparation for Proteomics Analysis

3.4.1. PBMC Preparation

PBMC were washed with at least 3 volumes of freshly prepared balanced salt solution containing 1
volume salt solution (5.5 mM D-glucose, 5 mM CaCl,*2 H,0, 0.98 mM MgCl,*6H,0, 5.4 mM KClI,
0.145 M TRIS, pH adjusted to 7.6) and 9 volumes of 0.14 M NacCl solution. The PBMC solution was
centrifuged at 200 x g and 4°C for 10 minutes. After carefully removing the supernatant, cells were re-
suspended in 6-10 ml balanced salt solution and centrifuged again as described above. 200 pl lysis
buffer (7 M urea, 2 M thiourea, 2% CHAPS, 1% DTT, 0.04% pharmalytes pH 3-10 (GE Healthcare),
0.06% proteinase inhibitor cocktail (made of 1 tablet Roche Complete Mini Proteinase Inhibitor
Cocktail (Roche, Mannheim, Germany) dissolved in 300 ul H,0)) were added to the cell pellet per
CPT tube. Cells were kept on ice for 30 minutes and sonicated afterwards.

PBMC protein solutions were desalted using 800 pl of ice-cold acetone per 200 ul of lysed protein
solution. The mixture was kept at —20°C overnight for precipitation. Afterwards, proteins were
centrifuged at 4°C and 10 000 x g for 30 minutes, the supernatant was removed and the pellet allowed
to air-dry. The pellet was resuspended using 200 pl lysis buffer without pharmalytes. The sample was

stored at —80°C after protein measurement.

3.4.2. Plasma Pre-Fractionation

In order to reduce complexity of plasma samples sample pre-fractionation using antibody-based
protein depletion was tested. The 12 most-abundant proteins (albumin, IgG, fibrinogen, transferrin,
IgA, IgM, HDL apoAl, HDL apoAll, haptoglobin, al-antitrypsin, ol-acid glycoprotein and a2-
marcroglobulin) were depleted from crude plasma through an IgY-12 high capacity proteome
partitioning kit according to the manufacturer’s protocol (Beckman Coulter, Krefeld, Germany). The
flow-through (500 pl per aliquot) of two runs was pooled.

Concentration of flow-through was carried out at each of the 4 investigating centres using the
Millipore Ultrafree-0.5 Centrifugal spin columns using a cut-off of 5000 Dalton (Millipore,
Schwalbach, Germany), according to the manufacturer’s instructions. Samples were centrifuged to the
lower mark (= 25 pl), which took about 5-7 minutes. Concentrated depleted plasma (25 pl) was
removed with a fine-tip pipette into an Eppendorf tube, and 210 pl of rehydration buffer was added to
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the Millipore Ultrafree-0.5 Centrifugal spin columns. The solution was aspirated up and down twice

and removed into an Eppendorf containing the concentrated depleted plasma.

3.4.3. Protein Measurement

Protein concentration was measured using the Bradford assay [97]. 800 ul bidest. H,O was pipetted
into a cuvette, 200 ul of protein reagent solution (BioRad, Miinchen, Germany) and 1 pl of sample
were added. Samples should not contain any ampholytes. Absorption was measured in a photometer at
595 nm against BioRad/water solution as a blank. Protein concentrations can be calculated from a
standard curve using BSA solutions in concentrations of 0.5, 1, 5, 7.5, 10, 15 and 20 pg/pl.

After protein measurement pharmalytes according to the concentration in the lysis buffer were added

to the protein solution.

3.5. Electrophoretic Analysis of Plasma and PBMC

3.5.1. Protein Separation Using 2D Gel Electrophoresis

The methods used for protein separation with 2D electrophoresis were adapted based on the references
given by Gorg et al. [62]. IPG strips (GE Healthcare, Freiburg, Germany) were rehydrated to a final
thickness of 0.5 cm before using them in the first dimension. There are three possibilities to rehydrate
IPG strips. For active and passive rehydration the sample is already added to the rehydration buffer,

whereas rehydration for cup loading is working without adding the sample solution.

Passive Rehydration

For passive rehydration of 18 cm strips 350 pl of rehydration solution in total was added into each
lane of the reswelling tray (for 24 cm gels 460 pl rehydration solution, respectively). The rehydration
solution consisted of the sample volume according to the protein amount used, 15 ul of freshly
prepared 30% DTT solution (20 pl for 24 cm gels) and filled up to the final volume of 350 pul (460 pl
for 24 cm gels) with rehydration buffer (7 M urea, 2 M thio urea, 4% CHAPS, 2% pharmalytes pH 3-
10 (GE Healthcare), 0.5% IPG (GE Healthcare)). The solutions were mixed in a separate tube. Linear
18 cm IPG strips of pH 3-10, 6-11, 6.2-7.5 and pH 4-7 were used as well as 24 cm strips pH 4-7. The
protective cover was removed from each IPG strip and the strip placed in the reswelling tray (GE
Healthcare) with the gel side down making sure that no air bubbles were tracked underneath the strip.
1 ml of silicone oil was added onto each IPG strip in order to protect the gel from drying out.

Rehydration was done at room temperature over night.
Active Rehydration

Active rehydration was carried out according to the method described above. Instead of a reswelling

tray, the same amount of rehydration solution was pipetted into separate ceramic trays with electrode
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inlays, and the IPG strip was placed upon this solution. Rehydration was undertaken overnight at 50 V

on the cooling plate of the Ettan IPGphor II (GE Healthcare).

Rehydration before Cup Loading

Rehydration when using cup loading is done according to the protocol for passive rehydration without
adding the sample to the rehydration buffer. Therefore, the total amount of rehydration solution
containing only rehydration buffer and DTT was reduced to 340 pl, for 24 cm gels to 430 pl,

respectively. IPG strips were kept in the reswelling tray overnight.

3.5.2. 1% Dimension

The manifold was placed on the Ettan IPGphor II system and 108 ml of silicone oil was spread evenly.
Then the rehydrated IPG strips were taken from the rehydration trays, placed onto tissue paper with
the gel side up in order to remove excess oil and rehydration solution. Afterwards they were placed in
the manifold with the positive end near the anode and the negative end of the strip reaching the bottom
of the manifold. All strips should be at the same level to avoid different separation distances. Paper
wicks were wetted with 150 pl of desalted water and placed near the anodic end of the IPG strips, at
the cathodic end paper wicks were wetted with 150 pl of 3.5% DTT solution in desalted water and
placed onto the end of the strip. The electrodes were fixed onto the paper wicks with the side screws.
When using cup loading the cups were placed close to the anode, and sample solution was added
according to the protein amount loaded onto each strip. A maximum of 150 pl could be filled into each
cup. The program was started. After approximately 1 hour the paper wicks were changed once and the

run continued until the protein separation was completed.

Electrophoresis program:

Voltage Step Duration
1.500 V Gradient 0:01 h
2.4000 V Gradient 1:30h

3. 8000 V Step-n-hold 60,000 Vh (24 cm strips)
25,000 Vh (18 cm, pH 3-10)
30,000 Vh (17+18 cm, pH 4-7)
30,000 Vh (18 cm, pH 6-11)
30,000 Vh (18 cm, pH 6.2-7.5)
4.500V Step-n-hold  until removed

After the electrophoresis IPG strips were removed from the manifold and sealed in plastic foil. Strips

were kept at -20°C when they were used for the 2™ dimension on the same day or stored at -80°C up

to several weeks.
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3.5.3. 2" Dimension

SDS gel electrophoresis in the 2™ dimension was carried out with isocratic (12.5%) acrylamide gels of
1 mm thickness in an Ettan Dalt II system (GE Healthcare). Acrylamide gels were cast according to
the method of Laemmli [98]. For test reasons also Duracryl gels were used. 30% Duracryl gels (30T
2.2C Proteomic Solutions, Saint Marcel France) with a bis-acrylamide crosslinking grade of 0.65%
were cast according to the IFR protocol (IFR protocol for casting 2™ dimension SDS-PAGE gels,
personal correspondence). To run the 2™ dimension gels, IPG strips were incubated at room
temperature for 15 minutes in equilibration buffer (1.5 M TRIS-HCI, pH 8.8, 6 M urea, 26% glycerol,
2% SDS) containing 1% DTT before transfer to a second equilibration step with equilibration buffer
containing 4% iodoacetamide and incubation for 15 minutes at room temperature. The strips were then
rinsed in water and SDS-buffer, applied ono the top of the gel cassette and fixed in position by
overlaying with molten 0.5% agarose containing bromophenol blue to visualize the electrophoresis
front. After cooling of the agarose solution, 3 pl of a stained low-molecular-weight calibration marker
were applied to a small paper wick and inserted in a well formed on the right of the cassette by
insertion of a 1 mm spacer. The IPG strips were then overlaid with the agarose solution. The 2™
dimension run was performed overnight. After 1 hour with 4 mA of current per gel, 12 mA were
applied to each gel until the bromophenol blue had reached the bottom of the gel in the Ettan Dalt II
System. Up to 12 gels could be loaded in the same run.

Two different buffer systems were used for the 2™ dimension electrophoresis:

Continuous Buffer System:
5 mM TRIS, 0.19 mM glycin, 0.1% SDS in bi-distilled water.

Tricine Discontinuous Buffer System:

Upper running buffer: 200 mM TRIS acetate buffer (Sigma), 200 mM tricine (Sigma) and 14 mM
SDS in a total volume of 3 liters.

Tank buffer: 25 mM TRIS acetate buffer (Sigma), pH 8.3 in a total volume of 0.5 liters.

After the electrophoresis was completed gels were removed from the glass plates and placed in a
fixing solution containing 40% ethanol and 10% acetic acid (up to 6 gels per tray) for at least 2 hours

on the shaker.

3.5.4. Staining of Gels

Gels were stained either with Flamingo™ fluorescent stain, Krypton™ fluorescent stain or Commassie

Brilliant Blue solution.
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Flamingo ™ Staining

Flamingo™ staining was performed according to the manufacturer’s instructions. In brief, 10 x
Flamingo™ Fluorescent Gel Stain solution was diluted and at least 250 ml was used per gel. Gels were
incubated in the dark overnight and destained afterwards for 30 minutes. Flamingo-stained gels were
scanned using the Typhoon TRIO+ Variable Mode Imager (GE Healthcare) with the 532 nm laser and
the 610 nm bandpass emission filter (settings for SYPRO®Ruby fluorescence stain). The resolution
was 100 um and the photomultiplier was set to 450 V. The gel file was then converted to a 16 bit tif-

image for further comparison. After scanning they were sealed in plastic bags and stored in the dark at

4°C.

Krypton ™ Staining

The staining was undertaken according to the instructions given in the manual. Krypton™ Fluorescent
Protein Stain (Pierce, Rockford, IL, USA) was diluted 10-fold and the gels were stained in the dark
overnight. After destaining in 5% (v/v) acedic acid solution for 5 minutes gels were scanned using the

Typhoon scanner with the 532 nm laser and the 580 nm emission filter.

Coomassie Staining

Coomassie staining was carried out for four days using Coomassie Brilliant Blue solution (10%
(NH4),SOy4, 2% phosphoric acid, 25% methanol and 0.625% CBB G250). Gels were destained in
bidistilled water until complete removal of background staining. Scanning was done using the Umax

ImageScanner (GE Healthcare).

3.5.5. Image Analysis

Spots were identified and analyzed using the ProtecomWeaver 3.1 software (BioRad) or with the
Delta2D 3.6 software (Decodon, Greifswald, Germany). Background subtraction and normalization
were automatically carried out by the software program. Spots were considered as regulated when the
intensities differed significantly (p<0.05) and by at least 2-fold intensity. Each analysis group

consisted of at least 4 gels per treatment group or time point.

3.6. Protein Identification

3.6.1. Sample Preparation for MS Analysis

Spots were prepared manually for MS analysis. Spots on the fluorescent SDS gels were stained with
Coomassie Brilliant Blue in order to visualize them.

The selected spots were manually picked with a sterile skin picker and transferred into solvent
resistant tubes. After washing with 50 mM NH4HCO; and acetonitrile/ 50 mM NH,HCO; 1:1 (v/v) for
removal of Coomassie following a shrinking step with pure acetonitrile spots were dried in a

SpeedVac. Dried spots were rehydrated for 1 h at 4°C and trypsinized overnight at 37°C using 5 pl of
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0.002 pg/ul sequencing grade-modified trypsin (Promega, Mannheim, Germany). Excess trypsin was

removed and peptides were extracted from the gel plugs with 1% TFA for 10 minutes with sonication.

3.6.2. MALDI Mass Spectrometry

Supernatants from the peptide extraction were used for MALDI-TOF analysis and co-crystallized onto
a Bruker AnchorChip™ target (Bruker Daltonics, Bremen, Germany) with HCCA as the matrix using
the double-layer method from Bruker Daltonics. A peptide calibration standard (#206195, Bruker
Daltonics) was applied for external calibration. Proteins were analyzed with the Autoflex mass
spectrometer (Bruker Daltonics) in positive ion reflector mode. The software for spectrometer control

was FlexControl (Bruker Daltonics).

3.6.3. Spectra Processing and Database Search

Spectra were processed with the FlexAnalysis 2.0 software (Bruker Daltonics) and sent into the
MSDB database automatically through the BioTools 3.0 software (Bruker Daltonics) and the
MASCOT search engine (version 1.9.00, www.matrixscience.com). Matrix peaks with an m/z value
below 900 were not included in the search. The following identification parameters were set:
allowance of 0 or 1 missed cleavages, peptide mass tolerance of 50-150 ppm, trypsin as digestion
enzyme, carabamidomethyl modification of cysteine; methionine oxidation as variable modification;
and charged state as MH". Results with probability based MOWSE scores greater than 54 were
identified as significant in the human database (p<0.05).

3.7. Analysis of Amino Acids and Clinical Parameters

3.7.1. Measurement of Amino Acids in Plasma and Urine

45 amino acids and derivatives were analyzed in plasma and urine using the LC-MS/MS and the
iTRAQ-labeling method. 40 pl of sample were treated according to the AA45/32 Kit Phys Reag
(Applied Biosystems, Darmstadt, Germany). The samples were then automatically (autosampler type
HTC PAL, CTC Analytics AG, Switzerland) injected into the column (AAa C18 column 4.6x 150
mm, Applied Biosystems) of the LC system 1200 series (Agilent Technologies, Waldbronn, Germany)
and mass-analyzed with the 3200 Qtrap (Applied Biosytems). Spectra were processed using the
Analyst 1.4 software (Applied Biosystems).

3.7.2. Clinical Parameters in Plasma and Urine

Classical Measurements

Ammonia in plasma and urine was measured enzymatically using the Ammonia UV Test by
BioChemica (Ralf Greiner BioChemica GmbH, Flacht, Germany). Urea concentrations in plasma and
urine were determined with the Urea Liquicolor Test #10505 (Human Gesellschaft fiir Biochemica

und Diagnostica, Wiesbaden, Germany) and urinary creatinine levels were analyzed with the Sigma
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Diagnostics Kit #555 (Sigma Diagnostics, St. Luis, MO, USA), according to the manufacturers’
instructions. Osmolarity in urine was determined with a semi-micro osmometer (Knauer, Berlin,
Germany) and glucose in urine was measured with the Glucose Hexokinase FS-kit (DiaSys

International, Holzheim, Germany) according to the instructions.

Clinical Chemistry in Plasma

Several clinical chemistry parameters in plasma were analyzed with the Piccolo™ system (HITADO
Diagnostic Systems GmbH, Mohnesee, Germany). The used Comprehensive Metabolics panel
(HITADO) included measurement of alkaline phosphatase, alanine aminotransferase, aspartate
aminotransferase, albumin, total protein, total bilirubin, urea nitrogen, creatinine, calcium, glucose,
chloride, potassium, sodium and total carbon dioxide. For the analysis 100 pl of plasma was directly

injected into the panel. Measurement was carried out automatically.

3.8. Statistical Analysis

Results are displayed as the mean value = SD or * relative standard deviation RSD. Values with a p-
value <0.05 were considered to be statistically significant. Statistical significance was analyzed using
ANOVA or paired t-test. For graphical display of bar charts the software GraphPad Prism 4
(GraphPad Software Inc. La Jolla, CA, USA) was used. Statistical analysis of proteome data was
conducted within the Delta2D software package. Software-based data analysis of amino acid and
clinical chemistry data was carried out using the freely available program R (http:/www.r-
project.org/). An analysis of variance for each variable with “subject” and “sample” as factors was
conducted. If a statistical significance was found (p.adjusted <0.05) Tukey analysis was performed to
identify the significantly changed samples. To adjust p-values for multiple testing, the p.adjust-
function was used within the R-library limma, using the Benjamini-Hochberg method [99]. Pearson
correlations were determined using the rcorr function within the Hmisc package [100]. The packages
lattice, latticeExtra, plyr, RColorBrewer and reshape were used for data transformation and creating

plots and graphs [101, 102].
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4. Results and Discussion

4.1. Method Development

As a first step sample preparation and 2D electrophoresis for plasma and PBMC was established in
view of standard protocols and with regard to the cost factor. For PBMC, an existing protocol was

optimized, whereas the plasma preparation procedure was not based on preliminary work.

4.1.1. Sample Pre-Fractionation in Plasma

To overcome the problem of high-abundant plasma proteins covering other relevant proteins, a pre-
fractionation was performed prior to 2D gel analysis. A Beckman Column that depletes 12 proteins
from crude plasma samples was used and demonstrated to improve resolution of lower-abundant
protein spots on 2D gels as shown in Figure 4-1. The dominating albumin smear as well as the IgG
chains and transferrin could successfully be removed and distinct spots hidden underneath appeared
after depletion. The crude plasma sample containing 0.35 ug/ul protein was concentrated to a level of
0.26 pg/ul protein. Therefore, a large proportion of the total protein content was removed by the

proteome partitioning kit.

It is often discussed whether removal of high-abundant proteins from plasma samples can also remove
lower-abundant proteins and peptides either through the technology itself or due to carrier protein
interactions. Especially albumin binds low-molecular-weight molecules, resulting in a loss of these in
the following analyses. When detecting low-molecular-weight proteins and proteins at very low

concentration levels, e.g. like cytokines, this issue has to be considered [52, 103].
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Figure 4-1 Separation of plasma spots before and after antibody depletion

2D gels of crude plasma (left) and plasma after depletion of the 12 most-abundant proteins with the Beckman column (right).
240 pg of protein was loaded onto 17 cm gels pH 4-7 using active rehydration. The second dimension was carried out with

the discontinuous buffer system on 12.5% SDS-polyacrylamide gels. Gels were stained with Coomassie.
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4.1.2. Optimizing Electrophoresis for Plasma and PBMC

pH Splitting

On the one hand, 2D gels with a broad pH range separate most of the proteins that are present in a
sample. On the other hand, resolution can be quite poor on these gels, and narrow pH gradient gels
could help to improve the spot resolution and visualization of low-abundant proteins. A comparison
between plasma and PBMC samples, separated on gels with ph 3-10 and narrow ranges of 4-7 and 6-
11, clearly favored the narrow-range gels, as more spots are visible (data not shown). The majority of
spots appeared in the acidic pH range of 4-7, whereas only few spots can be found in the basic range,
with poorer resolution at the very basic end. Basic proteins are difficult to resolve on two-dimensional

gels as they tend to precipitate. Therefore, a range of 4-7 was used in all further experiments.

Amount of Protein

The amount of protein loaded onto the gels differs from sample to sample, depending on the
appearance of prominent spots in comparison to rather faint spots. Thus, protein loading was
optimized for plasma and PBMC. Figure 4-2 shows the procedure for PBMC samples. Increasing the
amount of protein not necessarily increases the number of appearing spots, but prominent spots more
and more dominate the spot pattern. The best resolution was yielded using 200 or 300 pg of PBMC
sample. Decreasing this amount down to 100 pg resulted in less spots on the gels. For plasma, the
same procedure showed that protein loads between 100 and 200 pg per gel gave the best spot pattern.
Loading 500 pg of protein onto plasma gels resulted in an overload of the prominent albumin spots
and less other spots on the gels (data not shown). As sample pre-fractionation with the Beckman

column is laborious and cost-intensive, it was therefore decided to load 100 ug of plasma onto each

gel.
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Figure 4-2 Different protein amounts on PBMC gels

2D gels of PBMC lysates with different protein amounts. 200 (left), 300 (middle) and 500 ug (right) of protein was loaded
onto 18 cm gels, pH 4-7 using passive rehydration. The second dimension was carried out with the continuous buffer system

on 12.5% SDS-polyacrylamide gels. Gels were stained with Coomassie.
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Strip Length
To achieve an optimum resolution, IPG strips with different lengths were tested. Results of 17 cm and
18 cm strips did not differ from each other. Spot patterns that appeared on 24 cm strips were slightly

pulled apart, but there was no clear improvement of resolution or spot number (data not shown).

Rehydration Methods

Through the rehydration step in 2D electrophoresis, the IPG strips are reswollen up to the final
thickness. The sample can either be applied into the rehydration buffer by in-gel rehydration, or the
protein solution is applied just before starting the first dimension through cup loading. In-gel
rehydration can be undertaken passively on the bench or actively by applying a low current on the
cooling plate of the electrophoresis unit. The temperature during rehydration also plays an important
role as protein carbamylation can occur at higher temperatures (usually >37°C). Temperatures <10°C
carry the risk of urea cristallization. The optimum method depends on the protein nature in each

sample source and has to be determined individually [61].
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Figure 4-3 Comparison of different rehydration methods for PBMC samples

Rehydration and protein loading was carried out either by cup loading, active rehydration or passive rehydration, either at
room temperature or at 4°C. Passive rehydration times were either 8 hours, 14 hours or 24 hours. 2D gels of PBMC lysates
with 200 pg of protein separated on 18 cm IPG strips in the first dimension at pH 4-7. The second dimension was carried out

with the continuous buffer system on 12.5% SDS-polyacrylamide gels. Gels were stained with Coomassie.
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As shown in Figure 4-3, several different rehydration methods were tested for PBMC samples in order
to optimize this step. The gels were analyzed with the ProteomWeaver software, and visible spots
were counted. Cup loading resulted in the highest spot number with 774 detected spots. However, the
spots were sometimes not clearly separated from each other. Passive rehydration at room temperature
for 8 hours yielded 601 nicely separated spots, whereas the spot number after active rehydration was
only 530. Prolonging the rehydration time in passive rehydration resulted in lower spot numbers (339
spots for 14 hours and 152 spots for 24 hours) compared to 8 hours 601 spots). In contrast, carrying
out passive rehydration at 4°C could enhance the number of detected spots up to 523. As many
proteins in plasma and PBMC samples are identical, they are also expected to get absorbed into the gel
with the same rehydration method. Indeed, also for plasma, passive rehydration resulted in the highest
number of nicely separated spots (data not shown). Based on these findings, we decided to carry out

passive rehydration for 8 hours at room temperature in all plasma and PBMC proteomics experiments.

2" Dimension Buffer

In the second dimension, either a continuous tank buffer or a discontinuous buffer system can be used.
A higher resolution of proteins with a high-molecular-weight especially in plasma can be observed
using the discontinuous buffer system [37]. This could be due to the use of tricine in the upper tank
buffer. In our laboratory, plasma samples were run on both buffer systems in order to find out whether
a discontinuous buffer would imrove results (Fig. 4-4). For plasma, it could clearly be observed that
the discontinuous buffer improves resolution in the high-molecular-weight part of the gel, whereas the
lower-molecular-weight spots remain unaffected. For PBMC samples this effect could not be observed
after changing the buffer system. As proteome analysis of plasma samples could thereby be further
improved, the discontinuous buffer system was used for all plasma proteomics, whereas PBMC gel

electrophoresis was done using the continuous system.
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Figure 4-4 Comparison of continuous and discontinuous buffer system and gel composition in the 2nd dimension

100 pg of depleted plasma sample was applied to 18 cm IPG strips pH 4-7 and run either on 21.5% acrylamide (left and
middle) or 12.5% duracryl gels (right) in either the continous (left) or the discontinuous (middle and right) buffer system.

Gels were stained with Flamingo stain.
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Gel Matrix

Acrylamide gels are rather complicated to handle in the laboratory due to their thickness of 1 mm. Gel
ruptures during the staining or scanning process are quite common. An alternative option is the use of
30% duracryl gels which are similar in their resolution, but do not tear that easily. In Figure 5, a
comparison between acrylamide and duracryl gels is shown. Some spots appear clearer in the
acrylamide gels, whereas others turn out to be more prominent in the duracryl gels. Testing plasma
samples on duracryl gels yielded in an elongated spot shape compared to the round spots on
acrylamide gels. In addition to that, duracryl gels are very cost-intensive. Despite the difficult
handling, we decided to keep acrylamide gels as the standard gels for the 2™ dimension

electrophoresis.

Staining Techniques

The maximum number of spots identified on the gels depends mainly on the staining technique
applied. Coomassie Brilliant Blue is still widely used due its easy handling and good quantitative
linearity with low background staining [37]. Fluorescent stains like Flamingo can detect 0.25-5 ng of
protein, covering a linear quantitative range of three to four orders in magnitude, according to the
manufacturer’s information. The detection limit of Coomassie is around 50-100 ng of protein. As
high-resolution fluorescent stains are very expensive, decisions on cost versus resolution needed to be

made. All staining techniques discussed below are compatible with mass spectrometry analysis.
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Figure 4-5 Different staining techniques after 2D electrophoresis

PBMC samples separated on 18 cm IPG strips pH 4-7 in the first dimension 300 pg of protein was loaded onto each gel. The
second dimension was carried out on 12.5% acrylamide gels with the discontinuous buffer system. Colloidal Coomassie

staining (left) and the fluorescent stains Krypton™ (middle) and Flamingo™ (right) were used for spot visualization.

A comparison of different gel staining techniques is shown in Figure 4-5. After Coomassie staining,
398 spots could be detected with the ProteomWeaver software. Staining with Krypton yielded 889
spots and Flamingo staining yielded 1110 spots. All staining was done on gels from the same sample.

Within a method comparison exercise during the NuGO project (see chapter 4.2.) another fluorescent
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stain, Sypro Ruby (BioRad), was compared with Flamingo stain and Coomassie. Sypro Ruby yielded
on average 886 spots, whereas Flamingo gave on average 1172 spots per gel [37]. These findings
demonstrate that the Flamingo stain is superior and the most sensitive dye that can be applied. Despite
its poor sensitivity and a long-lasting staining procedure, Coomassie has the advantage of an end-point
staining combined with low cost. Spots that can be seen on a gel by eye can normally also be detected
in the Bruker Autoflex mass spectrometer used here for the protein analysis. To take advantage of the
enormous sensitivity of the fluorescent stains, fluorescence-based spot pickers and a more sensitive

mass spectrometry would be needed.

4.2. 2DE Separation for Determining Within- and Between-Laboratories Variability

The variation of 2D electrophoresis approaches applied to the same samples was tested within a
project of the European Nutrigenomics Organisation (NuGO). All participating partners analyzed the
same samples from depleted human plasma, platelets and PBMC, using their own technology in order
to optimize standard procedures in proteome analysis. The coefficient of variation was calculated for
each set of 5 gels per sample, using either software-based automatic matching of spots or manual
matching. Manual matching improved the overall CV, as incorrect overlays could be eliminated before
analysis. Between-laboratory variation was calculated from 10 selected spots per match set. These
spots were also mass-analyzed and identified for protein identity with different mass spectrometry
methods.

For PBMC analysis the CVs per match set based on all visible spots varied between 22% and 38%
after automatic matching and 1-12% in 3 out of 4 laboratories after manual matching. The average
between-laboratory variance was analyzed based on 10 selected spots per match set and was 34%
(range 18-70%) for PBMC proteomics. 9 out of these 10 spots showed significant variation. The CV
for depleted plasma was between 10% and 69% with automatic matching and could be improved by 1-
16% through manual matching using all spots on the gels. The average variation between laboratories
was 23% (range 4-54%). The test of variance was significant for 6 out of the 10 selected spots.
Variation on platelet gels was 21-55% within laboratories and could be improved by only 3-5% after
manual matching in three out of four laboratories. Between laboratories, the CV was 22% (range 5-
60%). Based on the fact that not all selected spots could be clearly identified by all four laboratories,
the unidentified spots were treated as “missing values”. Considering only those laboratories where the

selected spots could be identified only slightly improved the between-laboratory variance (Fig. 4-6).
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Figure 4-6 Variation of spots from plasma, platelets and PBMC between laboratories

Coefficient of variation in % (the bold line shows the mean value) between laboratories given for the 10 selected spots for
each of the three datasets. All datasets were included in A, B: CV calculated only on those laboratories where the selected

spots were identified.

The overall between-laboratory variance resulted from the use of different electrophoresis equipment
and different protocols and procedures used at the different sites. The study could not distinguish
between the technology-based effect or human-derived variation [37]. Within-laboratory variation
may result primarily from slight variation in gel composition and/or running conditions even within
the same electrophoresis run, based for example on temperature changes and modest buffer
composition changes in first and second dimension separation. This emphasizes how crucial the

standardization of all procedures is to minimize variability.

4.3. In-House Proteome Databases for Human Plasma and PBMC Samples

The generation of an in-house human plasma and PBMC reference database was for further use in
human intervention trials, attempting to identify protein markers by directly comparing gels and
altered protein spots without the need of further mass-spectrometry-based analysis. After 2-
dimensional electrophoresis, according to adapted methods described above, gel images were used to
build a clickable 2D map of plasma and PBMC proteins to be accessed via internet. These master gels
can also be loaded directly into gel analysis programs like Delta2D and overlaid onto other gel images,
as derived from plasma and PBMC samples during the software-based spot analysis. Protein identity
for each spot was derived from the MALDI-TOF based peptide mass fingerprinting, followed by a
MASCOT database search. Each spot of the proteome map was clearly identified at least three times
with the same significant results. Therefore, each identified spot on the 2D map provides information
about the protein identity of this spot, the score from the MASCOT database and the theoretical pl and
MW data. Additional information is obtained from the SwissProt database, concerning the biological

and molecular function of the identified protein (for details see Table 6-1).

4.3.1. The Plasma Database

119 clearly visible spots were excised from plasma gels and identified with mass spectrometry. For

depleted plasma samples, a proteome map was generated, containing 103 spots that could be identified
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with significant scores. This means an overall spot identification rate of 87%. Identified spots were
marked on a representative 2D gel (Fig. 4-7) and information about the protein identity together with
experimental details of each spot can be derived from Table 6-2. 33 different proteins could be

allocated to those 103 spots.
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Figure 4-7 Proteome map with identified proteins as derived from depleted plasma samples

Proteome map derived from a 2D gel of depleted plasma. 100 pg of depleted plasma sample was applied to 18 cm IPG strips
pH 4-7 and run on 21.5% acrylamide using the discontinuous buffer system in the second dimension. Staining was carried
out with Coomassie-blue. Visible spots were dissected and mass-analyzed using MALDI-TOF MS. 103 spots were identified

with significant scores in 3 or more individual gel analyses (numbered spots with arrows).

The plasma proteins identified carry quite divergent biological functions (Fig. 4-8, Table 4-1) and
could be classified into 7 different groups, according to their function as derived from the SwissProt
database. Over-represented are immune response proteins with 25% of all identified entities, including
the Ig kappa chain C region and the Ig mu chain C region (IgM) as typical immune globulins, but also
complement component C6 and C9, which are considered as classical plasma proteins [24].
Antichymotrypsin, an acute phase protein which protects against proteolytic activity, can be found
within the inflammation-related protein class. CD5 antigen like protein is associated with IgM and

may play a role in inhibition of apoptosis [104]. The second largest group of proteins, according to
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biological processes, is related to coagulation, including 21% of all identified proteins in plasma.
Typical coagulation-related factors are fibrinogen, kininogen-1, antithrombin-III, beta-2-glycoprotein
1 and alpha-1-antitrypsin. All these proteins can be found with high abundance in blood plasma [92].
This is also the case for the 18% of represented transport proteins like prealbumin, albumin, vitamin
D-binding protein, hemopexin and afamin. Vitamin D-binding protein is a multifunctional plasma
protein that carries vitamin D and, linked to actin, prevents polymerization of actin. The main function
of vitamin D-binding protein appears the buffering of free vitamin D concentrations in plasma. Plasma
retinol-binding protein, which also belongs to that class, only occurs in plasma after tissue leakage and
at lower concentrations. It does not belong to the classical plasma proteins, and therefore might
represent an interesting biomarker. All other identified proteins relate to inflammatory processes
(12%), lipid metabolism (9%) or represent structural proteins (12%) with a rather high abundance in

plasma.

Table 4-1 Identified proteins of the plasma database sorted by their biological processes as stated in SwissProt

Biological Process Identified Proteins
ransthyretin, plasma retinol-binding protein, vitamin D binding protein, hemopexin,
serum albumin, serotransferrin, afamin

Transport

Lipid metabolism  [Apolipoprotein A-1, apolipoprotein A-IV, zinc-alpha-2-glycoprotein

Ig kappa chain C region, haptoglobulin, CDS5 antigen-like, alpha-1-antichymotrypsin,
Immune response complement factor B, Ig mu chain C region, complement component C6, complement
lcomponent C9

Structural Serum amyloid P-component, alpha-2HS-glycoprotein, zinc finger protein, gelsolin
. C4b-binding protein alpha chain, complement Cls subcomponent, vitronectin,
Inflammation >
haptoglobulin

Fibrinogen gamma chain, kininogen-1, antithrombin-III, alpha-1-antitrypsin, beta-2-

Coagulation glycoprotein 1

Others lAngiotensinogen, alpha-1B-glycoprotein

In 2002, Anderson et al. published a first list of 289 identified plasma proteins detected with various
methods. Not included in this list were two proteins from our plasma 2D map, including the C4b-
binding protein alpha chain, also named proline-rich protein, that controls the classical pathway of
complement activation. It is part of the innate immune response [105] and is secreted into circulation.
Its presence in plasma was reported later [92]. Another protein not covered in the Anderson list is the
zince finger FYVE domain-containing protein, also named FYVE, rhoGEF and PH domain-containing
protein 3. This protein promotes the formation of filopodia and therefore interacts with the actin
cytoskeleton and cell shape. Its subcellular location is probably the cytoplasma and the cytoskeleton
[106]. This protein has been found in plasma and may non-specifically bind to the ProteoPrep®
depletion column that removes 20 high-abundance proteins from plasma [www.sigmaaldrich.com].
Although depletion with the Beckman column should remove up to 99% of these proteins, according
to the manufacturer, albumin, fibrinogen, alpha-1B-glycoprotein, transferrin and IgM could still be
detected in plasma samples. This is obviously based on the residual amount of 1-2% of these proteins

not removed, or the possibility that the re-usable (up to 100 times) spin columns for plasma
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fractionation leak after repeated use and remove less of the proteins. Using columns for single use
could overcome the latter problem.

The relatively low number of identified proteins from the 103 spots probably also includes different
isoforms of several proteins on the gels. These isoforms can occur after post-translational
modification, alternative splicing or chemical modification during sample preparation. Such protein
modifications lead to changes in the theoretical MW and pl. Glycosylation or phosphorylation, for
example, results in a higher molecular weight and an alteration of the pl compared to the unmodified
protein. Multiple modifications lead to spot chains that are typical, especially for glycosylated plasma
proteins. These chains can clearly be visualized on the plasma gels (Fig. 4-7). With the used mass

analysis technology it was however not possible to gain information about any protein modifications.
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Figure 4-8 Biological functions of all proteins included into the plasma database according to SwissProt

Several of the identified proteins have been reported to serve as disease markers. Transthyretin, the
apolipoproteins, haptoglobulin and alpha-1-antitrypsin all have been related to hepatitis B virus
infections [107]. Apolipoprotein-I, albumin, prealbumin and zinc-alpha-glycoprotein decreased in sera
of hepatitis C patients, whereas beta-2-glycoprotein 1 levels were found increased [108]. Fibrosis in
hepatitis C patients furthermore led to an elevation in hemopexin and alpha-1B-glycoprotein and
lowered the concentrations of haptoglobulin, alpha-1-antitrypsin and fetuin-A [109]. The fibrinogen
gamma chain was found to be involved in cardiovascular disease development, and vitamin D-binding
protein has been linked to cancer [94]. Alpha-1-antichymotrypsin, apolipoprotein A-I, hemopexin,
transthyretin, alpha-1-glycoprotein, haptoglobulin, zinc alpha-2 glycoprotein and several proteins of
the immunoglobulin family were found to be associated with Alzheimer’s disease [94, 110, 111].
Lowered afamin levels were found in patients with ovarian cancer, as well as antithrombin 3, alpha-
antitrypsin and serotransferrin, also linked to this disease [112]. Several glycoproteins, including

alpha-1B-glycoprotein, complement factor C3, alpha-1-antitrypsin and serotransferrin, were identified
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in search of breast cancer specific proteins [113], and alpha-1B glycoprotein was identified as a
biomarker for pancreatic cancer [114]. Berhane et al. compiled a list of the proteins identified in the
HUPO PPP Pilot Phase and their relation to cardiovascular diseases [115]. Several of those proteins

are also found in our in-house plasma database.

A publicly available 2D map of human plasma proteins can be found at http://www.expasy.ch/swiss-
2dpage. 626 identified spots represent 81 different proteins on a gel of pH 4-10. The plasma database
constructed here based on in-house analysis can be compared with the Swiss 2DPAGE database and
shows a large degree of confirmation. However, serum amyloid component, C4b-binding protein
alpha chain and zinc finger FYVE domain-containing protein identified in our database are not yet
included in the SWISS 2DPAGE of plasma. Meanwhile, some 325 unique proteins [115, 116] have

been identified in plasma samples.

4.3.2. The PBMC Database

180 spots were excised from PBMC sample gels and analyzed by mass spectrometry. In total, 110
spots were identified with significant results in identification for 54 distinct proteins. The apparently
low identification rate of 61% results from the limitation of MALDI analytics for very faint protein
spots picked. Figure 4-9 shows the map derived for PBMC proteins that were included into the protein
database (Table 6-3). In contrast to the plasma proteins identified, the majority (42%) of the PBMC
proteins belong to the group of structural proteins (Fig. 4-10, Table 4-2). These proteins build the
filament units of actin, and several actin-related proteins like vinculin, gelsolin and various actin
subgroups could be identified. Vimentin, also found, has been related to the differentiation of
monocytes into dendritic cells and therefore plays a role in the immune response of PBMC [117].
Around 7% of the identified proteins belong to the coagulation factor family found in plasma and may
represent contaminations. During the PBMC isolation process platelet membranes may be destroyed,
and platelet fragments together with bound fibrinogen for example may attach to the PBMC [26].
Pleckstrin, a platelet-specific protein, can also be found in PBMC samples due to platelet
contamination, and such a contamination cannot be fully excluded during PBMC isolation and

preparation [37].

Glutathione S-transferase P, heat shock 70 kDa protein 1 and the 78 kDa glucose-regulated protein
precursor have been described in the context of stress response and as anti-apoptotic factors and may
like other heat shock proteins play their prominent role in proper protein folding in PBMC. Protein
disulfide-isomerase A6 is catalyzing the re-arrangement of disulfide bonds and therefore acts in redox
homeostasis like the protein peroxiredoxin. The 14-3-3 protein family has numerous functions, and the
isoforms zeta/delta have been found with highest expression levels in nerve terminals [116]. The
intracellular chloride channel protein 1 is the only membrane protein that could be identified in the

PBMC proteome samples. L-lactate dehydrogenase B chain, for example, was identified as a
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biomarker for irreversible cell damage and liver diseases [116], and proteins such as alpha-1-
antitrypsin, transthyretin and apolipoproteins are considered to serve as markers for virus infections
[107], whereas fibrinogen beta and gamma are related to cardiovascular diseases [94]. Taken together,
the PBMC proteome contains numerous protein entities that have the potential to be biomarkers of

metabolic impairments and diseases.
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Figure 4-9 Proteome map derived from PBMC

Proteome map derived from a 2D gel of PBMC cell lysate. 300 pg of PBMC sample was applied to 18 cm IPG strips pH 4-7
and run on 21.5% acrylamide using the continuous buffer system in the second dimension. Staining was carried out with
Coomassie Brilliant Blue. Visible spots were dissected and mass-analyzed using MALDI-TOF MS. 110 spots were identified

with significant scores in 3 or more individual gel analyses (numbered spots with arrows).

In 2006, Ramirez-Boo et al. reported a porcine PBMC 2D map, using gels with a pH range of 5-8.
From 100 analyzed spots, 76 distinct proteins could be identified. The majority, according to
biological functions, also represented cytoskeletal proteins [26]. A Swiss 2D PAGE map of PBMC
currently includes 77 spots derived from a first dimension separation of pH 4-8 with 62 protein entries.
Taken together, the findings from human and porcine preoteome data in the public domain are highly

comparable with the PBMC database entries defined here for the in-house analysis.
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Figure 4-10 Biological functions of all proteins included into the PBMC database according to SwissProt

Table 4-2 Identified proteins of the PBMC database sorted by their biological processes as stated in SwissProt

Biological Process Identified Proteins
Serum albumin, serotransferrin, chloride intracellular channel protein 1,
Transport .
transthyretin
IApolipoprotein A-IV, apolipoprotein A-I, glutathione S-transferase P,
Metabolism clutathione transferase omega-1, peroxiredoxin-6, L-lactate dehydrogenase

B chain, glucose-6-phosphate 1-dehydrogenase

Vinculin, gelsolin, moesin, actin-like protein 2, actin-like protein 3,

beta-actin, gamma-actin, tubulin beta chain, tropomyosin alpha-4 chain,

tropomyosin alpha-3 chain, F-actin capping protein subunit beta, F-actin

capping protein subunit alpha-1, F-actin capping protein subunit alpha-2,

leukocyte elastase inhibitor, myosin-9, PDZ and LIM domain protein 1,

coronin-1A, WD repeat protein 1, actin-related protein 2/3 complex

subunit 5, vimentin, tubulin alpha-ubiquitous chain, fibronectin, keratin

type I cytoskeletal 10, plastin-2, tubulin beta-1 chain, alpha-actinin-1

Coagulation factor XIII A chain, fibrinogen gamma chain, alpha-1-

antitrypsin, fibrinogen beta chain

Heat shock 70 kDa protein, heat shock 70 kDa protein 1, T-complex

rotein 1 subunit beta, heat shock protein HSP 90-beta

Protein disulfide-isomerase A3, protein disulfide-isomerase A6, 14-3-3

protein epsilon, 14-3-3 protein gamma, 14-3-3 protein zeta/delta, myosin

Signaling regulatory light chain 2, myosin light polypeptide 6, pleckstrin, coronin-1C,

rab GDP dissociation inhibitor beta, parvalbumin alpha, rho GDP-

dissociation inhibitor 1

78 kDa Glucose-regulated protein, elongation factor 1-gamma, purine nucleoside
hosphorylase, eukaryotic initiation factor 4A-1

Structural

Coagulation

Chaperone

Others

The in-house-built gel-based map with the identified proteins will enable the identification of
regulated proteins in future studies, with ease and without the need for further mass analysis, by
overlay of the experimental gels with the standard database gels. As the database also includes
biological functions of the known proteins, data interpretation after protein identification can be
shortened as well. In the future, overall sample analysis should take approximately only one week,
including four days for staining and one night for destaining, when using the proteome databases and

protein identification by matching gels. As MS analysis would need around three days, not considering
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the time for literature search, the preset database has the potential to safe time in the identification

process of altered spots.

Major drawbacks of 2D electrophoresis based proteomics approaches are the low reproducibility, a
lack of separation of hydrophobic and membrane proteins and the limits in detecting low-molecular-
weight proteins. However, the technique is able to display below 1 ng of protein per spot representing
at least 3-4 orders in magnitude of dynamic range although not being able to cover the huge
concentration range of more than 10 orders of the plasma proteome [61, 70, 118, 119]. The prime
advantage is, that 2D electrophoresis is the only technique that can display many proteins at once and
therefore can serve as a platform to create visible proteome maps [120]. Additional major advantages
are the separation of intact proteins and the visualization of post-translational modifications, appearing
frequently as spot chains on the gel. No other method exists that provides also information about the

physical properties, such as molecular weight and pl of the analyte [61].
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4.4. A High-Protein Diet Human Intervention Study

The application of the developed in-house databases for plasma and PBMC proteins was tested in a
human intervention trial. In order to assess basal changes, all parameters were analyzed before the
supplementation by repeated measurements. After this baseline phase, the effect of supplementation
with 2 g/kg BW and day of a commercially available protein powder in male volunteers over a five-
day period was investigated. To get an overall image of changes in human metabolism, plasma and
PBMC proteins were measured together with amino acids and several clinical parameters in plasma

and urine.

For an 80 kg person the supplementation was 160 g protein in addition to a daily standard diet. The
intake level that is recommended for body maintenance of non-athletic adults (RDA) is reported with
0.8 g/kg BW and day. However, an increase of this levels was suggested by Humayun et al. as a
reduced antioxidant capacity and an increased exposure to oxidative stress were observed at this level
compared to higher protein intake rates [121]. Athletes doing strength and power exercise should even
elevate their protein supplementation to 2 g/lkg BW and day. The maximum safe intake range for this
person would be 285 to 365 g per day. Heavy consumption of protein can even reach ranges of 5 g/kg
BW and day. This could be of danger, as the capacity of the liver for urea production for nitrogen
elimination is exceeded [11]. The given protein amount in our study therefore corresponds to the

regular intake in athletes and is not reported to be of any risk for the human body.

In order to eliminate diet-derived variation of any measured parameters in plasma, PBMC and urine,
all meals during the intervention phase were provided at the study center, and the volunteers were
asked to avoid ingestion of additional food. Drinks like coffee, tea and tap water were offered ad
libitum. Eleven male volunteers participated in the study. As one volunteer was excluded due to
illness, samples were analyzed from ten participants. For baseline measurements, samples were taken
over a one-week pre-phase period without protein supplementation. Sample collection included blood
withdrawal after overnight fasting, followed by isolation of plasma and PBMC, and morning urine
samples. All parameters measured during the intervention were compared to the average baseline
values and statistically analyzed in order to assess the effect of the protein supplementation. After the
intervention phase two wash-out samples were taken to determine the adaptation back to the baseline

level. Blood and urine samples were taken in the morning after overnight fasting of at least 12 hours.

4.4.1. Content of the Protein Powder

The given supplement was a commercially available protein powder that is recommended to promote
muscles growth during exercise periods. According to the manufacturer, the protein supplement
contains milk proteins, soy protein and egg white protein. Nutrition information, as given by the

manufacturer, declared a protein content of 89 g/100 g with low supplementation rates of
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carbohydrates (2.4 g/100 g) and vitamins (vitamin B6 2.9 mg/100 g and folate 290 ug/100 g). The

composition is shown in Table 4-3.

Table 4-3 Nutrition information Protein90Plus as given by the manufacturer

Ingredient per 100 g
Protein 8¢
Carbohydrates 24¢
Sugars 16g
Fat l.lg
Saturated Fatty Acids 04¢g
Dietary Fibers <0.1g
Sodium 04¢g
Vitamin B6 2.9 mg
Folate 290 pg
Calcium 670 mg
Phosphorous 520 mg

The protein supplement was furthermore analyzed using SDS-PAGE to determine the origin of the
proteins. Differences between the analyzed pure protein fraction (84.5%) and the raw protein content,
declared with about 90%, are due to non-protein bound nitrogen, as well as systematic errors coming
from a uniform Kjeldahl-factor for the analysis of the raw protein content. Protein values are declared
as protein present in the raw protein fraction if not otherwise stated. As shown inTable 4-4, the protein

powder consists of 79% casein with a whey protein fraction <5%.

Table 4-4 Content of the Protein90Plus supplement

Protein Unit A B Mean SD RSD
Lactoferrin [%] 0.55 0.58 0.56 0.019 33
Serum Albumin (BSA) [%] 2.76 2.72 2.74 0.028 1.0
Immunoglobulin ] 1.68 1.59 1.63 0.062 3.8

CAS2 (o-s2-Casein)
CASI1 (o-s1-Casein)
CASK + CASB (k- + -Casein)
y-1-Casein

] 6.92 7.39 7.16 0.337 4.7
] 26.19 2644 2632  0.181 0.7
] 39.97 4042  40.19 0.318 0.8
] 1.02 1.16 1.09 0.096 8.8
] 3.03 2.96 3.00 0.049 1.6
] 0.71 0.81 0.76 0.065 8.6

B-Lactoglobulin
a-Lactalbumin

XIS

v-2,3-Casein ] 0.95 1.10 1.03 0.102 9.9

Pure Protein after Electrophoresis ] 83.78 85.16 84.47 0.978 1.2
Casein ] 78.08 7947 7877 0984 1.2

Whey Protein %] 3.75 3.77 3.76 0.016 0.4

Whey Protein Fraction in Pure Protein [%] 4.58 4.53 4.55 0.036 0.8

Analysis of the protein supplement (Lot No. 0717024, Exp. 07/2008) by SDS electrophoresis on EXEL® 8-18 SDS gels.
Differences between the pure protein (84.5%) and the raw protein (90%) amount are due to non-protein bound nitrogen or

can occur as systematic error due to a uniform Kjeldahl factor during analysis of the raw protein content.
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Both fractions are major constituents of cow’s milk. Caseins make up almost 80% of all milk proteins.
They are carrying phosphate groups and form micelles that precipitate at pH 4.6. The whey protein
fraction contains all proteins that are still soluble at pH 4.6, including B-lactoglobulin, a-lactalbumin,
serum albumin, immunoglobulins, lactoferrin and some minor proteins. The soluble fraction therefore
is also rapidly taken up after ingestion, whereas caseins that are insoluble at gastric pH are

metabolized with delay and are referred to as the “slow” proteins [8].

4.4.2. Clinical Chemistry Parameters

Several clinical parameters were assessed in order to gain information about the response of the
volunteers after the high-protein intake. Urea and ammonia concentrations were both determined using
enzymatic methods in plasma and urine. Other urine parameters included creatinine, glucose and
osmolarity that were also analyzed with classical methods (Table 4-6). Additional clinical chemistry
data were measured in plasma for BL3, HP1, HP2 and WO?2 using the Piccolo™ Panel platform with
the Comprehensive Metabolics panel. This included determination of alkaline phosphatase, alanine
aminotransferase, aspartate aminotransferase, albumin, total protein, total bilirubin, urea nitrogen,

creatinine, calcium, glucose, chloride, potassium, sodium and total carbon dioxide (Table 4-5).
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Figure 4-11 Clinical chemistry parameter levels in plasma and urine

Clinical chemistry parameters (urea, ammonia and creatinine) measured in plasma (A) and urine (B). The boxes represent the
mean values from the 10 volunteers +/- SD, the lines below and above the extreme values. Values were tested for

significance compared to the mean of all baseline values using ANOVA (** p<0.01. *** p<0.001).
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The most important clinical chemistry parameters and their alterations in plasma and urine are shown
in Figure 4-11. As creatinine levels in urine changed during the intervention, all urine values were

normalized against osmolarity which remained constant.

Table 4-5 Clinical parameters in plasma during the trial

Reference BL1 BL2 BL3 HP1 HP2 WO1 w02 HP vs. BL

Parameter
Range Mean+SD Mean+SD Mean+SD Mean+SD Mean+SD Mean+SD  Mean =+ SD p-Value

Ammonia (pmol/l) <55 85.76 £36.04 56.65+26.60 57.04 +£29.02 63.06+31.11 57.45+17.38 53.62+11.17 53.47+18.86 0.084
Urea (mmol/1) 1.7-8.3 478+£091 461+£058 455085 6.48°+0.68 630°+042 4.52+0.79 4.66+0.52 <0.001
Alanine Amino-

10-47 19.90+7.71 20.80+7.36 22.80+10.27 1930+10.17 0470
transferase (U/1)
Albumin (g/dl) 3355 373£021  3.69+0.19  3.84+0.28 3.92 4 0.40 0.162
Alkalme(z};l‘fphatase 53-128 49.40 £ 11.84 4530+12.92 47.80+11.77 4780+1320  0.235

Aspartate Amino-
11-38 25.10+475 2270+291 24.80+3.82 23.40+£4.22 0363

transferase (U/1)

Calcium (mg/dl)  8.0-10.3 784+0.19 7.76+028  7.78+0.29 8.00+0.71 0518
Chloride (mmol/l) ~ 98-108 97.70+2.63 102.30%2.16 99.70 =3.09 100.20£5.98 0222
Creatinine (mg/dl)  0.6-1.2 074+0.14 057+0.13  0.69+0.20 0.76 + 0.16 0.087

Glucose (mg/dl) ~ 73-118 84.40+747 82.90+638 81.80+5.20 87.00 £ 9.21 0.394

Potassium (mmol/l)  3.6-5.1 4094026 4254025 420+022 427043 0518

Sodium (mmol/l)  128-145 143.40=4.01 140.90=2.81 139.90 +4.09 143.80£6.66 0363

Total Bilirubin 0.2-1.6 0.74£0.14 066°+0.14  0.61=0.09 0.85'+020  <0.001
(mg/dl)
Total Carbon 18-33 2530189 2550+178 24.60+1.96 24.80 + 1.81 0.640

Dioxide (mmol/l)

Total Protein (z/dl) ~ 6.4-8.1 6.13+047 6104036  6.06=035 6.26+0.72 0515
Urea Nitrogen 7.0-22 1190228 1630°%1.64 15.90°+0.74 1200£1.76  <0.001
(mg/dl)

Clinical parameters in plasma measured enzymatically (urea, ammonia) and with the Piccolo™ system based Comprehensive

Metabolics panel (only 4 time points). Mean values of the 10 volunteers and the standard deviation are given. The p-value is

given for the high-protein time points compared to the baseline based on ANOVA analysis. Values with superscripts >

indicate significant differences (* p<0.05, " p<0.01, °p<0.001) of the group compared to the baseline group (BL1+BL2+BL3).

Ammonia derived from amino acid metabolism in the liver is eliminated in the form of urea through
kidney filtration of plasma. An elevated protein intake leads to an increased elimination of nitrogen,
and therefore urea levels are expected to be increased due to higher protein catabolism. Plasma urea
levels did show the expected response to protein supplementation, and urinary output increased as
well. This effect disappeared in the wash-out phase and immediately reached the baseline level after
the end of the intervention phase. Bound urea nitrogen (BUN) in plasma showed the same elevated
levels for HP1 and HP2 samples (data not shown). Plasma free ammonia levels and urinary output did
not reveal any effects of the supplement. It was reported before that the kidney is buffering acidic
compounds by the formation of ammonia through conversion of glutamine into glutamate and its
excretion into the urine [122]. Thus, bicarbonate is generated through metabolism of the substrates in
the citric acid cycle and can help to buffer acid in the blood. Acidosis was observed in several studies
after high-protein meals. It could be caused by metabolism of amino acids carrying sulfur-groups [15,
122, 123]. As ammonia levels in plasma and urine remained relatively constant during the whole study

period, our findings do not provide evidence for states of acidosis caused by the high-protein intake.

-52.



4. Results and Discussion

Creatinine is a breakdown product of creatine phosphate in the skeletal muscle. Creatine is formed and
metabolized at constant rates per muscle unit under normal conditions. Therefore, plasma creatinine
levels are relatively stable and reflect the amount of muscle mass [124]. However, creatinine levels of
the volunteers did not correspond to the amount of exercise as provided in the questionnaires (see
Table 6-4). Creatinine levels in plasma were constant but urine levels responded with a significant
decrease during the intervention period (Figure 4-11). After finishing the supplementation period,
creatinine levels reached basal levels again at WO?2. It is unclear what causes lowered creatinine levels
during the protein supplementation. Creatinine uptake into the muscle could be one reason, but most
probably there is a link between energy uptake and creatinine excretion in urine. As during the intake
of the protein powder all volunteers reported a strong satiety effect, they ingested less during all
offered meals compared to the baseline and the wash-out phase. This could also have an effect on

creatinine levels in urine.

Table 4-6 Clinical parameters in urine during the trail

HP vs.
BL1 BL2 BL3 HP1 HP2 WO1 W02
Parameter BL

Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean = SD Mean £ SD  p-Value

Ammonia
(mmol/ 1.55+058 135+033 1.22+0.63 1.23+050 1.57+041 1.60+0.66 1.46+0.74 0.502

(nOsm/kg)

Creatinine
0.020 + 0.021 + 0.014 + 0.014 + 0.015 + 0.019 + 0.023 +
(mmol/ : i 1.42E-06
0.003 0.004 0.002 0.002 0.003 0.005 0.006

(mOsm/kg)

Urea (mmol/
054007 053+£009 056+006 0.74+0.04c 0.68 £0.08¢c 0.53+0.12 0.53+0.09 B.14E-09

(mOsm/kg)
Osmolarity
483+£245 565+ 152 634+227  595+204  514+120 593+£205 673+236 0.386
(mOsm/kg)
0.068 + 0.097 + 0.210 + 0.045 £ 0.305 + 0.192 + 0.423 +

Glucose 3.29E-05
0.055 0.178 0.208 0.049 0.179 0.167 0.218¢

Clinical parameters in urine measured enzymatically (ammonia, urea), with colorimetric analysis (glucose, creatinine), and
using an osmometer (osmolarity). All parameters are normalized to the osmolarity. Mean values of the 10 volunteers and the
standard deviation are given. The p-value is given for the high-protein time points compared to the baseline based on
ANOVA analysis. Values with superscripts > indicate significant differences (* p<0.05, ® p<0.01, ©p<0.001) of the group
compared to the baseline group (BL1+BL2+BL3).

In the US, the plasma or serum BUN/creatinine-ratio is consulted as a marker for kidney function
[124]. European countries and Canada use the urea/creatinine-ratio instead, which gives the same

interpretation of the results. Critical values for these ratios and their interpretation for kidney disorders
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are shown in Table 4-7. Under normal conditions, urea is re-absorbed during glomerular filtration,
whereas creatinine is not. An increase of this ratio can be due to a decline in the blood volume and
thus in renal blood flow, resulting in strongly elevated blood urea nitrogen levels compared to only
slightly elevated creatinine. The normal range for BUN/creatinine is 10-20:1 and 0.1 for
urea/creatinine. Both time points within the intervention phase show significantly increased ratios for
these parameters (Fig. 4-12). During the wash-out period the ratios decreased again to baseline levels.
The increase of the kidney function markers was more than 20 for the BUN/creatinine-ratio and more
than 0.1 for the urea/creatinine-ratio. The decline of the BUN/CRE-ratio during the wash-out phase
down to baseline values indicates that the kidney function is not sustainably affected by the high
protein load. As plasma urea levels are clearly elevated due to the high-protein diet, this can therefore
lead to the observed rise in the ratio without an increase in plasma creatinine levels. Several studies
reported that daily protein doses below 2.8 g/kg BW did not have an impact on renal functions in

athletes with regular protein consumption [23].
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Figure 4-12 BUN/creatinine-ratio and urea/creatinine-ratio during the study course

BUN/CRE-ratio and urea/CRE-ratio measured in plasma. The bars represent the mean values from the 10 volunteers +/- SD.

Values were tested for significance compared to the mean of BL3 values using t-test (*** p<0.001).

Table 4-7 Interpretation of BUN/creatinine-ratio and urea/creatinine

BUN/CRE Urea/CRE Location of Disorder Mechanism

>20:1 >0.1 Pre-renal discase Reduced flow causes high BUN relative to CRE

Normal range. Post-renal: high BUN due to backflow, CRE
not re-absorbed

<10:1 <0.04 Intrarenal disease Renal damage causes low BUN re-absorption

10-20:1 0.04-0.10  Normal or post-renal disease

Another clinical parameter that was altered due to the high-protein supplementation is bilirubin.
Bilirubin is a degradation product of the heme group in hemoglobine. It is transported in plasma bound
to albumin. In the liver, it is conjugated to glucuronic acid and thereby made water-soluble. The major
part is excreted through the intestine, only small amounts are found in urine [6]. Total bilirubin

levels decreased in plasma at HP1 during the protein supplementation, and were found to be increased
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above basal levels after finishing the supplementation at WO2. The data suggest that there is a
decrease in heme degradation during the protein intervention. All other clinical parameters were not
significantly altered, and none of the clinical parameters was changed during the wash-out phase
compared to the baseline period. The measured values also were within the reference range and did

not give any indication of critical concentration changes and pathophysiological conditions.

4.4.3. Amino Acid Profiles during the Study Course

A major part of amino acids absorbed from the gut is metabolized in the liver. They can either be used
for biosynthesis of plasma and liver proteins or converted to a-keto carbonic acids after elimination of
ammonia. From these keto acids glucose is formed and oxidized to carbon dioxide and water for ATP
synthesis. The liver is the organ of urea cycle activity for elimination of the nitrogenous compounds of
amino acids, and urea excretion is mainly via the kidneys. Urine of healthy individuals can contain 1-3
g of amino acids per day. This value is increased during liver disorders and can result in crystallizing

leucine and tyrosine [6].

Table 4-8 Amino acid content of Protein90Plus as declared by the manufacturer

Amino Acid Content [g/100 g Protein]
Isoleucine 5.3
Leucine 9.2
Lysine 7.6
Methionine 2.7
Phenylalanine 4.8
Threonine 4.4
Tryptophane 1.3
Valine 6.6
Arginine 33
Cysteine 0.6
Histidine 2.8
Tyrosine 5.0
Alanine 3.0
Asparicacid 7.0
Glutamicacid 20
Glycine 1.7
Proline 9.2
Serine 5.7

Metabolomics profiling of plasma amino acids after an oral glucose tolerance test provided
information about changes in metabolism, resulting from such a dietary challenge [125, 126]. Plasma
amino acid profiles were also found to be altered in disease states, such as diabetes, cardiovascular
disease or myocardial infarction [127-129]. In urine, fingerprints of amino acids were identified for
individuals in order to characterize metabolic changes [130]. In diabetes type 2 patients, urinary
metabolic profiles identified changes in amino acids in the disease state [131] and after drug treatment
[132]. So far, no study on amino acid profiling after a high-protein challenge has been undertaken.
Metabolomics analysis of plasma and urine samples from the protein intervention study could provide

valuable information about changes in metabolic pathways.
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Predominant amino acids in the protein supplement given to the volunteers, according to the
manufacturer, are glutamic acid, proline, leucine, lysine and asparicacid. Therefore, the protein
powder is rich in essential amino acids, however, the major amino acid fraction is non-essential.

Amino acids carrying sulfur groups like cysteine and methionine are of less abundance (Table 4-8).

Amino acids and some of their derivatives were analyzed in order to determine whether a rise in
protein breakdown products or changes in amino acid metabolism in general can be observed, either in
plasma or urine. Using LC-MS/MS 35 amino acids and derivatives could be quantitatively determined
in plasma with concentrations >1 pmol/l and 36 in the urine samples. Parameters in urine are usually
displayed in relation to the corresponding creatinine concentration, assuming that creatinine levels are
stable. As creatinine significantly decreased in urine after protein supplementation, the amino acid

values were normalized to the osmolarity that was constant.
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Figure 4-13 Changes in amino acid concentrations in plasma and urine

Statistically significantly altered amino acid values in plasma (A) and urine (B) after protein supplementation. Displayed are
the heatmaps of the expression profiles of the values in HP1, HP2, WO1 and WO2 as compared to the mean baseline values.

Statistical analysis was done using one-way ANOVA.

Some of the analyzed amino acids showed considerable within- and between-subject variability during
the baseline. This basal noise had to be considered for determination of significant alterations during
the protein intervention (data not shown). 8 out of the 35 amino acids quantified in plasma were
statistically significantly altered according to ANOVA analysis, when comparing the mean baseline
values to the amino acid levels after supplementation (Figure 4-13A). Proline, a-aminoadipidate and
valine increased after protein supplementation in plasma, whereas methionine, threonine, asparagine,
glycine and cystathionine decreased. Methionine and cystathionine further decreased after finishing

the supplementation, whereas asparagine increased. Proline and a-aminoadipidate also showed subject
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variability as stated before. 6 of the 36 amino acids quantified in urine (normalized with osmolarity)
were significantly decreased after protein supplementation (Figure 4-13B) according to the ANOVA
analysis. Phenylalanine, tryptophane, serine, phosphoethanolamine and ethanolamine returned to basal
levels after finishing the supplementation, whereas methionine further decreased. Of these,

tryptophane, phenylalanine and phosphoethanolamine showed subject variability at baseline.

Except for these amino acids, no major changes in concentrations in plasma and urine could be
detected. None of the significantly affected amino acids belongs to or is directly linked to the urea
cycle. Proline is the amino acid that showed the strongest increase during the intervention. As high
amounts of proline are included in the protein supplement (see Table 4-8), this strong increase could
directly result from massive proline intake and a low plasma clearance rate. This would also explain
the decline of proline levels during the wash-out phase. The only BCAA that responded to the high
amount of protein was valine with a significant increase that also declined during the wash-out phase.
The sulfur-containing amino acids methionine and cystathionine showed lowered levels during the
protein intervention in plasma, methionine also in urine, and these findings were unexpected.
Methionine was the only amino acid that was significantly altered, both in plasma and in urine, and in
both samples methionine levels decreased during the intervention and remained at lowered levels also

after the supplementation period.

Results from the amino acid analysis with all changes in plasma and urine amino acid profiles are
displayed in Figure 4-14 according to their participation in metabolic pathways. The results are based
on ANOVA analysis and show the fold changes combined with their p-values. Increased amino acid
levels are shown in red and decreased values in green. The left side of each box represents the impact
on plasma levels, the right side the corresponding urinary changes. Subject variability was not
included in this analysis.

The most obvious finding is that the majority of altered amino acids in fasting plasma and urine
decreased in levels despite the protein supplementation. Only few amino acids such as serine, glycine,
ornithine, ethanolamine, threonine and methionine were altered in the same direction in plasma and
urine. Methionine values were most affected in plasma and in urine. Methionine is the only precursor
of homocysteine that is considered to be an independent risk marker for cardiovascular diseases. As
homocysteine concentrations were close to the detection limit, no obvious alterations could be
detected. Homocysteine is formed from methionine via S-adenosylmethionine (SAM). It is further
metabolized either through cystathionine formation or re-methylated under the conditions of a low
methionine supply [21, 133]. Serine is the thiol-group acceptor in homocysteine removal in the first
way, forming cysteine and homoserine. Decreased fasting methionine concentrations might therefore
also result in decreased homocysteine levels. In parallel to methionine levels, serine concentrations

were also significantly lowered during increased protein intake in plasma as in urine. The biogenic
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amine derived from serine, ethanolamine, is another acceptor of the methyl group from SAM. Our
findings indicate that a re-methylation of homocysteine is unlikely to occur under the condition of low
plasma methionine levels as there is a lack of the methyl-group acceptor ethanolamine.
Transsulfuration to cystathionine and further degradation to cysteine and a-aminobutyric acid seems
more likely for homocysteine elimination as cysteine and a-aminobutyricacid showed increased levels.
Both degradation products can also be used for energy production in the citric acid cycle [134].
Several studies also reported a decrease in plasma homocysteine levels after high-protein meals [21,
133-135]. Supplementation with serine was found to lower homocysteine concentrations by
stimulation of cystathionine synthesis in a dietary intervention study. A high-casein diet induced
increased homocysteine elimination through increased enzyme activities of homocysteine-converting
enzymes like cystathionine B-synthase and betaine-homocysteine S-methyltransferase and therefore
also stimulated cystathionine-related homocysteine metabolism [133]. This would then result in an
increase in cysteine and its degradation to pyruvate and an increase in a-ketobutyrate, which is then
also used for energy production in the citric acid cycle. Both derivatives, cystine and a-aminobutyrate,
were slightly elevated in plasma. What remains not understood is the apparent down-regulation of the
whole pathway as the protein supplement provided as well additional methionine for homocysteine
formation. Methionine supplementation itself was found to increase plasma homocysteine levels.
Therefore, it is speculated that other components in protein-rich diets could also alter plasma
homocysteine levels [134]. Obviously, methionine levels react to the increased protein intake with a
distinct and sustained change, and it would be interesting to assess, when methionine levels reach the
baseline again. The long-lasting decrease of plasma and urine methionine levels is pointing at a long-
term beneficial effect of protein-rich meals in the protection of the cardiovascular system by reduced
homocystein levels. Surprisingly, the amino acids cystine and taurine, which participate in sulfur
metabolism, were both found at decreased levels during high-protein supplementation as well. The

major part of amino acid-derived sulfur, however, is excreted in urine as sulfuric acid.

Whereas urea was significantly increased both in plasma and urine, ammonia levels did not change.
Ammonia is transported in the blood incorporated into glutamine, glutamate and alanine. Alanine is
mainly used for gluconeogenesis in the liver, whereas glutamine can be metabolized in different
organs. After separation of neurotoxic ammonia from glutamine and formation of glutamate and -
ketoglutarate, ammonia is eliminated in the form of urea. The urea cycle in the liver occupies
mitochondria and the cytoplasm. Ammonia is initially fixed in carbamylphosphate, which is
transformed by coupling to ornithine and formation of citrulline. The second amino group in urea is
introduced through coupling to aspartate, and after separation of fumarate arginine is formed.
Cleavage of arginine forms urea, and ornithine is recovered. Urea is less toxic than ammonia and is
eliminated from blood by the kidneys. Arginine is also a precursor of creatine and nitric oxide [6].

During the protein supplementation several amino acids of the urea cycle appeared at elevated
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concentrations in plasma, such as citrulline, aspartate and arginine. Ornithine was the only urea-cycle-
linked amino acid with lowered levels after protein ingestion. The reason for increased urea synthesis
is substrate availability but also increased de novo enzyme synthesis in the urea cycle [136]. Glucagon
is believed to play an important role in the control of plasma amino acid levels and urea synthesis, as
postprandial glucagon levels raise significantly after ingestion of high-protein meals. Insulin may also
play a role in urea formation through its ability to lower blood amino acid concentrations [136]. After
high-protein intake insulin secretion was shown to be increased [16, 137]. However, glucagon and

insulin levels were not examined during the study period.

Branched-chain amino acids play an important role in muscle protein synthesis. They are mainly
metabolized in the skeletal muscle, as there is a low activity of the enzyme aminotransferase in the
liver, which is necessary for degradation of these substrates. In muscle, the brached-chain amino acids
provide amino groups for the formation of glutamate, glutamine and alanine. Valine and isoleucine are
directly metabolized to succinyl-CoA, which is part of the citric acid cycle and provides o-
ketoglutarate for glutamate synthesis. Glutamate is converted to glutamine after binding ammonia and
excreted into the blood. Alanine is formed through the enzyme alanine-aminotransferase after glucose
degradation and released from the muscle. It can be transaminated to pyruvate in the liver, and newly
formed glucose is again released into blood and is therefore available for the muscle [6]. Leucine has
an outstanding role in protein biosynthesis. Supplementation of this amino acid showed an increased
muscle recovery after exercise. This is caused by phosphorylation events and the insulin signaling
cascade involved in control of protein synthesis [9]. Leucine was found to be elevated in animals
during recovery after food restriction and in humans after exercise. Therefore, increased leucine
oxidation would also augment the production of alanine and glutamine as substrates for
gluconeogenesis [9]. BCAAs were reported to be associated with insulin resistance in diabetes type 2
through an increased catabolism [127]. Plasma levels of leucine/isoleucine could predict fasting
insulin and insulin-resistance during an oral glucose tolerance test [125]. Plasma concentrations of the
the branched-chain amino acids leucine and isoleucine were slightly increased during the
supplementation phase in our study, whereas those of valine were even significantly increased. Plasma
alanine levels however only slightly rose and even decreased in urine. These findings would suggest
that the protein supplementation promotes muscle protein biosynthesis as well as increased insulin
sensitivity. These effects probably are small after all, as the increase was not significant for all
BCAAs. In contrast, postprandial data on plasma BCAA concentrations might differ from the results
after overnight fasting, as they would be expected to be significantly elevated after high-protein meals.

Muscle protein metabolism was found to respond to exercise and diet [138, 139].
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Figure 4-14 Amino acid pathways altered through protein supplementation

Graphical display of the impact of the altered amino acids on amino acid metabolism using PathVisio (BMC Bioinformatics
2008). The fold increase of the amino acids in plasma (left) and urine (right) is shown in red, the decrease in green. Changes

are based on p-values derived from the amino acid analysis in plasma and urine.

3-Methylhistidine is a by-product during the breakdown of actin and myosin in muscle. It is often
measured in urine to determine muscle protein catabolism [6]. The amio acid is derived from histidine,
which is a precursor of the mediator histamine, and is degraded through formation of glutamate. 3-
Methylhistidine and histidine levels were slightly reduced in plasma and urine, whereas 1-
methylhistidine was detected at significantly lower concentrations. 1-Methylhistidine is another
methylation product of histidine and is a component of the dipeptide anserine [139]. Its concentration
in urine was found to be directly related to the intake of protein in the diet, but only if the protein was
ingested in the form of beef. Anserine is found in the brain and skeletal muscle of mammals [139-141]
Unfortunately, anserine levels were below the analytical detection limit both in plasma and urine.
Another dipeptide, carnosine, was also measured in high concentrations in the skeletal muscle of
mammals [140, 142]. Carnosine is a crosslinking product of histidine and B-alanine and was reported
to inhibit glycation. The anti-crosslinking activity of the components that form the dipeptide carnosine
was the highest one for the unmodified imidazole ring, but also B-alanine was showing this effect. -
Alanylation of histidine might thereby be modulating the reactivity of the imidazole group or might
also be responsible for the interception of f-alanine. Carnosine was postulated to have a positive effect
in retarding aging and in the progression of Alzheimer’s disease [143]. Its concentration could

unfortunately not be detected in plasma and did essentially not change in urine. A reduction of muscle
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breakdown products supports the hypothesis that the protein supplementation is increasing muscle

protein biosynthesis or at least reduces its breakdown.

Proline is metabolized to glutamate for needs of gluconeogenesis and can also be converted to
hydroxyproline that is involved in collagene synthesis. Hydoxyproline is released after degradation of
connective tissue and is either oxidized or eliminated in urine. Hydroxyproline levels in urine are used
as an indicator to measure changes in the metabolism of connective tissue [6]. Proline was found to be
significantly elevated in plasma during the intervention phase and also slightly elevated in urine. This
also resulted in the moderate increase of hydroxyproline concentrations in plasma. Hydroxyproline in

urine was below detection limit.

The amino acid derivative a-aminoadipic acid appeared with elevated levels in plasma and urine. This
amino-derivative of an a-keto acid is derived from the essential amino acids lysine and tryptophane,
both with decreased concentrations in urine. In contrast, lysine levels were only slightly increased in
plasma. a-Aminoadipic acid can also be formed after degradation of collagen-derived 5-
hydroxylysine, which was not measured [6]. An elevation of a-aminoadipic acid levels could therefore
indicate an increased metabolic degradation of lysine and tryptophane, with the keto acids converted

into acetyl-CoA and introduced into the citric acid cycle and in part appearing in a-aminoadipic acid.

A correlation matrix between the responses in amino acids, either only in plasma or only in urine or
between plasma and urine, is shown in Figure 4-20. Clusters coloured in blue indicate that there are
significant correlations within these groups of amino acids. At first sight it can be noticed that within
plasma only few clusters can be identified, whereas in urine many amino acids correlate in response to
the high-protein diet. A comparison between parameters in plasma versus urine clearly shows that
there is hardly any correlation between these two samples.

In plasma, there are two main amino acid clusters. They can be clearly seen in the cluster image as the
blue regions in the lower left square and the upper right square. Interestingly, there is some correlation
between amino acids of the same functional groups. The branched-chain amino acids valine, leucine
and isoleucine are clustering as well as threonine and serine. Aromatic amino acids that strongly
correlate in plasma are tyrosine and a-aminoadipic acid. These amino acids show positive correlation
(data not shown). o-Aminoadipic acid also clusters with ornithine and lysine in plasma. Further
correlations can be found for the amino acids 1-methyl-L-histidine and ethanolamine that correlate
negatively with valine, proline and lysine in plasma.

In urine, the number of amino acids that correlate to each other, considering their fold-changes and p-
values, is much higher. This is associated with significantly reduced levels during protein
supplementation for most amino acids, and therefore correlations are in most cases positive. The
branched-chain amino acids leucine and isoleucine can be taken together in one cluster as well as

citrulline and homocitrulline. The majority of correlations are found amongst those that carry acidic or
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amide groups. 1-methyl-L-histidine, 3-methyl-L-histidine, phenylalanine, histidine and tyrosine also
correlated with significant p-values.

When comparing plasma and urine, only very few clusters can be identified. These findings address
the question of how the elimination of amino acids is regulated. Obviously, increased plasma levels do
not correlate with high urinary concentrations. Amino acids compete with each other for different
transport systems for uptake into cells and blood and for enzymes during transamination and
oxidation. Their different affinities for those systems could be responsible for the rank orders found in

urinary amino acids.
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Figure 4-15 Amino acid correlation amongst plasma and urine samples

P-values correlation matrix for plasma (A), urine (B) and plasma and urine in comparison (C). Results are based on the mean
amino acid levels during the high-protein intervention compared to the mean baseline values. Urine amino acids are
normalized by osmolarity. Amino acid clusters are shown in blue whereas correlations based on higher p-values are displayed

using green to yellow colours.

4.4.4. Analysis of the Plasma Proteome after Protein Supplementation

The body protein is distributed with around 40% in muscle, 30% in skin and blood and the remaining
30% in other organs. Blood carries several proteins of hepatic origin. Synthesized in liver hepatocytes,
these proteins are secreted into blood. Body proteins undergo constant synthesis and breakdown. This
depends on the amino acid pool that provides the building blocks of protein anabolism. Amino acids
are provided either through the diet or through muscle protein degradation in the human body [144]. It
would therefore be expected that excessive intake of dietary proteins could also alter blood protein

levels.
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To assess this, plasma was isolated from whole blood after centrifugation, and plasma samples were
depleted of the 12 most-abundant proteins using antibody depletion followed by concentration of the
flow-through from the spin columns. 100 pg of protein was loaded onto each gel, and gels were
stained with Coomassie. One gel for each of the ten volunteers was taken for each of the seven time
points. Before assessing the effect of the protein supplementation, the three baseline time points were
compared to each other to measure the biological noise in the samples, and samples from the

intervention period were also compared to those of the wash-out period.
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Figure 4-16 Gels of baseline plasma and PBMC samples from the intervention study

Representative 2D gel of plasma (A) and PBMC cell lysate (B) showing changes in spot densities at baseline levels during
the first time points (BL1, BL2 and BL3) of the protein intervention study. 100 pg of depleted plasma and 200 pg of PBMC
sample was applied to 18 cm IPG strips pH 4-7 and run on 21.5% acrylamide, using either the discontinuous buffer system
for plasma or the continuous buffer system for PBMC in the second dimension. Staining was carried out with Coomassie.
One gel from each of the 10 volunteers was taken per time point. BL2 and BL3 were compared to BL1 with the Delta2D
software. Altered spots were identified using the proteome maps, and identified spots are shown with arrows and numbers.

The circles indicate faint spots that could not be identified with mass spectrometry.

Overall, 777 spots were detected in the automatic mode applied in the gel analysis program. 707 of
them (91%) appeared as non-significantly regulated spots in the statistical analysis. After a manual
editing, only six spots changed according to spot volumes during the baseline phase. The relation
between BL1 and BL2 resulted in four significantly regulated spots (Fig. 4-16A, Table 4-9). Two of
them could be identified with the plasma proteome map, the other two are below detection limit for

MS based analysis.
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Table 4-9 Regulated 2D spots in the plasma baseline of the trial

Spot ID Regulation  t-Test [%)] Spot No. Database Protein Name

BL2_BL1

1D128196 2.55 99.89 106 Zinc-alpha-2-glycoprotein

1D128243 0.48 99.87 Not identified Not identified

ID128266 0.47 99.79 Not identified Not identified

1D128147 0.45 99.98 12 Haptoglobin
BL3_BL1

1D127825 2.24 99.99 55 Alpha-1B-glycoprotein

ID128001 0.50 99.20 46 Vitamin D-binding protein

List of regulated spots derived from the Delta2D gel analysis. Given is the spot ID, the regulation factor based on the quotient
of the mean spot volumes, the t-test for significance and the spot identification from the plasma database. 10 gels per time

point (1 for each volunteer) were compared to BL1.

Identified proteins that were altered during the baseline phase in plasma are zinc-alpha-2-glycoprotein
and haptoglobulin. Zinc-alpha-2-glycoprotein is a novel adipokine that is produced in brown and white
adipocytes and can be found in body fluids like serum or sweat. This protein was reported to act as a
biomarker for the detection of Alzheimer’s disease and several cancer types [110, 145]. Haptoglobulin
is an acute-phase protein that is mainly synthesized in the liver and secreted into blood. Its function is
in binding of hemoglobin for degradation and in prevention of iron from excretion through the
kidneys. Haptoglobulin values are measured in blood for diagnosis of hemolysis indicated by
decreased haptoglobulin concentrations [146]. Between BL1 and BL3, two proteins appeared to be
altered. These are alpha-1B-glycoprotein and vitamin D-binding protein. The function of alpha-1B-
glycoprotein from the immunoglobulin superfamily is not known yet, however, it seems to be
associated with the development of pancreatic cancers [114]. Vitamin D-binding (DBP) protein is
responsible for the transport of vitamin D and actin. It controls bone development, can also bind fatty
acids and is a modulator in immune response and inflammatory processes. Changes in DBP were
found to be related to altered insulin levels [147]. The spot of DBP that was found to be regulated is a
rather prominent one, and therefore this spot could be saturated in the 2D gel analysis and might not

provide any reliable information about its regulation.

As gel variations have not been assessed for gels derived from the same individual, it cannot be
determined whether the observed variances are due to only analytical variation or derive from
biological origin. However, according to the relatively low number of changed proteins, the plasma
proteome seems to be relatively stable at baseline. Inter-individual changes in particular are expected

to be higher than any other biological or analytical noise.
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Figure 4-17 Expression profiles of all significant spots in plasma

Expression profiles of all plasma gels during the intervention phase of the trial showing regulation factors of all
significant spots and the mean regulation (purple line). Regulation is based on the mean spot densities of all

baseline gels. 75 spots (named as genes) were significantly altered based on ANOVA.

During the high-protein intervention gels from the various time points within the supplementation
(HP1 and HP2) and those from the wash-out period (WO1 and WO2) were compared to the mean
baseline values. Automatic gel analysis identified 75 spots with significantly altered densities, which
is 10% of the total spot number. As displayed in Figure 4-17, the expression profiles of those
significant spots clearly show the basal variation during BL1, BL2 and BL3, where the mean
expression profiles differ from the mean baseline spot densities. However, only few spots in individual
gels appeared regulated more than two-fold, and those appeared during the protein supplementation
with peak levels reached at HP2. During the early wash-out period at WOI, the variability of
expression profiles was less compared to all other time points and the profiles. When taking the mean
of the baseline expression levels, significantly regulated spots during the intervention period are
mostly represented with increased protein levels. A principal component analysis of all significant
spots as well as hierarchical clustering did not yield any particular clustering of the samples (data not

shown).
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Manual editing decreased the number of significantly regulated spots to 9, most of them were up-
regulated. The majority of spots were found upregulated at HP2 during the intervention phase (Table
4-10). Two of the identified proteins appeared with increased plasma concentrations at HP1 and at
even higher levels at HP2. During the wash-out period none of the proteins that showed alterations
during the high-protein phase appeared regulated, and at WO2 no altered proteins could be identified.

The spot pattern of a representative 2D gel is shown in Figure 4-18.

Table 4-10 Regulated protein spots in the plasma high-protein and wash-out phase of the trial

Spot ID Regulation  t-Test [%] Spot No. Database Protein Name

HP1_BL

1D127793 2.10 99.79 90 Afamin

ID127837 2.09 96.02 58 Hemopexin

1ID127750 2.04 99.86 85 Serotransferrin
HP2_BL

ID127750 3.94 100.00 85 Serotransferrin

1D127945 3.89 97.33 78 Beta-2-glycoprotein 1

1D127821 2.74 100.00 60 Hemopexin

1D128186 2.30 99.88 105 Zinc-alpha-2-glycoprotein

1D127689 0.43 100.00 72 Complement factor B
WO1_BL

1D128048 2.28 99.81 45 Vitamin D-binding protein

1D128635 2.05 99.54 4 Apolipoprotein A-I

List of regulated spots derived from the Delta2D gel analysis. Given is the spot ID, the regulation factor based on the quotient
of the mean spot volumes, the t-test for significance and the spot identification from the plasma database. 10 gels per time

point (1 for each volunteer) were compared to the baseline.

One of the proteins identified with higher levels during high-protein intake was hemopexin, which is
mainly synthesized in the liver but also in other cells of tissues. This protein is responsible for heme
transport to the liver for breakdown and iron recovery. It is proposed to carry further functions,
including antioxidant protection, defense against bacteria and promoting regeneration of nerves.
Hemopexin may play a role in diseases like Alzheimer’s and atherosclerosis but is also involved in the
aging process [148]. Serum levels reflect the iron status of the human body. Decreased concentrations
in blood are an indicator for severe hemolysis when heme-binding capacities are exceeded. Therefore,
serum hemopexin levels can be used to assess a hemolytic anemia in clinical diagnosis. Increased
hemopexin levels were found in the acute-phase response of inflammatory psychiatric disorders but
also in diseases like diabetes mellitus and some cancer types. Hemopexin concentrations can also rise
due to a heme overload, when the concentration of free heme in plasma is drastically increased [148].
Heme degradation is leading to an increase in plasma bilirubin levels. As during the high-protein diet
phase plasma bilirubin levels were not increased (Table 4-5), this is probably not the case. In addition
to pathophysiological conditions, an elevation of hemopexin levels was reported after physical

training, possibly linked to hemopexin also produced in the skeletal muscle [148, 149].
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Serotransferrin, also named transferrin, is reported to be a negative acute-phase protein, which means
that after inflammation protein levels are decreased. It is synthesized in the liver and takes part in iron
transport in blood. During iron deficiency, liver disorders and pregnancy, transferrin is found at high
concentrations in blood. Lowered levels could indicate chronic inflammation, hemolysis or iron
overload [144]. Serotransferrin was observed to be significantly increased during both intervention
time points, but protein levels declined again thereafter during the wash-out period. Transferrin is one
of the high-abundant proteins that is depleted from plasma during the pre-fractionation. As depletion is
not 100%, the remaining protein can still be detected. Regulation of this protein is only observed,

assuming that depletion is at constant rates over the whole analysis period of all samples.

Another protein that occurred in plasma at higher levels during the intervention phase is afamin, also
named alpha-albumin. As this protein can bind vitamin E, it is expected to be altered due to dietary
effects. In ovarian cancer patients showed lowered serum levels of afamin, indicating its application as
a disease biomarker [112]. As other proteins from the albumin family, it also responds negatively in
the acute-phase. During the high-protein intake phase afamin only responded positively at HP1 but not
at HP-2 or the wash-out phase, suggesting a more artificial change. Decreased levels of complement
factor B appeared also only at one time point (HP2). This protein is activating the alternative
complement pathway that is part of the immune response. It is involved in proliferation and inhibition
of activated lymphocytes in the immune response. Serum levels increase significantly during

inflammation [150].

Beta-2-glycoprotein 1, also known as apolipoprotein H, is an abundant plasma protein that is binding
cardiolipin and can inhibit the release of serotonin from platelets. Thereby, it interacts in coagulation
through the inhibition of platelet aggregation. It can furthermore protect cells against atherosclerosis
and apoptosis caused by nitric oxide. Effects in inhibition of angiogenesis were also reported [151].
An increase of beta-2-glycoprotein 1 levels, as observed at HP2, therefore could indicate a suppression
of coagulation, improved hemodynamics and certain protection from atherosclerosis. An up-regulation
of zinc-alpha-2-glycoprotein levels was also observed at HP2. This protein appears to be involved in
control of lipolysis and has been associated with high-protein meals, resulting in satiety effects and
weight loss [17]. During the wash-out period the protein level declined again. Further studies are
needed to assess, whether zinc-alpha-2-glycoprotein alterations are rather due to normal biological
variation, or whether it indeed significantly responds to the diet. Vitamin D-binding protein appeared
at higher levels during the wash-out phase, but has also been found at changed levels during the
baseline, and therefore seems more altered by general variations in its levels. Apolipoprotein A-I was
significantly up-regulated only during WO1 without changes in baseline levels. Apolipoprotein A-I, as
a component of HDL, is reported to decrease the risk of atherosclerosis [152]. In addition, it has to be

noted that about 98% of total apolipoprotein A-I should have been depleted during the plasma
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prefractionation process. Changes in concentration levels of this protein could also be caused by
lowered binding capacity of the depletion column after several runs and irregular binding of the

polyclonal antibodies.
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Figure 4-18 Altered spots in plasma during the trial

Representative 2D gel of depleted plasma and spot alterations from the trial comparing the high-protein phase (HP1 + HP2)
and the wash-out phase (WO1) with the baseline (BL). 100 pg of depleted plasma was applied to 18 cm IPG strips pH 4-7
and run on 21.5% acrylamide using the discontinuous buffer system in the second dimension. Staining was carried out with
Coomassie. One gel from each of the 10 volunteers was taken per time point. All baseline time points were taken together
and compared to the high-protein and wash-out phase with the Delta2D software.
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4.4.5. Analysis of the PBMC Proteome after Protein Supplementation

For PBMC isolation blood was collected in vacutainer tubes. After centrifugation the PBMC
containing phase could be removed directly from the other phases, and proteins were isolated after cell

lysis. 200 ug of PBMC protein solution was applied to each gel.

7% (53) of all identified spots (758) appeared as significantly altered during baseline after automatic
gel analysis. After manual editing and elimination of false spot identities the baseline variation of
PBMC spots appeared relatively small and resulted in only one protein spot that was altered
significantly between BL1 and BL2 and two spots between BL1 and BL3 (Fig. 4-16B, Table 4-11). As
those spots appeared very faint on the gels, they could not be identified and found in the PBMC
database. Only one spot could be identified with additional MS analysis as guanine nucleotide-binding
protein alpha-2 subunit. According to the SwissProt database this protein belongs to the G-protein
family that is involved in transmembrane signaling. Based on genome data this family includes about
700-800 different proteins. Due to their diversity they regulate a huge spectrum of different processes.
In lymphocytes, they were found to interact in cell proliferation and differentiation [153]. Higher
levels of a guanine nucleotide-binding protein might thus point at an increased proliferation rate of

PBMC.

Table 4-11 Regulated 2D spots in the PBMC baseline samples of the trial

Spot ID Regulation  t-Test [%] Spot No. Database Protein Name
BL2_BL1
1D802 2.16 97.32 Not identified Guanine nucleotide-binding protein
BL3_BL1
ID1014 0.48 99.03 Not identified Not identified
1D1027 0.48 97.79 Not identified Not identified

List of regulated spots derived from the Delta2D gel analysis. Given is the spot ID, the regulation factor based on the quotient
of the mean spot volumes, the t-test for significance and the spot identification from the PBMC database. 10 gels per time

point (1 for each volunteer) were compared to BL1.

During the intervention phase the majority of protein significantly altered spots appeared with up-
regulated levels, as shown in the expression profiles of Figure 4-19. 212 spots appeared as
significantly altered spots, representing 28% of all identified spots on the gels (wihout manual
editing). The mean expressions changed to positive profiles immediately after protein
supplementation, whereas during the baseline the mean expression levels varied around the zero line
with only very few variations. During the early wash-out period the profiles fell to negative values and
reached the zero line again at WO2. The highest positive expression levels were found at HP2, the
lowest levels appeared during the baseline at BL3. The expression profiles during the wash-out period
were rather homogenous when compared to the other time points. Also for PBMC samples no

clustering could be observed (data not shown).
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Figure 4-19 Expression profiles of all significant spots in PBMC

Expression profiles of all PBMC gels during the intervention phase of the trial showing regulation factors of all
significant spots and the mean regulation (purple line). Regulation is based on the mean spot densities of all

baseline gels. 212 spots (named as genes) were significantly altered based on ANOVA.

Manual editing of the identified spots resulted in an overall number of 14 regulated spots. During the
high-protein intervention phase fewer proteins were affected as compared to the wash-out period,
where more alterations were observed. None of the proteins that were changed during the early protein
supplementation at HP1 appeared as affected at HP2 as well. Several proteins could not be identified
in the PBMC database, as they appeared too faint on the gels and had to be mass-analyzed additionally
(Fig. 4-20, Table 4-12).

Almost all proteins that appeared at higher concentrations during the high-protein phase possess
structural functions. Lamin-B1 belongs to the lamin family that form a network of filaments in the cell
nucleus membrane [154, 155]. So far, the function of lamin proteins is mainly unknown. Lamin levels
were found to be reduced in apoptotic human breast cancer cells as a result of proteolytic cleavage of
these proteins during apoptosis [156]. Higher levels of lamin-B1, as observed during the high-protein
intake phase, therefore could point at an increased cell differentiation and proliferation of

lymphocytes. Lamin-B1 is the only membrane protein that was affected by the high-protein dose.
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Variations of lamin-B1 levels were observed in a study that investigated changes in the monocyte
proteome in a general control population [28]. Beta-actin was also found in significantly elevated
concentrations in response to the protein intake. This protein is ubiquitously expressed in cells and can
interact in cell motility processes. Higher levels of beta-actin could also indicate an up-regulation of
cell proliferation [157]. As beta-actin levels decreased again during the wash-out phase, this effect was

reversible.

Table 4-12 Regulated 2D spots in the PBMC high-protein and the wash-out phase of the trial

Spot ID Regulation  t-Test [%] Spot No. Database Protein Name
HP1_BL
1D343 2.98 100.00 Not identified Lamin-B1
ID1124 2.88 100.00 Not identified Beta-actin
ID154 2.46 99.77 176 Alpha-actinin-1
ID1052 2.36 99.98 49 Beta-actin
HP2_BL
ID658 2.13 99.75 Not identified Alpha-centractin
ID763 0.45 99.61 75 Serum albumin
WO1_BL
1ID276 2.26 100.00 3 Gelsolin
1D248 2.10 99.96 2 Gelsolin
1D802 2.09 99.02 Not identified Guanine nucleotide-binding protein
1D848 2.01 99.99 89 PDZ and LIM domain protein 1
1ID1052 0.49 98.34 49 Beta-actin
D428 0.47 9928 Not identified Serum albumin
1D475 0.30 99.09 130 Glucose-6-phosphate 1-dehydrogenase
1D462 0.30 99.07 Not identified Fibrinogen beta chain
WO2_BL
ID1031 2.07 96.91 50 Gamma-actin
1D475 0.37 95.24 130 Glucose-6-phosphate 1-dehydrogenase

List of regulated spots derived from the Delta2D gel analysis. Given is the spot ID, the regulation factor based on the quotient
of the mean spot volumes, the t-test for significance and the spot identification from the PBMC database. 10 gels per time

point (1 for each volunteer) were compared to the baseline.

Alpha-actinin-1 is cross-linking actin filaments in muscle and non-muscle cells. In contrast to muscle,
non-muscle alpha-actinin is inhibited by the prescence of calcium [158]. Alpha-actinin levels were
found to be elevated as well. Another protein that is expressed at higher concentrations at HP2 is
alpha-centractin, also belonging to the actin family and a component of the dynactin complex. It is
located in the centrosome, where it is integrated in the process of mitosis and nuclear migration and
might play a role in linking intracellular organelles to the dynactin complex [159]. Increased levels of
these structural proteins could also indicate increased cell proliferation in the PBMC population.

Serum albumin that shows reduced levels during acute immune responses [144] was found in
proteome analysis of the PBMC. Albumin occurrence in PBMC is due to its binding, adherence or
possibly also uptake from the blood, which cannot be prevented by PBMC isolation from whole blood

by the various washing steps and therefore is a methodological artefact.
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Most proteins with altered levels during the wash-out phase also belong to the group of structural
proteins. The predominant protein that was found at increased concentrations during the early wash-
out period is gelsolin, a protein interacting in cell motility and signal transduction in cytoskeletal re-
modeling [160]. It is found in the cytosol of macrophages and many other cells [161]. Gelsolin was
shown to be involved in the MAPK-pathway response in monocytes, when induced by anti-beta-2-
glycoprotein 1 antibodies [162]. Plasma gelsolin levels were also reported to be lowered in several
disease states, such as acute respiratory syndrome, sepsis, major trauma and liver injury [163]. Our
findings suggest an enhanced actin re-organization in PBMC in response to the high protein intake.
Elevated beta- and gamma-actin concentrations support this as well. PDZ and LIM domain protein 1,
also known as elfin, is an adapter protein responding to oxidative stress. It binds to alpha-actinin-1 and
associates with actin filaments in activated platelets [164, 165]. It occurs in platelets but not in PBMC,
and therefore its occurrance in the PBMC proteome is due to a platelet contamination or adhesion of

platelets to the PBMC cell surface during the PBMC isolation process.

One protein that appeared at lowered levels during both wash-out time points is glucose-6-phosphate 1
dehydrogenase, an oxidoreductase and the rate-limiting enzyme in the pentose phosphate pathway of
carbohydrate metabolism. It generates NADPH which is used in reductive biosynthesis reactions, such
as the biosynthesis of fatty acids and cholesterol. One function of NADPH is to prevent the cell from
oxidative stress from peroxides through glutathione reduction. High expression levels of the enzyme
were reported in white adipose tissue of obese animals and over-expression in adipocytes with
increased lipogenesis [166]. Lowered tissue glucose-6-phosphate 1 dehydrogenase activity was found
after a high-protein, carbohydrate-free diet in rats, and activities even remained at lowered levels after
the intervention was finished [167]. Lowered levels of glucose-6-phosphate 1 dehydrogenase would
lead to a diminished production of riboses through the pentose phosphate pathway. Thus, nucleotide
synthesis could be affected and lymphocyte proliferation no longer supported [168]. Less NADPH
production could also lead to an increase in oxidative stress of PBMC after the intervention phase. As
the changes occured only during the wash-out phase, it is not clear whether it is associated with the
high protein intake. Fibrinogen beta chain was also decreased in the wash-out phase. This protein is
involved in blood coagulation and is reported to occur at elevated levels during the acute-phase
response [169]. Increased plasma concentrations have been found in chronic, low-grade inflammatory
diseases, such as atherosclerosis [170]. In lymphocytes, this protein could be involved in inflammatory

processes through synthesis of pro-inflammatory cytokines [169].

Analysis of the PBMC proteome was rather difficult, as spot patterns on 2D gels varied strongly
between gels. This resulted in difficulties in comparing the gel images from different volunteers. The
relatively low number of regulated spots representing the inter-individual baseline therefore has to be

considered with care. These variations in spot patterns probably also led to a relatively low number of
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identified proteins with altered levels after high-protein intake. A reason for this could be that PBMC
isolation and preparation is crucial for maintaining protein content. So, even only little variation in the
preparation process could cause major differences in protein analysis. Especially the variation between
subjects was reported as a problem in gene expression analysis [20]. However, the number of
significantly regulated spots clearly increased during the protein intervention, representing as a

surrogate the response of the PBMC proteome to high protein intake with more overt changes than in

plasma.
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Figure 4-20 Altered spots in PBMC during the trial

Representative 2D gel of PBMC cell lysate and spot alterations from the trial comparing the high-protein phase (HP1 + HP2)
and the wash-out phase (WO1+ WO2) with the baseline (BL). 200 pug of PBMC cell lysate was applied to 18 cm IPG strips
pH 4-7 and run on 21.5% acrylamide using the continuous buffer system in the second dimension. Staining was carried out
with Coomassie. One gel from each of the 10 volunteers was taken per time point. All baseline time points were taken
together and compared to the high-protein and wash-out phase with the Delta2D software.
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5. General Remarks and Conclusions

5.1. Proteomics Applications in Human Intervention Studies

Changes in protein levels due to dietary interventions are often very small and are consequently
difficult to assess. Proteomics analysis requires the separation of complex protein mixtures prior to
protein identification. This is done by electrophoretic and chromatographic approaches using
differences in their physical and chemical properties. However, these properties are also responsible
for some of the difficulties in proteomics analysis. The first difficulty is the huge concentration range
that is represented especially in sample sources like plasma. Therefore, additional steps like depletion
and pre-fractionation are needed to reduce complexity. Solubility is another problem. Proteins tend to
precipitate at their pl due to reduced solubility. This results in smears instead of distinct spots in 2D
gels. Hydrophobic proteins or membrane proteins are highly insoluble which requires special
treatment for these proteins in addition. As proteins also have high adsorption energies, they can attach
to separation matrices like column material and may result in loss of protein or retarded elution times
in chromatographic approaches. The three-dimensional structure of proteins also contributes to the
retention time. Unfolding during the separation could result in oxidation of thiol groups. This clearly
shows that each technology has to overcome several difficulties that are linked with separation of

proteins as complex macromolecules.

Proteomics is the only choice when changes in protein levels should be monitored simultaneously. The
technology is used for screening experiments and helps to identify responses in humans to drug
treatment, disease states or dietary intervention. Whenever only certain parameters are of interest the
use of other technologies should be considered in order to save time and get more reliable results.
Quick measurement of distinct proteins can be done with ELISA tests if proper antibodies are
available. LC-MS/MS technologies can also be applied in a similar way in order to filter just for those
parameters that are of interest. As high-resolution 2D PAGE can be considered the method of choice
for the separation and display of complex protein mixtures, this technique was used for the generation
of plasma and PBMC proteome databases. Separation of protein samples of plasma and PBMC using
2D electrophoresis appears to be a valid method, as shown in our experiments. Through the separation
based on pl and MW, additional information about the physical properties of proteins can be gained in
contrast to other chromatographic approaches. Quantification is done by a direct comparison of spot
densities in stained 2D gels. Commonly used stains are compatible with mass spectrometry and
therefore allow direct protein identification without complex clean-up steps. The dynamic range of
detection depends on the staining procedure, with classical colloidal staining that can detect 50-100 ng
of protein up to fluorescence staining that is able to display 0.25-5 ng of protein. Fluorescence staining
requires additional equipment for detection and further gel handling. Thus, the choice of staining

method depends on the budget that is available, as fluorescence stains are very expensive. Using
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Coomassie as protein stain with its rather low sensitivity did not result in the discovery of novel
biomarkers of interest during our studies. The dynamic concentration range that is covered by this
staining technique is very small and includes only few proteins that have the potential to act as
markers. 2D electrophoresis is very susceptible to external factors like temperature differences,
variations in buffer and gel composition and handling of the procedure. A major drawback of classical
2D electrophoresis in general is the complex analysis procedure which is very time and labor
consuming. This makes its use in high-throughput analysis in large intervention studies almost

impossible. Increased automation is therefore required here.

The second factor that plays an important role in sensitivity of the proteome analysis is the detection
limit of the MS analysis. In order to maximize the detection range of proteins, either highly sensitive
MS equipment is needed or highly effective enrichment has to done before MS analysis. Reducing
complexibility by sample pre-processing or pre-separation would also further increase the number of
proteins that can be detected in a plasma sample. It was not tested whether antibody-based depletion
with the method used resulted in a significant loss of low-abundant proteins as bound to depleted ones.
A complete analysis of the bound protein fraction in antibody-based depletion could overcome this
problem to capture all proteins in plasma. However, the separation after the depletion showed
additional and distinct spots on the gels that could easily be analysed by MS. A promising alternative
seems to be depletion using the MARS column (see chapter 1.5.) that can even be applied on-line with
HPLC separation and MS identification of the proteins. Multiple pre-fractionation steps could further
improve the yield and results. However, reproducibility is usually decreased with increasing number
of analysis steps undertaken. To overcome problems like unspecific binding and loss of proteins in
antibody-based depletion, separation using free-flow electrophoresis appears a valid alternative. It is
highly reproducible and results in no loss of proteins when all fractions are analyzed. Another
advantage of this electrophoretic method is the automation of the process (chapter 1.5.). Other
proteomics approaches such as LC-MS/MS including multi-dimensional plasma separation steps or
modern multiplex MS technologies would be a valuable alternative in order to receive reliable data

together with high-throughput analysis.

5.2. The “Stability” of the Plasma and PBMC Proteomes

The “stability” of plasma and PBMC proteomes depends on many factors that can introduce analytical
and biological variation. The inner- and inter-lab variance of the 2D method for plasma and blood
cells using the standard protocols for each laboratory was assessed within our EU project with four
different laboratories. This clearly demonstrated the limited reproducibility of 2D gel electrophoresis.
Even within the same laboratory under identical conditions and protocols a 12-16% variation in spot
densities could be observed for PBMC and plasma after manual editing of the results. This variability
was only due to technical factors that result from sample handling, temperature variability in the

second dimension, differences in the current during the first dimension and other factors. A
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comparison of 2D gels between four laboratories showed that the variation is about 23-30% for plasma
and PBMC. Therefore, different equipment and different handling of the samples brings in another
factor that clearly influences the spot patterns. Changes that result from technical factors such as
differences in currents, temperature and buffer composition are almost impossible to eliminate
completely. In order to minimize these effects and the variability through different handling of various
persons performing the analysis, electrophoresis should always be carried out by the same person
following a standardized protocol. If possible, an internal standard should also be included, as done
using the DIGE technology (for details see chapter 1.5.). It was observed that depending on the person
who was undertaking the analysis, spot patterns could differ considerably, and PBMC analysis is more
prone to artefacts than plasma. Therefore, it is questionable whether PBMC proteomics really provides

valuable results that represent real changes in metabolism.

Biological variation finally is an additional huge problem on top of the technical and analytical
problems. Within the same individual, several proteins appeared to be altered when analyzed at
different time points under the same conditions. As hormonal changes and other effects like infections,
nutrition and lifestyle can influence body proteins, this is not surprising. Proteomes compared between
volunteers clearly vary in their spot patterns and spot densities, which results in the difficulty to filter
those changes from those derived solely from the intervention. A homogeneous study group and as
possible a similar lifestyle can minimize these differences. Analysis of a sufficient number of samples
or volunteers and replicates will also help to obtain results of good quality and statistical significance.
Ideally, proteome analysis for one project is always done by the same person under the same

conditions.

5.3. Application of 2D Maps of Plasma and PBMC in Biomarker Discovery

As 2D electrophoresis allows the visualization of hundreds of protein spots at once on a single gel it is
currently the preferred screening process in proteomics application in biomarker discovery. Because it
is easier to obtain samples from body fluids, they are superior to biopsies as a biomarker discovery
material. Blood plasma is reported to contain a huge amount of proteins that may serve as markers for
changes in interorgan metabolism, as blood is in contact with all organs and tissues. PBMC contribute
to immune responses in the body and may therefore provide valuable information about status and
function of the immune system. Both samples contain proteins that may reveal a biomarker quality for

prediction of diseases, and also for assessing the response to nutritional interventions.

The present work therefore concentrated on plasma and PBMC as an easily accessible sample source.
A proteomics platform was developed to screen for changes especially of protein markers of interest
after dietary interventions. Protocols for sample preparation and protein separation using 2D
electrophoresis were optimized and used to establish standard protocols and “clickable” proteome

maps from 2D electrophoresis of plasma and PBMC. Identification of proteins in these 2D maps was
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done using MADI-TOF analysis of all visible spots on the gels. All information about each identified
protein including the protein name, mass spectrometry data, the theoretical pl and MW and potential
functions was collected in a database. This now allows a convenient comparison of gels and direct
protein identification in further intervention studies. Including the proteome maps in the software-
based gel analysis immediately provides all details that are needed to interpret changes in spot
densities and protein expression levels. As further MS analysis and search for information about
pathway interactions and biological properties are no more necessary, using the proteome maps can
save time and money. However, the most time-consuming step in the analysis is the electrophoresis
process that still has to be gone through. In high-throughput analysis, the rate-limiting factor currently
is the capacity of gels that can be loaded in the first and the second dimension. Further capacity
problems occur when gels are stained for four days in the Coomassie solution. The overall economy of
time is about three days out of an overall duration of 10 days. Taken together, the information that can
be derived from the proteome maps may be helpful as long as the analysis is performed according to
the standard protocols. The techniques that were used to build the databases however were not very
sensitive. Thus, the number of identified proteins and also the number of putative marker proteins is

relatively small and should be increased for more valuable information.

Taken together, plasma and PBMC proteomics as established here and as done in many other
laboratories shows a high susceptibility to technical variation when applied to these samples and that
is difficult to control even with SOPs. In addition, the natural variation in protein levels adds another

layer of variance that makes it extremely difficult to obtain robust, reproducible, and meaningful data.

5.4. High-Protein Supplementation and Its Impact

Despite enormous changes reported for postprandial amino acid levels after protein supplementation
[9], fasting plasma and urinary concentrations of amino acids assessed here, each after an overnight
fast, seemed to be affected only to a small extent by the high protein intake. The observed changes in
amino acid profiles did not correspond to the amount of amino acids provided in the protein
supplement, and therefore alterations were of metabolic origin. There were some remarkable

differences between the response of plasma and urine amino acid levels to the intervention.

The human protein intervention study was undertaken to apply the developed in-house databases for
assessing putative changes in plasma and PBMC proteins. Clinical chemistry parameters, amino acids
in plasma and urine and the proteomes of plasma and PBMC were thus analyzed. Repeated
measurements of all parameters after overnight fasting before the protein supplementation gave some
insights into basal variations. All volunteers described a strong satiety effect immediately after intake
of the first dose of the protein supplement. During the following meals a reduced food intake was
observed. There were no reports among the participants about obstipation and other discomfort that

could be related to the protein supplementation.
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Dietary supplementation with high amounts of proteins leads to a postprandial increase in plasma
amino acids and also amino acid oxidation in metabolism. As expected, volunteers responded to the
high-protein intake with a strong increase in plasma and urine urea levels. Amino acids from the urea
cycle did not increase significantly in their levels (only slightly) and no enzymes related to urea
production could be identified in the proteome analysis. Besides the urea cycle, methionine and
homocysteine metabolism appeared to be affected by the protein supplementation with a decrease of
several plasma and urinary amino acids. This is in accordance with previous findings that reported a
decrease in plasma homocysteine concentrations after high-protein intake, which could contribute to
the prevention of atherosclerosis and cardiovascular disease. Amino acid analysis overall yielded only
a small number of affected parameters in plasma and urine, considering a distinct within- and
between-subject variability during the baseline. The majority of the affected amino acids in plasma
displayed lowered levels during the supplementation phase, whereas in urine, only decreased
concentrations could be found. There was essentially no correlation between amino acid profiles in
plasma and urine levels, suggesting a prime role in kidney tubular handling of amino acids under those

conditions determining the patterns and concentrations found here.

The plasma proteome showed higher baseline variation than the PBMC proteome. In both sample
sources the majority of proteins that were found displayed increased levels during the protein
supplementation period, and may be taken as a surrogate response with an overall promoted protein
synthesis resulting from higher protein intake. The plasma proteomics data point at an increased
synthesis of hepatic proteins, especially those which respond inversely in the acute-phase and those
involved in iron transport and metabolism. Analysis of the proteome of PBMC and in this respect in
immune cells revealed a rise in selected structural proteins during high protein intake. This could
result from a higher proliferation rate that reversed again after the intervention phase. Among all
significantly changed proteins only glucose-6-phosphate dehydrogenase 1 could be related to

metabolism.

In summary, the high protein intake was well tolerated. A high protein turnover as revealed by
increased urea production and excretion is not associated with major and sustained changes in plasma
amino acid levels and only minor alterations in plasma and PBMC proteomes that seem only to

indicate increased protein anabolic functions.

5.5. Future Perspectives

To improve the sensitivity of 2D electrophoresis it is suggested to apply fluorescent stains as they can
enhance spot detection sensitivity by a factor of 1000. Variations in the spot patterns can be minimized
with fluorescent DIGE stains combined with an internal standard. As software exists that can directly
compare gels that are stained using DIGE, spot analysis in this case is very convenient but is also the

most cost intensive alternative available. Highly sensitive staining techniques require an MS system
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that has a low detection limit. Enrichment in proteins for MS analysis would otherwise result in time-
consuming sample preparation steps and in further loss of protein. Moreover, effective MS/MS
systems are available for peptide sequencing now to capture also those proteins that could not be

identified with peptide mass fingerprinting as done here.

As novel plasma pre-separation systems are developed, the quality of plasma proteomics analysis can
be further improved. So far, each of the applications that are on the market has its limitations. The
depletion columns that were applied during our studies, for example, could be re-used up to 100 times.
However, the antibodies lost part of their binding capacities after several runs, resulting in an increase
of high-abundant proteins in the samples. Single-use systems would prevent this but increase costs. As
proteins and peptides of interest might be removed together with the high-abundant proteins, it is
questionable whether depletion is the best choice. Other approaches like free-flow electrophoresis
could reduce sample complexity and thus improve the quality of the results without loss of any
analytes from the sample. However, this method is rather labor-intensive. If new feasible possibilites
for plasma pre-processing are up-coming in the future, they should be considered for plasma proteome
analysis. These approaches might be helpful to enlarge the number of visible spots on 2D gels.
However, 2D electrophoresis is clearly limited in its use for intervention studies. Multi-dimensional
chromatography coupled to a highly sensitive MS system will probably improve plasma proteome

analysis. This would also allow automation of sample treatment and high-throughput analysis.

Whether proteomics applications in general are useful in detecting protein changes in response to
acute or chronic dietary treatments in human volunteer studies remains to be seen. To overcome
technical and biological variation, huge cohorts and repeated measurements are needed, and this will
drive costs for personnel and materials. However, combining proteomics with transcriptomics and
metabolomics approaches may reveal more coherent changes — even in smaller cohorts - that also

allow interpretation of the changes in the context of biological networks.
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6.1. Abbreviations

2D
2DE
4D
AMT
apo
ATP
BCAA
BL
BMI
BSA
BUN
BW
CBB
CHAPS
CPT
CRE
Cy2
Cy3
Cy5

DBP
DIGE
DNA
DPD
DTT
EDTA
ELISA
ESI
EU
FAO
ff.

FFE
Fig.
FT-ICR-MS

two-dimensional

two-dimensional electrophoresis
four-dimensional

Accurate Mass and Time Tag Technology
apolipoprotein

adenosine triphosphate
branched-chain amino acids
baseline

body mass index

bovine serum albumin

bound urea nitrogen

body weight

Coomassie Brilliant Blue
3-[[3-cholamidopropyl]dimethyl-ammonio - 1-propanesulfonate
cell preparation tubes

creatinine

fluorescence dye, emission 508 nm
fluorescence dye, emission 570 nm
fluorescence dye, emission 670 nm
dalton

vitamin D-binding protein
Differential Gel Electrophoresis
desoxyribonucleaic acid
Differential Peptide Display
dithiotreitol
ethylenediaminetetraacetic acid
Enzyme-Linked Immunosorbent Assay
Electrospray lonization

European Union

Food and Agriculture Organization
following

Free-Flow Electrophoresis

figure

Fourier Transform Ion Resonance Cyclotron Mass Spectrometer
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HDL

HP
HPLC
HPPP
HUPO
ICAT

ID

IEF

Ig

IPG

IT
iTRAQ
LC

LDL

M
MALDI
MAPK
MARS
MicroSol
mRNA
MS
MS/MS
MS/MS/MS
MudPIT
MW
NADPH
NH;
NMR
n.n.
NuGO
PAGE
PBMC
PDCAAS
pl
PNGase F
PRIDE
PTM

high-density lipoprotein

high-protein

High Performance Liquid Chromatography
Human Plasma Proteome Project

Human Proteome Organization

Isotope-Coded Affinity Tag

identity

isoelectric focusing

immunoglobulin

immobilized pH gradient

Ton Trap

Isobaric Tag for Relative and Absolute Quantitation
Liquid Chromatography

low-desity lipoprotein

molar

Matrix-Assisted Laser Desorption lonization
mitogen-activated protein kinase

Multiple Affinity Removal System

Microscale Solution

messenger deoxyribonucleic acid

mass spectrometry

tandem mass spectrometry

triple mass spectrometry

Multi-Dimension Protein Identification Technology
molecular weight

nicotinamide adenosine dinucleotide phosphate
ammonia

Nuclear Magnetic Resonance

not identified

European Nutrigenomics Organisation
Polyacryle Gel Electrophoresis

peripheral blood mononuclear cells

protein digestibility corrected amino acid source
isoelectric point

peptide N glucosidase F

Proteomics Identification Database

post-translational modification
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qTOF
Qtrap
RDA
RNA
RP
RSD
SAM
SCX
SD
SDS
SELDI
SNP
SO~
TNF-a
TOF
TRIS
VS.
WAX
WO

Quadrupole Time-of-Flight
Quadrupole lon Trap
recommended daily allowance
ribonucleic acid

reversed-phase

relative standard deviation
S-adenosylmethionine

strong cation exchange

standard deviation

sodium dodecyl sulfate
Surface-Enhanced Laser Desorption lonization
single nucleotide polymorphism
sulfate

tumor necrosis factor alpha
Time-of-Flight
tris(hydroxymethyl)-aminomethan
Versus

weak anion exchange

wash-out
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6.2. Tables

Table 6-1 Proteins included into the plasma and PBMC databases

Biological

Protein Name Function Cellular Origin Tissue Specificity
Process
14-3-3 Protein epsilon
14-3-3 Protein gamma Adapter protein in s1gna11ng, host-virus Signaling Cytoplasm, melanosome
intraction
14-3-3 Protein zeta/delta
Assembly of multimeric protein
78 kDa Glucose-regulated protein complexes in ER, aptl-apoptotlc, response Others ER lumen, melanosome
to glucose-starvation, ATP and protein
binding
Actin-like protein 2 Cell motlhty,( ATP-bmd1.ng, ‘regulanon of Structural Cytoplasm, cytoskeleton
actin-polymerization
Actin-like protein 3 Actin polymerization Structural Cytoplasm, cytoskeleton
Actm-relate(ifbrﬁzln;B complex Regulation of actin polymerization Structural Cytoplasm, cytoskeleton
Afamin Transport protein Transport Secreted
Alpha-1-antichymotrypsin Inhibition of angiotensin-2 formation ~ Immune response Secreted Plasma, liver
Alpha-1-antitrypsin Inhibitor of serine prpteases, blood Coagulation Secreted Plasma
coagulation
Alpha-1B-glycoprotein Glycoprotein, secreted Inflammation Secreted Plasma
Alpha-2-HS-glycoprotein Endocytosis, bone mineralization Structural Secreted Liver, bone matrix, plasma
- F-actin cross-linking protein, calcium-
Alpha-actinin-1 S Structural Cytoplasm, cytoskeleton
binding
Angiotensinogen Regulation of volume anq mineral balance Others Secreted Plasma, liver
of body fluids
Antithrombin-IIT Coagulation, serine protease inhibitor Coagulation Secreted Plasma
Apolipoprotein A-I Transport of chi)lizsltie:;)rl from tissues to Lipid Metabolism Secreted Plasma , liver, small intestine
Apolipoprotein A-IV Chylomicrons, VLD.L secretion and Metabolism Secreted Intestine, plasma
catabolism
Beta-2-glycoprotein 1 Binds negapve'l y §harged llg'ands, prevents Coagulation Secreted Plasma, liver
intrinsic coagulation
Beta-actin Cell motility, ATP-binding Structural Cytoplasm, cytoskeleton
C4b-binding protein alpha chain Controls complement activation Inflammation Secreted Plasma (chylomicrons)
CDS5 antigen-like Immune system, inhibitor of apoptosis ~ Immune response Secreted Spleen, lymph node, thymus,

bone marrow

Chloride intracellular channel Nucleus, nucleus membrane,

Chloride ion channel, ion transport Transport

protein 1 cytoplasm, cell membrane
Coagulation factor XIII A chain Coagulation Coagulation Secreted, cytoplasm Plasma
Complement Cls subcomponent  Serine protease, complement pathway Inflammation Extracellular

Complement component C6

Complement alternate pathway, immune

. . . . Secreted, cell membrane
response, innate immunity, cytolysis

Complement component C9 Immune response

Complement factor B

Component of the cytoskeleton of highly

Cytoplasm, cytoskeleton,

Brain, thymus, spleen, bone

Coronin-1A motile cells, cell motion, actin-binding Structural membrane marrow, lymph node
Coronin-1C Cytokinesis, mOtlllW, and signal Signaling Cytoskeleton
transduction
Anchoring the complex to other cellular Kidney, intestine, pancreas,
Elongation factor 1-gamma e P Others Cytoplasm stomach, lung, brain, spleen,

components, protein biosynthesis

liver
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Protein Name Function Biological Cellular Origin Tissue Specificity
Process
Eukaryotic initiation factor 4A-1 mRNA bmdlr}g to r1b0§ome, protein Others Cytoplasm
biosynthesis
F-actin capping protein subunit
alpha-1
F-actin capping protein subunit ~ Blocking the gxchange of fgst-growmg Structural Cytoplasm, cytoskeleton
alpha-2 subunits, actin-binding
F-actin capping protein subunit
beta
Fibrinogen beta chain
Coagulation Coagulation Secreted Plasma
Fibrinogen gamma chain
Involved in cell adhesion, cell motility,
Fibronectin opsonization, wound healing, and Structural Extracellular Plasma, liver, urine
maintenance of cell shape
Gamma-actin Cell motility, ATP-binding Structural Cytoplasm, cytoskeleton
Phagocytic cells, platelets,
Gelsolin Calcium-regulated, z}ctm—modulatmg Structural Secreted, cytoplasm, fibroblasts, nonmuscle cells,
protein cytoskeleton smooth and skeletal muscle
cells
Glucose-6-phosphate 1- Produces pentose sugars for nucleic acid . Cytoplasm, plasma Lymphoblasts, granulocytes,
- . Metabolism
dehydrogenase synthesis, carbohydrate metabolism mambrane sperm
Glutathione S-transferase P Conjugation of re?duced glutgthlone, antl- Metabolism Cytoplasm
apoptotic, metabolism
Glutathione transferase omega-1 Glutath1one—transf§rase activity, Metabolism Cytoplasm Ubiquitous
metabolism
Haptoglobin Hemoglobin and iron binding protein Inflammation Secreted Liver, plasma
Heat shock 70 kDa protein Chaperone Chaperone Cytoplasm, melanosome Ubiquitous
Heat shock 70 kDa protein 1 Chaperone, anti-apoptotic Chaperone ER, mitochondrion, nucleus Testis
Heat shock protein HSP 90-alpha
Molecular chaperone, stress response Chaperone Cytoplasm, melanosome
Heat shock protein HSP 90-beta
Hemopexin Heme binding, iron recovery Transport Secreted Plasma, liver
Ig kappa chain C region
Immune response Immune response Extracellular

Ig mu chain C region

Heterotetramer of two type I and two type

Keratin, type I cytoskeletal 10 11 keratins, structural Structural
. Inhibition of thiol proteases and .
Kininogen-1 X . Coagulation
thrombocyte aggregation, coagulation
Leukocyte elastase inhibitor Regulates the activity qf neutrop hil Structural
proteases, protease inhibitor
L-lactate dehydrogenase B chain Pyruvate fermentation to lactate, oxidation Metabolism
reduction
Connections cytosceleton-plasma
Moesin membrane, leukocyte adhesion, receptor Structural
binding
Myosin light polypeptide 6 Regulatory light chain of myosin Signaling
Myosin regulatory light chain 2 Smooth muscle and nonmuscle cell Signaling

contractile activity, protein binding

Intermediate filament Suprabasal cell layers

Secreted Plasma
Cytoplasm
Cytoplasm
Cytoplasm, cytoskeleton, cell Ubiquitous

membrane

Myosin complex

Myosin complex

-84 -



6. Appendix

Biological

Protein Name Function Cellular Origin Tissue Specificity
Process
Myosin-9 Cytokinesis, cell shape, and specialized Structural Cytoplasm, myosin complex, Kidney, leucocytes
functions nucleus
Parvalbumin alpha Involved in musc!e r'elaxatlon, caleium- Signaling Others Muscle
binding
. . Adapter, response to oxidative stress, zinc- Heart, skeletal muscle, not
PDZ and LIM domain protein 1 binding Structural Cytoplasm, cytoskeleton PBMC
Peroxiredoxin-6 Redox regulation of the cell, lipid Metabolism Cytoplasm, Alysospme,
degradation cytoplasmic vesicle
. - . Transport of retinol from the liver,
Plasma retinol-binding protein interacts with transthyretin Transport Secreted
Plastin-2 Actin-binding protein, calcium-binding Structural Cytoplasm Spleen and cher tymph node-
containing organs
Pleckstrin Kinase C substrate of platelets, signaling Signaling Intracellular Platelets
Protein disulfide-isomerase A3
Rearrangement of -S-S- bonds in proteins, Lo
. . . Signaling ER lumen, melanosome
signal transduction, redox homeostasis
Protein disulfide-isomerase A6
Purine nucleoside phosphorylase  Glycosyltransferase, DNA modification Others Cytoplasm
Rab GDP dissociation inhibitor
beta Regulates the GDP/GTP exchange
reaction of most Rab proteins, protein Signaling Cytoplasm, membrane Ubiquitous
Rho GDP-dissociation inhibitor 1 transport, signal transduction
Serotransferrin Iron transport Transport Secreted Liver, plasma
Serum albumin Regulation of osmotic pressure, transport Transport Secreted Plasma
Serum amyloid P-component  Interaction with DNA, scavenger molecule Structural Secreted Serum, urine
T-complex protein 1 subunit beta Molecular chaperone Chaperone Cytoplasm
Transthyretin Thyroid hormone-binding protein Transport Secreted Liver, choroid plexus
Tropomyosin alpha-3 chain Muscle contraction, stabilizing Structural Cytoplasm, cytoskeleton Muscle
pomy P cytoskeleton, actin binding ytop > Y
Tropomyosin alpha-4 chain Muscle contraction, stabilizing Structural Cytoplasm, cytoskeleton Muscle
pomy P cytoskeleton, actin binding ytop el
Tubulin alpha-ubiquitous chain
. . Major constituent of microtubules, cell 1 . bul Spleen, thymus, immature
Tubulin beta chain motion, protein polymerization Structura Microtubule brain
Tubulin beta-1 chain
Vimentin Class-IIl intermediate filaments, host- Structural Intermediate filament Fibroblasts, lymphocytes
virus interaction
Vinculin Cell adhesion Structural Cytoplasm, cytoskeleton, cell Muscle
membrane
Vitamin D-binding protein Vitamin D bmdmg, PTCVC‘“S actin Transport Secreted
polymerization
Vitronectin Cell-to-substrate adhesion, protease- Inflammation Secreted Plasma
inhibiting activity
WD repeat protein 1 Disassembly of actin filaments Structural Cytoplasm, cytoskeleton
Zinc finger protein Cell shape, cytoskeleton Structural Cytoplasm, cytoskeleton
Blood plasma, seminal
Zinc-alpha-2-glycoprotein Stimulates lipid degradation Lipid Metabolism Secreted plasma, urine, saliva, sweat,

epithelial cells, liver

Details about proteins included into the plasma and PBMC database. Given is their function, cellular origin, tissue specificity

and involvement in biological processes according to SwissProt.
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Table 6-2 Identified proteins in the plasma database

Spot # SwissProt # Protein Name Score Sequence Coverage MW [kDa] pl
1 P02766 Transthyretin 96 55 16.0 5.4
2 P02753 Plasma retinol-binding protein 83 40 233 5.7
3 P02647 Apolipoprotein A-I 132 46 30.8 5.5
4 P02647 Apolipoprotein A-I 98 42 30.8 5.5
5 P02743 Serum amyloid P-component 87 31 25.5 6.1
6 P02647 Apolipoprotein A-I 79 36 30.8 5.5
8 P01834 Ig kappa chain C region 61 48 11.8 5.5
9 P01834 Ig kappa chain C region 88 80 11.8 5.5
10 P01834 Ig kappa chain C region 58 48 11.8 5.5
12 P00738 Haptoglobin 76 25 11.8 10.1
13 P06727 Apolipoprotein A-IV 209 49 454 5.2
14 043866 CD5 antigen-like 138 49 39.6 52
15 P02679 Fibrinogen gamma chain 164 56 52.1 53
16 P02679 Fibrinogen gamma chain 168 50 52.1 53
17 P02679 Fibrinogen gamma chain 73 39 52.1 53
19 P02765 Alpha-2-HS-glycoprotein 55 22 40.1 5.4

20 P02765 Alpha-2-HS-glycoprotein 80 22 40.1 5.4
21 P02765 Alpha-2-HS-glycoprotein 79 19 40.1 5.4
22 P02765 Alpha-2-HS-glycoprotein 70 22 40.1 5.4
23 P01011 Alpha-1-antichymotrypsin 115 33 47.8 5.2
24 P01011 Alpha-1-antichymotrypsin 139 41 47.8 5.2
25 P01011 Alpha-1-antichymotrypsin 146 40 47.8 5.2
26 P01011 Alpha-1-antichymotrypsin 106 45 47.8 5.2
27 PO1011 Alpha-1-antichymotrypsin 73 31 47.8 52
28 P01042 Kininogen-1 74 15 73.0 6.4
29 P01042 Kininogen-1 128 20 73.0 6.4
30 P01042 Kininogen-1 132 20 73.0 6.4
31 P01042 Kininogen-1 124 25 73.0 6.4
32 P01042 Kininogen-1 113 20 73.0 6.4
34 Q5JSPO Zinc finger protein 65 12 80.2 5.7
35 P01019 Angiotensinogen 70 15 53.4 5.9
36 P01019 Angiotensinogen 113 35 53.4 5.9
37 P01019 Angiotensinogen 85 18 53.4 5.9
38 P01008 Antithrombin-IIT 69 23 53.0 6.3
39 P01008 Antithrombin-IIT 149 35 53.0 6.3
40 P01009 Alpha-1-antitrypsin 196 46 46.9 5.3
41 P02774 Vitamin D-binding protein 116 33 54.5 53
42 P01009 Alpha-1-antitrypsin 216 44 46.9 5.3
43 P01009 Alpha-1-antitrypsin 311 62 46.9 5.3
44 P01009 Alpha-1-antitrypsin 74 27 46.9 5.3
45 P02774 Vitamin D-binding protein 161 39 54.5 53
46 P02774 Vitamin D-binding protein 259 49 54.5 53
49 P01019 Angiotensinogen 85 32 53.4 5.9
50 P01008 Antithrombin-IIT 148 40 53.0 6.3
51 P01008 Antithrombin-IIT 62 17 53.0 6.3
53 P04217 Alpha-1B-glycoprotein 81 25 54.8 5.5
54 P04217 Alpha-1B-glycoprotein 145 29 54.8 5.5
55 P04217 Alpha-1B-glycoprotein 164 29 54.8 5.5
56 P04217 Alpha-1B-glycoprotein 92 25 54.8 5.5
57 P02790 Hemopexin 131 37 52.4 6.6
58 P02790 Hemopexin 138 38 52.4 6.6
59 P02790 Hemopexin 115 31 52.4 6.6
60 P02790 Hemopexin 90 30 524 6.6
61 P02790 Hemopexin 94 29 524 6.6
62 P02790 Hemopexin 60 22 524 6.6
63 P02768 Serum albumin 274 44 71.3 5.9
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Spot # SwissProt # Protein Name Score Sequence Coverage MW [kDa] pl
64 P02768 Serum albumin 143 39 713 5.9
65 P02768 Serum albumin 229 35 713 5.9
66 P02790 Hemopexin 101 24 52.4 6.6
67 P02768 Serum albumin 235 37 713 5.9
68 P02768 Serum albumin 269 51 713 5.9
69 P04003 C4b-binding protein alpha chain 105 27 69.0 7.9
70 P06396 Gelsolin 117 30 86.0 5.9
71 P00751 Complement factor B 65 15 86.8 6.7
72 P00751 Complement factor B 93 20 86.8 6.7
73 P00751 Complement factor B 70 23 86.8 6.7
74 P00751 Complement factor B 75 16 86.8 6.7
75 P02749 Beta-2-glycoprotein 1 99 35 39.6 9.5
76 P02749 Beta-2-glycoprotein 1 62 33 39.6 9.5
77 P02675 Fibrinogen beta chain 56 11 56.6 9.3
78 P02749 Beta-2-glycoprotein 1 122 42 39.6 9.5
79 P02675 Fibrinogen beta chain 143 36 56.6 9.3
80 P02675 Fibrinogen beta chain 179 45 56.6 9.3
81 P02790 Hemopexin 92 28 524 6.6
82 P04003 C4b-binding protein alpha chain 91 30 69.0 7.9
83 P01871 Ig mu chain C region 93 23 50.2 6.4
84 P02787 Serotransferrin 161 22 79.3 7
85 P02787 Serotransferrin 229 36 79.3 7
86 P02787 Serotransferrin 89 22 793 7
88 P09871 Complement Cls subcomponent 137 33 78.2 4.7
90 P43652 Afamin 71 21 71.0 5.6
91 P43652 Afamin 124 18 71.0 5.6
92 P43652 Afamin 127 30 71.0 5.6
93 P02774 Vitamin D-binding protein 220 48 54.5 5.3
95 P13671 Complement component C6 109 15 108.4 6.3
96 P13671 Complement component C6 123 18 108.4 6.3
97 P13671 Complement component C6 93 19 108.4 6.3
98 P04004 Vitronectin 56 17 55.1 5.5
99 P04004 Vitronectin 91 23 55.1 5.5
100 P25311 Zinc-alpha-2-glycoprotein 90 27 34.1 5.5
104 P00738 Haptoglobin 130 25 459 10.1
105 P25311 Zinc-alpha-2-glycoprotein 71 28 34.1 5.5
106 P25311 Zinc-alpha-2-glycoprotein 197 50 34.1 5.5
108 P00738 Haptoglobin 63 18 459 10.1
109 P06727 Apolipoprotein A-IV 229 52 454 52
112 P00738 Haptoglobin 73 23 459 10.1
113 P02748 Complement component C9 124 28 64.6 53
114 P02748 Complement component C9 145 25 64.6 53
115 P01871 Ig mu chain C region 139 23 50.2 6.4
116 PO1871 Ig mu chain C region 121 23 50.2 6.4
117 PO1871 Ig mu chain C region 121 30 50.2 6.4
118 PO1871 Ig mu chain C region 106 31 50.2 6.4
119 PO1871 Ig mu chain C region 139 23 50.2 6.4

Data from analysed and identified protein spots of plasma including SwissProt identification, MASCOT score (scores above

54 are significant), sequence coverage and the theoretical molecular weight and isoelectric point.
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Table 6-3 Identified proteins in the PBMC database

Spot # SwissProt # Protein Name Score Sequence Coverage MW [kDa] pl
1 P18206 Vinculin 228 32 124.29 5.4
2 P06396 Gelsolin 124 27 86.04 5.86
3 P06396 Gelsolin 140 23 86.04 5.86
4 P00488 Coagulation factor XIII A chain 136 32 83.73 5.7
5 P02768 Serum albumin 214 45 71.32 5.9
6 P02768 Serum albumin 366 50 71.32 5.9
7 P02768 Serum albumin 294 50 71.32 5.9
8 P02768 Serum albumin 116 30 71.32 5.9
12 P02787 Serotransferrin 222 38 79.28 7
13 P02787 Serotransferrin 166 27 79.28 7
14 P26038 Moesin 67 20 67.89 6
15 P02787 Serotransferrin 185 31 79.28 7
16 P02787 Serotransferrin 151 25 79.28 7
17 P26038 Moesin 93 15 67.89 6
18 P11142 Heat shock 70 kDa protein 104 24 71.08 52

20 P08107 Heat shock 70 kDa protein 1 138 25 70.28 54
23 P30101 Protein disulfide-isomerase A3 185 41 57.146 59
25 P02679 Fibrinogen gamma chain 177 47 52.11 53
26 P02679 Fibrinogen gamma chain 149 56 52.11 53
27 P61158 Actin-like protein 3 197 46 47.8 5.5
28 P60709 Beta-actin 139 44 42.05 52
29 P63261 Gamma-actin 135 46 42.11 5.2
30 P60709 Beta-actin 111 42 42.05 52
31 P06727 Apolipoprotein A-IV 194 50 45.37 52
32 P02679 Fibrinogen gamma chain 201 54 52.11 53
33 P30101 Protein disulfide-isomerase A6 193 50 48.49 4.8
35 P07437 Tubulin beta chain 199 49 50.1 4.6
36 P01009 Alpha-1-antitrypsin 190 38 46.88 53
37 P01009 Alpha-1-antitrypsin 124 26 46.88 53
38 P11021 78 kDa Glucose-regulated protein 115 28 724 4.9
42 P62258 14-3-3 Protein epsilon 102 32 29.33 4.6
43 P67936 Tropomyosin alpha-4 chain 147 44 28.62 4.5
44 P06753 Tropomyosin alpha-3 chain 73 20 32.86 4.5
46 P61981 14-3-3 Protein gamma 76 46 28.46 4.7
47 P31946 14-3-3 Protein zeta/delta 56 18 279 4.6
48 P63104 14-3-3 Protein zeta/delta 142 56 279 4.6
49 P60709 Beta-actin 90 29 42.05 52
50 P63261 Gamma-actin 120 38 42.11 5.2
51 000299 Chloride intracellular channel protein 1 160 60 27.25 4.9
53 P02647 Apolipoprotein A-I 118 42 30.76 5.5
54 P02647 Apolipoprotein A-I 173 54 30.76 5.5
55 P19105 Myosin regulatory light chain 2 54 40 19.84 4.5
56 P19105 Myosin regulatory light chain 2 63 50 19.84 4.5
59 P60660 Myosin light polypeptide 6 65 33 17.09 4.4
61 P02647 Apolipoprotein A-I 135 45 30.76 5.5
62 P09211 Glutathione S-transferase P 60 38 23.57 53
64 P78417 Glutathione transferase omega-1 61 16 27.83 6.3
67 P30041 Peroxiredoxin-6 147 61 25.13 6

68 P47756 F-actin capping protein subunit beta 137 42 31.62 52
69 P07195 L-lactate dehydrogenase B chain 126 35 36.9 5.7
70 P47755 F-actin capping protein subunit alpha-2 138 55 33.16 5.5
73 P52907 F-actin capping protein subunit alpha-1 102 41 33.07 5.4
75 P02768 Serum albumin 164 44 71.32 59
76 P02768 Serum albumin 190 24 71.32 5.9
77 P02768 Serum albumin 76 22 71.32 5.9
78 P08567 Pleckstrin 82 32 40.47 9.3
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Spot # SwissProt # Protein Name Score Sequence Coverage MW [kDa] pl
79 Q9ULV4 Coronin-1C 73 18 53.9 6.7
80 P08567 Pleckstrin 73 32 40.47 9.3
83 P30740 Leukocyte elastase inhibitor 107 30 42.83 59
87 P35579 Myosin-9 84 7 227.65 5.4
88 P61160 Actin-like protein 2 137 38 45.02 6.3
89 000151 PDZ and LIM domain protein 1 136 43 36.51 6.6
90 P26641 Elongation factor 1-gamma 91 16 50.43 6.3
92 P50395 Rab GDP dissociation inhibitor beta 237 56 51.09 10.1
93 P31146 Coronin-1A 65 18 51.68 6.3
95 P78371 T-complex protein 1 subunit beta 130 30 57.79 6
96 P78371 T-complex protein 1 subunit beta 113 31 57.79 6
100 P02675 Fibrinogen beta chain 185 50 56.58 9.3
101 P02768 Serum albumin 74 15 71.32 5.9
102 P02675 Fibrinogen beta chain 216 43 56.58 9.3
103 P02675 Fibrinogen beta chain 197 42 56.58 9.3
105 075083 WD repeat protein 1 143 34 66.84 6.2
106 075083 WD repeat protein 1 119 35 66.84 6.2
109 P02766 Transthyretin 58 32 15.99 5.4
110 P20472 Parvalbumin alpha 59 52 12.05 4.8
111 015511 Actin-related protein 2/3 complex subunit 5 59 45 16.37 5.3
117 P08670 Vimentin 133 38 53.68 4.9
118 P08670 Vimentin 125 37 53.68 49
119 P68363 Tubulin alpha-ubiquitous chain 90 31 50.8 4.8
120 P02768 Serum albumin 221 47 71.32 5.9
121 P02768 Serum albumin 190 48 71.32 5.9
122 P02768 Serum albumin 280 47 71.32 5.9
123 P02768 Serum albumin 166 40 71.32 5.9
125 P02751 Fibronectin 83 7 266.03 5.4
126 P02751 Fibronectin 71 6 266.03 5.4
127 P02751 Fibronectin 65 5 266.03 5.4
129 P11413 Glucose-6-phosphate 1-dehydrogenase 133 33 59.68 6.4
130 P11413 Glucose-6-phosphate 1-dehydrogenase 136 31 59.68 6.4
131 P13645 Keratin, type I cytoskeletal 10 56 15 59.71 5
132 P52565 Rho GDP-dissociation inhibitor 1 89 31 23.25 4.9
145 P78417 Glutathione transferase omega-1 110 43 27.83 6.3
146 P00491 Purine nucleoside phosphorylase 129 52 32.33 6.5
147 P00491 Purine nucleoside phosphorylase 179 65 32.33 6.5
149 P13796 Plastin-2 206 43 70.82 10.1
154 P60842 Eukaryotic initiation factor 4A-I 96 31 46.35 52
156 QY9H4B7 Tubulin beta-1 chain 86 36 50.87 4.9
157 QY9H4B7 Tubulin beta-1 chain 120 24 50.87 4.9
158 P68363 Tubulin alpha-ubiquitous chain 108 35 50.8 4.8
160 QY9H4B7 Tubulin beta-1 chain 153 40 50.87 4.9
161 P02768 Serum albumin 128 25 71.32 5.9
167 P02768 Serum albumin 108 37 71.32 5.9
168 P02768 Serum albumin 176 33 71.32 5.9
170 P12814 Alpha-actinin-1 102 16 103.56 10.1
173 P08238 Heat shock protein HSP 90-beta 104 23 83.55 4.8
174 P07900 Heat shock protein HSP 90-alpha 193 35 85.01 4.8
175 P12814 Alpha-actinin-1 391 56 103.56 10.1
176 P12814 Alpha-actinin-1 257 48 103.56 10.1
177 P12814 Alpha-actinin-1 133 26 103.56 10.1
178 P12814 Alpha-actinin-1 96 12 103.56 10.1
179 P12814 Alpha-actinin-1 54 9 103.56 10.1

Data from analysed and identified protein spots of PBMC including SwissProt identification, MASCOT score
(scores above 54 are significant), sequence coverage and the theoretical molecular weight and isoelectric point.

-89 -



6. Appendix

Table 6-4 Characteristics of the 11 volunteers included into the trial

Age Height Weight BMI Creatinine
Volunteer [yefrs] [mg] [kgg] [kg/em2] Sports/Week [mg/dl]
1 27 1.8 87 26.85 6-7 hrs 0.97
2 29 1.73 62 20.72 - 0.87
3 25 1.76 65 20.98 4-5 hrs 0.86
4 27 1.77 72 22.98 - 1.1
5 18 1.8 66 20.37 11 hrs 0.92
6 26 1.76 70 22.60 - 0.96
7 25 1.85 102 29.80 7 hrs 0.93
8 30 1.88 77 21.79 1h 0.86
9 46 1.67 89 31.91 1h 0.71
10 26 1.77 76 24.26 - 0.88
11 41 1.88 75 21.22 - 0.92

Table 6-5 Regulated spots in plasma during the baseline of the trial

Label 10 e MU Yol Corfenof o Solume Cofeentor e g
ID128196 106 0.15 15.83 0.37 46.44 2.55 99.89
1D128243 n.n. 0.06 34.60 0.03 47.84 0.48 99.87
ID128266 n.n. 0.06 38.37 0.03 46.43 0.47 99.79
ID128147 12 0.19 31.70 0.09 39.89 0.45 99.98
Label 10 e M Yol Corfenof o Salume Cofeentol e g
ID127825 55 0.21 71.56 0.48 12.41 2.25 99.99
1ID128001 46 1.11 36.08 0.55 70.54 0.50 99.20

List of regulated spots in plasma during the baseline (BL2 + BL3 vs. BL1) in the trial. Labels are given in the Delta2D
software as well as mean volumes and coefficients of variation. IDs are derived from the PBMC database. All values are

derived from 10 gels for each time point (1 gel for each volunteer). n.n.: protein could not be identified.

Table 6-6 Regulated spots in plasma during the high-protein intake phase of the trial

Mean Volume Coefficient of Mean Volume Coefficient of

Label ID Database BL Var. BL HP1 Var. HP1 Ratio HP1/BL  t-Test
ID127793 9 0.04 53.64 0.08 72.11 2.10 99.79
ID127837 58 0.19 115.20 0.39 89.91 2.09 96.02
ID127750 86 0.21 74.85 0.44 46.76 2.04 99.86

Label  ID Database Mea“BVL"'“me C"f,faﬁrc_ig: of Mea';l‘lig'“me C‘{f:ffi}‘l"l;tz"f Ratio HP2/BL  t-Test
ID127750 85 021 74.85 0.84 35.29 3.94 100.00
ID127945 78 0.03 100.06 0.11 166.16 3.89 97.33
ID127821 60 0.23 81.33 0.63 39.25 2.74 100.00
ID128186 105 0.36 89.05 0.84 54.39 230 99.87
ID127689 7 0.57 28.65 0.24 68.20 0.43 100.00

List of regulated spots in plasma during the high-protein phase (HP1 + HP2 vs. BL) in the trial. Labels are given in the
Delta2D software as well as mean volumes and coefficients of variation. IDs are derived from the PBMC database. All
values are derived from 10 gels for HP1 and HP2 and 30 gels for BL (1 gel per volunteer for each time point; BL1 + BL2 +
BL3 taken together as BL).
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Table 6-7 Regulated spots in plasma during the wash-out phase of the trial

Mean Volume Coefficient of Mean Volume Coefficient of

Label ID Database BL Var. BL WOl Var. WOI1 Ratio WO1/BL  t-Test
1D128048 45 0.24 109.92 0.54 33.08 2.28 99.81
1D128635 4 0.09 81.57 0.18 58.90 2.05 99.54

List of regulated spots in plasma during the wash-out period (WO1 vs. BL) in the trial. Labels are given in the Delta2D
software as well as mean volumes and coefficients of variation. IDs are derived from the PBMC database. All values are
derived from 10 gels for WO1 and 30 gels for BL (1 gel per volunteer for each time point; BL1 + BL2 + BL3 taken together
as BL).

Table 6-8 Regulated spots in PBMC during the baseline period of the trial

Mean Volume Coefficient of Mean Volume Coefficient of Ratio

Label ID Database BLI Var. BL1 BL2 Var. BL2 BL2/BL1 t-Test

D802 nn. 0.16 32.03 035 56.41 2.16 97.32
Mean Volume Coefficient of Mean Volume Coefficient of Ratio

Label ID Database BL1 Var. BL1 BL3 Var. BL3 BL3/BL1 t-Test

ID1014 . 0.03 39.09 0.01 52.04 0.48 99.03

ID1027 n.n. 0.04 33.48 0.02 87.88 0.48 97.79

List of regulated spots in PBMC during the baseline (BL2 + BL3 vs. BL1) in the trial. Labels are given in the Delta2D
software as well as mean volumes and coefficients of variation. IDs are derived from the PBMC database. All values are

derived from 10 gels for each time point (1 gel for each volunteer). n.n.: protein could not be identified.

Table 6-9 Regulated spots in PBMC during the high-protein intake phase of the trial

Mean Volume Coefficient of Mean Volume Coefficient of

Label ID Database BL Var. BL HP1 Var. HP1 Ratio HP1/BL  t-Test
D343 149 0.09 40.01 0.28 37.01 2.98 100.00
ID1124 nn, 0.15 41.26 0.43 38.34 2.8 100.00
ID154 176 0.04 52.89 0.10 7851 2.46 99.77
ID1052 49 0.13 55.41 0.30 53.43 236 99.98
Label  ID Database " e yolume Coeflicientol Mean Volume Coofficlent of patio HP2/BL  t-Test
D658 nn. 0.05 81.00 0.10 3835 213 99.75
D763 75 037 46.68 0.17 42.68 0.45 99.61

List of regulated spots in PBMC during the high-protein phase (HP1 + HP2 vs. BL) in the trial. Labels are given in the
Delta2D software as well as mean volumes and coefficients of variation. IDs are derived from the PBMC database. All
values are derived from 10 gels for HP1 and HP2 and 30 gels for BL (1 gel per volunteer for each time point; BL1 + BL2 +
BL3 taken together as BL). n.n.: protein could not be identified.
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Table 6-10 Regulated spots in PBMC during the wash-out phase of the trial

Mean Volume Coefficient of Mean Volume Coefficient of

Label ID Database BL Var. BL WOl Var. WOI1 Ratio WO1/BL  t-Test
D276 3 021 51.50 0.48 37.74 226 100.00
1D248 2 0.06 56.40 0.13 43.61 2.10 99.96
D802 n.n. 0.27 61.34 0.57 76.32 2.09 99.02
D848 89 0.18 64.35 0.36 15.14 2.01 99.99
ID1052 49 0.13 55.41 0.06 64.03 0.49 98.34
D428 . 0.22 51.03 0.11 53.11 0.47 99.28
D475 130 0.32 72.72 0.10 37.39 0.30 99.09
D462 n.n. 0.41 73.17 0.12 31.99 0.30 99.07
Label  ID Database Mea“BVL"l“me C“{’,faﬁrc.i;“; of Meai‘v‘(;"zl“me C{’,‘;ffc‘i:,‘gz"f Ratio WO2/BL  t-Test
ID1031 50 0.12 96.52 0.24 71.72 207 96.91
D475 130 0.06 82.57 0.02 44.77 037 95.24

List of regulated spots in PBMC during the wash-out period (WO1 + WO2 vs. BL) in the trial. Labels are given in the
Delta2D software as well as mean volumes and coefficients of variation. IDs are derived from the PBMC database. All
values are derived from 10 gels for WO1 and WO2 and 30 gels for BL (1 gel per volunteer for each time point; BL1 + BL2 +
BL3 taken together as BL). n.n.: protein could not be identified.

Table 6-11 Identification of regulated protein spots in PBMC not listed in the database

SpotID  SwissProt # Protein Name Score Sequence Coverage MW [kDa] pl
ID343 P20700 Lamin-B1 150 40 66.65 5.1
ID1124 P60709 Beta-actin 72 16 42.05 5.2
ID658 P61163 Alpha-centractin 85 5 42.70 6.4
D802 psol4g ~ Juanine nucleotide-binding 43 41.00 5.0
protein
D428 P02768 Serum albumin precursor 163 36 71.32 5.9
1D462 P02675 Fibrinogen beta chain 83 26 56.6 9.3

Mass spectrometric analysis of regulated spots in PBMC during the protein intervention study. Analysis was undertaken
using MALDI-TOF-MS/MS, spots are identified at least 3 times. Given is the spot ID from the Delta2D analysis, the
SwissProt ID, the protein name, score, sequence coverage and theoretical molecular weight and pl as found in the MASCOT

database.
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Table 6-12 Plasma amino acids in the trial

Analyte BLI1 BL2 BL3 HP1 HP2 wol wo2 HP vs. BL
Mean+SD Mean+SD Mean+SD MeanxSD Mean=SD Mean+SD Mean = SD p-Value
L-Glutamine  613.1+£59.0 630.5+534 5956+63.1 606.5+61.3 581.5+747 587.7+469 612.8+44.7 0.253
L-Alanine 336.1+£734 32924785 3354+812 346.5+652 331.0+584 356.1+69.7 3563 +52.8 0.757
Glycine 2189+5.02 21594231 20734439 1724°£20.0 164.0°421.1 2092+151 22804356  <0.001
L-Valine 2269+ 7.07 227.6+260 2144+23.0 269.9°+21.1 266.5°+323 22124240 2163+17.1  <0.001
L-Lysine 163.8+3.04 15414241 1459+23.0 179.6°+27.1 161.7+19.0 1453+18.0 148.5+20.0 0.028
L-Proline 186.5+358 201.1+60.7 207.3+62.5 3153°+88.6 243.0°+£49.0 172.1+369 1835370  <0.001
L-Threonine  121.7+1.07 1152+11.0 113.5£19.0 1150+19.0 9274150 1113+80 126.0+22.1 0.010
L-Leucine 1341210 12104448 1268+19.0 1349+140 1376160 133.7+12.1 1294=12.1 0.253
L-Serine 113.0£377 102.5+18.0 107.8+41.9 82.7°+9.1 762°+£10.0 944+14.1 99.0=15.1 0.002
L-Histidine ~ 83.80+1.10 80.03+1.05 74.82+9.09 76.64+1.06 72.28°+8.09 7485+1.06 7844+1.10 0.023
L-Ornithine ~ 90.52+6.08 6249+ 1.10 69.15+9.54 59.78+5.04 5345°+1.09 56.67°%1.08 54.58°+1.09  0.002
L-Asparagine  63.05+7.03 60.71+1.08 5823+1.09 5241°+9.11 49.94°+1.10 72.02°+1.03 68.63*+0.10  <0.001
L-Isoleucine 6848+ 1.09 69.13+1.06 66.96+1.12 67.84+1.06 7531+1.10 7538+ 1.06 69.76+ 1.08 0.162
L-Cystine 7927+ 1.12 84.63+3.01 8270+1.12 90.08+526 8425+1.11 8636+1.12 91.57°+1.12  0.028
Taurine 52254209 4739+£1.05 49.57+7.68 43.48+1.06 38.89°+1.07 43274106 48.86+1.09 0.009
L-Tyrosine  63.50%525 61.09+1.05 6450+3.96 6823+1.11 61.59+1.09 6127+1.07 6625+ 1.10 0.489
L-Phenylalanine 6134+2.12 61.46+1.08 6048+1.12 59.60+1.10 57.85+1.10 58.72+1.08 6138+ 1.11 0.162
L-Arginine 49794590 70.75+395 5855+538 66474677 62.68+4.74 6499+494 7268 +£324 0253
L-Tryptophane ~ 5320+7.03 50.52+1.05 51.40+1.06 50.58+1.06 47.87+1.07 52.04+1.06 52.25+1.06 0.162
B-Alanine 2445+£500 2225+1.03 24.88+1.03 2536+ 1.03 26.18+3.05 28.38°+£4.08 26.70+1.06 0.162
L-Citrulline ~ 29.37+1.05 29.90+1.04 28.05+1.06 3122+1.03 31.70+1.04 27.54+1.04 30.59+ 1.04 0.013
L-Methionine 2655+ 1.04 2539+101 23.66+1.04 23.62+1.02 2045+1.02 18.87°+1.01 19.63°+1.02  0.003
L-Glutamicacid ~ 26.76 +4.47 23.19+4.79 28414558 2926+3.84 282440094 2845+8.63 27.33+6.88 0.348
Lﬁ“@ﬁi’&" 1856+ 1.05 17.62+6.00 13.99+1.02 16.03+1.03 1993+1.04 17.22+1.05 17.74+1.02 0.368
Ethanolamine  9.10+1.07 1.08+0.75 1.08+094 1.07°+£1.02 1.07°+1.01 1.08+0.52  9.03+0.97 0.002
Hydroxyproline ~ 8.02+1.01  1.10£1.04 1.06+1.01 107101 1.10£1.04 108+1.02 1.10+1.05 0.520
1}1\[/{:3;{11; 1.05+1.03 800+1.08 1.04+1.02 1.01£050 401+£1.02 1.05+£1.04 1.04=1.03 0.084
33’{::&{5 1.04£094 1.04£0.66 1.03£0.62 103£082 103101 104£1.00 104+ 1.04 0.018
e(t)hzrlllglsﬂ?ne 1.02+£1.10  1.02£049 1.02+£1.01 1.02+£065 1.01£0.77 1.02£031 1.02+0.76 0.061
TAMINO-N- )L g gg 084+0.74  023+0.18  1.01£078 101£041  1.01£025  1.01£0.78 0.078
Butyricacid
Sarcosine 1014033  1.01£027 1.01+098 1.01°£1.01 1.01°£099 1.01=£071  1.01+043 0.977
Cystathione 1.01+042 2074061 1.01+046 101+056 1.01°+048 1.01°+£0.52 1.08°+024  <0.001
L-Asparicacid ~ 4.04+1.04 1.01+0.54 1.04+7.04 1.02+£0.69 1.02+1.00 1.01+0.54 2.07+0.64 0.385
ng‘égl‘;g:;‘(’i' 0.62+056 1.00=0.56 0.53+0.50 1.01+046 1.01+034 1.01£032 1.12£0.20 <0.001
DL-B-Amino- )4 690 101£1.00 0874081 1.01£052 1014035 1.01£054 1.01+0.52 0.977
Isobutyricacid

Amino acids in plasma measured with LC-MS/MS. Mean values of the 10 volunteers and the standard deviation are given in

pmol/l. The p-value is given for the high-protein time points compared to the baseline based on ANOVA analysis. Values

with superscripts ¢

a,b,c)

group (BL1+BL2+BL3). n.n.: amino acid concentration below the detection limit (<1 pmol/l).
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Table 6-13 Urinary amino acids in the trial

BL1 BL2 BL3 HP1 HP2 WO1 w02 HP vs. BL
Mean+SD Mean+SD Mean+SD Mean+=SD Mean+SD Mean+SD Mean=SD p-Value

Analyte

L-Glutamine ~ 0.78%+0.39 073023 074+0.17 055 +0.13 054°+0.11 068+0.18 0724025  0.003

L-Alanine 032+0.13 038+0.18 040+0.13 030+0.11 027+0.11 039+0.15 046+024  0.058
Glycine 1.01+1.06 1.01+£094 1.01+£0.60 1.01+058 1.05°+049 1.01+0.61 1.01+£048  0.024
L-Valine 007+£0.03 0.06+0.02 007+002 0.06+0.01 007001 0.06+0.02 0.06+0.0l 0.551
L-Lysine 0.11+£0.06 0.14+0.09 0.10+0.05 0.09+0.05 0.08+0.03 0.10£0.05 0.10+0.05 0034
L-Proline 0.01£0.00 0.01£000 001£000 001000 001000 001000 0.01£0.01 0.102
L-Threonine ~ 0.184£0.07  0.17+0.08 0.17+0.06 0.14+£0.04 0.11°£0.03 0.16+0.04 0.18+0.07  0.024
L-Leucine 0.05+0.03 0054001 0.05+001 0.04°+0.01 0.05+001 0.05+0.02 0.04+0.0l 0.073
L-Serine 0.65+035 057+0.14 0.60+0.16 041°+0.12 037°+008 0.54+0.14 058+0.17  0.003

L-Histidine 1.0140.56  1.01+£0.50 1.09+033 096+034 090+024 1.01+0.35 1.04+£042  0.041
L-Omithine  0.02£0.01 0.02+0.01 002+0.00 002001 0.01°+0.00 0.02+0.00 0.02+001 0014
L-Asparagine ~ 0.17£0.07 0.18+0.10 0.15£0.03 0124003 0.17+0.05 0.18+£0.05 0.17+0.07  0.845
LIsoleucine ~ 0.02+£0.01  0.02+0.00 002+001 0.02+0.00 002001 0.02+001 002+001 0326
L-Cystine 0.15+0.08 0.14+0.03 0.16+0.03 0.11°+0.02 0.10°+0.03 0.17+0.06 0.16£0.05  0.005
Taurine 050038 0.76£0.73 0.78+0.55 054040 058023 058026 0.54+0.41 0.532
L-Tyrosine 0.16+£0.06 0.14+0.04 0.16+004 0.15+0.04 013£002 0.15+004 016004 0326
L-Phenylalanine  0.10=0.03  0.10=0.03  0.11+0.03 0.08=0.02 007°£0.02 0.10%0.03 010004  <0.001
L-Arginine 0.04+0.02 0.04+0.04 004+001 0.05+0.03 003+0.01 0.04+0.02 004+002  0.597
L-Tryptophane ~ 012%0.05  0.10+0.03  0.12+0.03 0.09°%0.02 008%0.02 011003 011003  0.005

D,L-B-Aminp- 0.17+0.19 0.18+0.21 0.13£0.14 0.09+£0.05 0.13+£0.13 0.18+£0.20 0.22+0.32 0.447
isobutyricacid

L-Citrulline  0.01£0.00 0.01£0.00 0.01+0.00 0.00+0.00 000000 0.01+£0.00 001+0.00  0.130
L-Mecthionine ~ 0.02+0.01  0.02+0.01 003+0.01 0.03+0.01 0.01°:0.00 0.01°£0.00 0.01°+0.00  0.001
L-Glutamicacid ~ 0.02+0.01  0.02+0.01 0.03+0.01 0.02°+0.00 0.02°+0.00 0.03+0.01 0.02+0.01 0.014

L-a-Amino-n-— 05 902 0.02+001 001001 001001 0.02+001 0.02+001  0.02=0.00 0.678

Butyricacid
Ethanolamine ~ 0.69+0.28 0.66+0.12 0.79+0.18 046°+0.13 044°£0.11 0.71£020 0.76+0.23 <0.001
Arginino- 0.05+0.02 004+001 0.05+002 003*+001 003°+0.01 004001 0.04+0.01 0.003
succiniacid
I-Methyl-L- - 1012100 1.01+1.01 078+071 0.09+0.07 036024 077+0.72 044+035  0.144
Histidine
3-Methyl-L- 0.40+0.11 047+0.11 045+0.08 033+£0.09 034°£0.07 0.51°+£0.15 0.43+0.10 0.001
Histidine
o-Phospho- 0.07+0.05 0.07+0.02 0.08+0.04 0.04°+0.01 0.04°+0.02 0.07+0.02 0.07+0.04 0.002
ethanolamine
y-Amino-n- 0.01£0.00 0.01+0.00 0.01£0.00 0.01+0.00 0.01+0.00 0.01°£0.00 0.01+0.00 0.120
Butyricacid

L-Carnosine 0.04+0.02 0.08+0.07 0.03+£0.01 0.03+0.02 003003 0.04+0.03 0.03+0.01 0.845
L-Asparicacid 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.678
Cystathione 0.07+0.06 0.04+001 0.04£0.03 0.03+002 004001 004001 0.05+0.04 0.878
L-o-Amino-
adipicacid
Homocitrulline  0.04+£0.03  0.06+0.04 0.04+0.02 0.04+0.03 0.03+£0.02 0.03+0.02 0.03+0.02 0.539
5-Hydroxylysine 0.01+0.00  0.01+0.01  0.01+0.00 0.00+£0.00 0.01+0.00 0.01+0.01 0.01+0.00 0.539

0.05+0.03 0.05+0.04 0.04+0.02 0.06£0.02 0.06+0.02 0.05+0.01 0.03+0.01 0.024

Amino acids in urine corrected by osmolarity measured with LC-MS/MS. Mean values of the 10 volunteers and the standard
deviation are given in mM/(Osm/kg). The p-value is given for the high-protein time points compared to the baseline based on

(a,b,c)

ANOVA analysis. Values with superscripts indicate significant differences (* p<0.05, ® p<0.01, ©p<0.001) of the group

compared to the baseline group (BL1+BL2+BL3). n.n.: amino acid concentration below the detection limit (<1 pmol/l).
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