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1 INTRODUCTION 

Proteomics is currently well-established method of bioscience. Basically, proteomics allows 

studying proteins in detail or in large scale identification experiments. Both approaches 

have their substantial merits. Knowledge of detailed protein properties is essential in 

deciphering protein function, activity or in description of protein inhibition by various 

drugs. Second approach, large scale analysis relies on broad knowledge of proteins, based 

both on experimental evidence of protein or genome sequencing and translation. This 

approach allows us to determine changes in single proteins, but as well to describe protein 

groups involved in particular processes. Those approaches are depending on each other. To 

be able to perform large scale analysis, we have to have enough information about 

particular proteins. And to study protein in detail, we have to have information about 

protein itself, about its localization and function in the cell. 

Proteomics thus needs precise methods to separate, identify, sequence and describe 

proteins. Protein separation relies mainly on precipitation, affinity-based, electrophoretic 

or chromatographic methods. Separated proteins could be identified by specific antibody, 

by enzyme assay or by mass spectrometry. Protein sequence is important mainly for mass 

spectrometry (MS) identification and molecular modeling of protein structure. It could be 

determined by Edman sequencing or by MS approaches like de-novo sequencing. Further 

description of proteins could be done by elucidation of structure by X-ray crystallography, 

role in the cell by knock-out/overexpression experiments, description of binding factors by 

affinity purification and so on. Proteomics is thus very broad and complex method and it is 

difficult to cover all mentioned methods together. In this thesis, first mentioned methods – 

protein separation, identification and in limited extent as well sequencing will be discussed. 

All those steps are covered in current “shotgun” proteomics approach focusing on 

identification of as broad part of the sample proteome as possible. 

This thesis is focused on human proteomics. Two projects using MS and antibody based 

methods for qualitative and quantitative protein analysis will be discussed in the 

experimental part.  
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1.1 Protein separation methods 

Proteins in the cell or in serum represent a mixture which is complicated to analyze without 

any separation. There is a big number of proteins – about 10,000 different proteins in the 

cell and very broad concentration range – seven orders of magnitude in the cell and even 

ten to twelve orders of magnitude in the plasma [1]. The newest mass spectrometers are 

available to analyze samples up to six orders of magnitude [2] of concentration range. A 

good separation method is thus needed to separate and concentrate proteins of interest. 

This will reduce this concentration range and will increase probability of successful protein 

detection. Since each of methods discussed further has different drawbacks, it is beneficial 

to combine multiple separation methods for further extension of protein detectability. The 

most important separation methods in proteomics are electrophoresis and 

chromatography. Those methods are applied most often, but in certain cases it is useful to 

use other methods, like a protein precipitation or affinity chromatography.   

1.1.1 Electrophoretic methods 

Protein electrophoresis is a set of diverse methods based on protein mobility in electric 

field. It varies from starch or paper electrophoresis, gel electrophoresis used in clinical 

biochemistry to a set of currently used scientific electrophoretic methods. Basic 

electrophoretic methods used in current science are mainly gel based like native 

electrophoresis [3], isoelectric focusing [4], capillary electrophoresis [5] or most widely 

used denaturation electrophoresis using sodium dodecyl sulphate and polyacrylamide gel 

(SDS-PAGE) [6]. 

1.1.1.1 SDS-PAGE 

SDS-PAGE electrophoresis (Figure 1) is currently the most often used electrophoretic 

method which allows protein separation according to molecular weight. Electrophoretic 

migration is in principle dependent on protein mass, charge and shape. In SDS-PAGE, 

charge and shape are reduced to uniform level by protein denaturation - proteins are 

denatured by SDS and heating prior gel loading and both gel and electrode buffer contains 

SDS [6]. This step destroys secondary structure of protein. Proteins are thus reduced to 

detergent coated linear form with uniform SDS to protein ratio about 1.4 to 1. Denaturation 

reduces different charges and shapes and makes electrophoretic separation dependent on 

protein molecular weight only [7]. Molecular weight determination accuracy is further 

increased by introducing two-gel system. This system consists from less dense stacking gel 
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and more dense separation gel. Those gels are prepared using buffers containing Tris-HCl 

and glycine with different pH. This pH difference together with stacking/separation gel 

boundary has key effect to protein band width and thus mass accuracy. pH of electrode 

buffer is 8.3 and glycine is negatively charged in this condition. When electric current is 

applied, glycine travels together with chloride ions into stacking gel, where pH is 6.8. At this 

pH, glycine becomes uncharged and starts to migrate slowly. Chloride anions, on the other 

side, hold their charge and migrate still with the same speed. Glycine and chloride creates 

this way a thin boundary of migrating ions in the stacking gel. Speed of protein migration is 

in the middle between chlorides and glycine and proteins are forced to migrate in this thin 

boundary. Situation will change in the moment, when proteins reach separation gel with pH 

8.8. Glycine becomes anion again and boundary with chlorides is abolished. Proteins will 

further focus on the border of separation gel just because of higher density and bigger 

resistance of the separation gel. Low density of stacking gel allows proteins to migrate to 

this boundary more less as a single band and in separation gel starts separation according 

to molecular weight.  Experimental set-up of SDS-PAGE result in sharp, well separated 

protein bands (Figure 1), which is one of the reasons of its wide popularity. 

 

Figure 1: SDS-PAGE electrophoresis – its typical instrumentation (A) and representative 

Coomassie stained gel (B). 

The main advantage of SDS-PAGE lies in its versatility. There is a huge selection of gel 

densities suitable to separation of proteins of different sizes even with possibility to 

purchase commercially available gradient gels ideal for separation of broad range of protein 

molecular sizes. Separated gels can be visualized by a variety of stainings, e.g. by silver or 

Coomassie staining. Proteins from gels can be specifically identified by transfer to a 

membrane and detection by specific antibody or by excission from gel, digestion and 

identification by MS.  
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1.1.1.2 Native electrophoresis 

SDS-PAGE is not the only existing electrophoretic method. There are other gel-based 

electrophoretic approaches. The first, native electrophoresis is the closest to original 

electrophoresis setups. Proteins migrate in electric field in their native conformation 

without any modifications as in first electrophoretic experiments. This bring several 

benefits, proteins are after separation still in their original shape and in active form. Since 

there is no denaturation step in native electrophoresis, protein-protein interactions 

remains preserved and bound proteins are separated together. On the other side native 

electrophoresis is not much suitable for analytical preparation, since protein mobility is 

dependent not only on its molecular weight, but as well on protein shape or net charge. 

Although those factors are expressed in an equation [8], native electrophoresis cannot beat 

SDS-PAGE in determination of protein molecular mass. Native electrophoresis and its 

variants are used in protein purification when proteins in active form or protein-protein 

complex are needed.  

1.1.1.3 Isoelectric focusing 

Isoelectric focusing (IEF), is a variant of electrophoresis separating proteins according to 

their relative charge in pH gradient. Relative charge of protein is determined by its 

isoelectric point. This point is a pH value, where protein has no charge. When a protein is in 

acidic conditions, it bears positive charge and migrates to cathode. Conversely, protein in 

basic conditions bears negative charge and migrates to anode. If such a migration is done in 

pH gradient, protein will stop its migration at pH corresponding to its isoelectric point. pH 

gradient is made using ampholytes, which are compounds with polyamino and polycarboxy 

moieties, which have both acidic and basic properties. Based on composition of particular 

ampholyte, it will buffer pH at its own isoelectric point [9]. Ampholyte mixtures are very 

complex and thus are offered mainly commercially (e.g. Ampholine, PharmaLyte, 

Immobiline or Servalyt). Another choice in IEF analysis is pH gradients immobilized on gel 

strips (e.g. produced by Bio-Rad, GE Life sciences or Thermo Fischer Scientific). 

1.1.1.4 Two dimensional electrophoresis 

Above-mentioned approaches have limited resolution only. The worst resolution has the 

native electrophoresis, SDS-PAGE and gel-strips based IEF are better choices for protein 

separation. However, their resolution is still not high enough to cover whole protein 

distribution mentioned in introduction of chapter 1.1. The one way how to improve 

resolution of both methods is to utilize orthogonality of SDS-PAGE and IEF. This approach 
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has been introduced by O’Farrell in 1975 [10]. 2D electrophoresis (2DE; Figure 2) offers a 

possibility to separate up to 5000 proteins; however it suffers from low reproducibility 

caused by gel-to-gel variations. To overcome this, two main approaches are used. The first 

is to use multiple fluorescent stains and analyze all samples in one gel. This approach is 

called 2D difference gel electrophoresis (2DIGE, Figure 2) [11]. Second approach consists in 

software processing of scanned gels to obtain image overlay. There are number of 

companies focusing on this issue, for example Bio-Rad, Decodon, Non-Linear etc. 

 

Figure 2: 2D Electrophoretic methods: classic 2D electrophoresis (A) and 2D DIGE (B). 2DE 

and DIGE figures were adapted from [12,13]. 

The strength of gel based methods is separation of intact proteins and ability to distinguish 

protein isoforms. Disadvantages are well-known and they are low dynamic range, poor 

resolution and gel to gel variations of 2DE gels. DIGE can overcome the problem of gel 

reproducibility but the dynamic range remains low. Frequent identification of differentially 

expressed highly abundant proteins (enolase1, heat shock protein or vimentin) is another 

restriction. We should be very careful with interpretation of identification of these proteins 

frequently involved in stress response or housekeeping processes [14]. 

1.1.1.5 Capillary electrophoresis 

The most advanced electrophoretic method is capillary electrophoresis. Electrophoretic 

separation here occurs in a capillary, which offers similar properties as a capillary liquid 

chromatography (discussed below). Those properties are good resolution and high 

sensitivity. Capillary separation brings a slightly different principle of separation, which 

involves behavior of liquid in capillaries. Capillaries can be also filled with functional 

sorbents. Both issues are discussed in detail elsewhere in the literature, e.g. in specialized 

books. Capillary electrophoresis can be coupled to MS similar way to liquid chromatography 
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(LC). In this case, it is necessary to replace regular buffers to volatile. This set-up is used in 

proteomics as an alternative to 2-DE with MS detection or LC-MS [15]. Capillary 

electrophoresis is a less popular method in proteomics compared to LC-MS (595 references 

for “capillary electrophoresis proteomics” and 10413 references for “liquid 

chromatography proteomics” in PubMed up to July 2016). 

 

1.1.2 Chromatographic methods 

Another method of separation frequently used in protein analysis is chromatography. It is a 

method based on different analyte balance between affinities to stationary or mobile 

phase. Briefly, all analytes are dissolved in mobile phase. This mobile phase flows through 

porous stationary phase. Analytes begin to separate according their balance between 

affinity to stationary phase and solubility in mobile phase. Thus analytes with lower 

solubility in mobile phase and higher affinity to stationary phase will be more retained 

compared to analyte with high mobile phase solubility. The key for this type of analysis is a 

careful selection of stationary phase affinity mechanism and corresponding mobile phase. 

Best separation is obtained if, for example, stationary phase is hydrophobic and mobile 

phase is hydrophilic or vice versa.     

Chromatographic separation of proteins is very important and versatile method for both 

preparative and analytical separations. Preparative separations are used in protein 

purification processes, where great care is taken not only to achieve natural conformation 

or protein activity, but to get good resolution, recovery, throughput or reproducibility of 

chromatography as well. The stationary phase for preparative experiments should be also 

stable, easy to maintain and inexpensive. Preparative chromatography uses mostly 

principles of affinity chromatography, immunoaffinity chromatography or gel filtration 

chromatography. Analytical liquid chromatography became a key step in protein / peptide 

separations in current proteomics [16].    

The main difference between preparative and analytical chromatography is in scale and 

purpose of separation. Preparative chromatography is focused on obtaining bigger amount 

of target compound, whereas analytical chromatography is usually performed in much 

smaller amounts enough to prove presence and quantity of analyte. This can be illustrated 

at most often used analytical chromatography method - high performance liquid 

chromatography (HPLC). Classic HPLC uses columns with diameter in millimeters, most 
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often 4.6 or 2.1mm and flow rates less than milliliter per minute. Since its development, 

HPLC became the method of choice for analytical sample separation in both chemistry and 

life sciences.  

1.1.2.1 HPLC in proteomics 

Proteomic HPLC analysis brings several important advantages, such as superior separation 

power, sensitivity or easy connection to modern identification methods such as mass 

spectrometry. At the same time HPLC in proteomics is challenging because of two main 

reasons. The first and main drawback in proteomic analysis is a high concentration range 

already discussed in chapter 1.1. Lot of biologically very important proteins is present in 

very low concentrations and good sensitivity of the analysis is thus essential. Sensitivity of 

HPLC is, besides other, dependent on the inverse of the square of the two radii of the 

columns [17]. Higher HPLC sensitivity can be thus achieved with lowering of inner column 

diameter. Decrease of column diameter lead to increase of backpressure and thus is 

necessary to reduce mobile phase flow. Such reduce in flow don’t have any influence on 

sensitivity of HPLC system, mainly with electrospray ionized MS detection [17]. Decrease of 

diameter and flow related to regular HPLC (flow in hundreds μl/ml to ml/min, column 

diameter in mm) led to development of capillary HPLC (flow in μl/ml, column diameter in 

hundreds of μm) or nano-HPLC (flow in hundreds of nl/min, column diameter in μm) used 

in current proteomics (Figure 3). Miniaturization of HPLC in proteomics also led to 

development of HPLC chips, which reduce dead volumes of regular instrumentation and 

which implement all important parts including sample loading, fluidics, column and 

electrospray ion source [18]. 
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Figure 3: Modification of HPLC specific for proteomics: Nanocolumn (75μm x 15cm, 3μm, 

100 Ȧ pore size) packed together with nanospray (A) and total ion chromatogram of typical 

proteomic separation (first 100 minutes from 160 minutes run time shown; B). 

The second main challenge of proteomic HPLC is sample complexity. Protein or peptide 

fraction of sample is relatively homogenous polymeric mixture differing only in sequence of 

21 basic amino acids. Homogeneity of sample is further supported by tryptic digestion, 

when peptides have average length 8.4 amino acids [19]. Typical proteomic sample is thus 

very homogenous in composition, but very rich in single compounds – in this case digested 

peptides. For example in [19], authors were able to identify 27,822 peptides using trypsin 

alone and  92,095 peptides using multiple proteases. For successful separation of such 

sample is beneficial to employ several orthogonal separation mechanisms, for example 

electrophoresis or chromatography based on reverse phase, ion exchange or hydrophobic 

interaction retention mechanisms. From those, reverse phase based chromatography 

allows the easiest coupling to MS detection. Reverse phase HPLC is thus most often used 

method in LC-MS based proteomics. Separation power of reverse phase HPLC in proteomics 

can be increased by already discussed pre-separation by orthogonal method [16] or by 

using long gradients (Figure 3) [20]. Orthogonal methods in protein HPLC such as cation or 

anion exchange based or hydrophilic interaction liquid chromatography are usually used 

prior reverse phase separation.  

1.1.2.2 Reverse phase HPLC 

Reverse phase (RP) separation model is not limited to proteomics. In fact, it has become a 

very widespread method and when is in current literature referred to HPLC or LC-MS, it is 

usually thought RP-HPLC or RP-LC-MS [16]. Principle of this method is separation of 

analytes based on their hydrophobicity between hydrophilic mobile phase and hydrophobic 
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stationary phase (Figure 4). The simplest hydrophilic solvent is water and elution strength 

of mobile phase is raised by addition of more hydrophobic organic solvents. The possibility 

to use water based buffers, which are cheap and environmentally friendly is together with 

versatility of RP separation one of keys to RP popularity. The most common organic phases 

are acetonitrile and methanol, although other organic solvents with different elution 

strength can be used as well. In proteomics, acetonitrile is preferred prior to methanol, 

since water-acetonitrile solutions have a lower back-pressure, lower UV cut-off and higher 

elution strength [21]. Both solvents are compatible with MS detection. The other important 

property of proteomic RP LC-MS analysis is a buffer selection. Buffers for proteomic analysis 

have to be volatile to be compatible with MS. According to isoelectric properties of 

peptides, it is beneficial to acidify mobile phase to enable uniform positive charge of 

analyzed peptides and thus enhance their MS ionization. Formic, acetic and trifluoroacetic 

(TFA) acids are used for such purpose.  

Stationary phase in RP is made hydrophobic in various ways. The most common reverse 

phase resin is silica chemically coated with octadecyl aliphatic residues (C18 resin, Figure 4). 

C18 is strongly hydrophobic and it is well suitable for peptide analysis. Resins with octyl (C8) 

or butyl (C4, Figure 4) residues are less hydrophobic and better e.g. for analysis of intact 

proteins because less hydrophobicity doesn’t cause extensive denaturation [22]. Coated 

silica represents classic resin used in RP-HPLC. As an alternative to classic bead filled 

column, polymeric or monolithic RP stationary phases offer a higher throughput and lower 

backpressures [23]. Methacrylate and polystyrene-divinylbenzene are the most popular 

polymer sorbents for RP-HPLC. Monolithic columns are made by polymerization of silanes 

or above-mentioned polymers in situ [23]. Both particle-based and monolithic resins have 

their disadvantages. Particle – based resins have lower surface area and thus retention, 

selectivity and therefore resolution are limited. Monolithic resins are casted directly into 

column – this may result to problems with reproducibility of pore structures. This results to 

high batch-to-batch variability of analytical performance. Furthermore, monolithic columns 

have generally weak mechanical stability. There is an additional issue with polymer 

monoliths, i.e., the potential swelling problems in the presence of solvents. A solution to 

those issues is core-shell sorbents. Core shell sorbents contain solid non-porous cores with 

porous shells. This allows joining advantages of both previous resins as is high resolution or 

lower backpressure. The biggest limitation of core shell particles is their complicated 

preparation [24]. 
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Figure 4: Common type of HPLC sorbents: octadecyl (C18) and butyl (C4) bound silica and 

PS-DVB (polystyrene-divinylbenzene) are sorbents used for RP-HPLC, sulfonium bound silica 

is for strong cation exchange (SCX) and quaternary ammonium for strong anion exchange 

(SAX) separation.  

1.1.2.3 Alternative HPLC separation modes 

Separation of proteins or peptides based on their hydrophobicity is only one of possibilities. 

Another possibility is their separation based on ion exchange. Cation exchange 

chromatography or strong cation exchange chromatography (SCX, Figure 4) can be used for 

that purpose. They are based on protein positive charge at low pH, which have a strong 

affinity to catex resin (Figure 4). Elution of bound proteins or peptides is done either by pH 

change (and protein/peptide charge loss) or by ionic strength increase by strong cations 

which have better affinity to resin. Both pH change and ionic strength increase are done 

with increase of mobile phase gradient. SCX could be used as stand-alone method for 

protein purification as well as pre-fractionation method adding next dimension to RP-LC-MS 
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analysis [25]. In this case, elution strength has to be done by volatile salts compatible with 

MS. Volatile salts has to be used in case of direct connection of SCX with RP as in MudPIT 

(Multidimensional Protein Identification Technology) protein identification strategy. 

Unfortunately, direct coupling of two modes of chromatography is rather complicated as 

each mode uses different solvent for increasing of elution strength [25]. SCX is also 

beneficial for phosphopeptide or phosphoprotein separation or selective enrichment of 

post-translational modifications (PTMs) [26]. SCX prefractionation is powerful method itself 

and provides a better results than pre-fractionation by SDS-PAGE or isoelectric focusing 

[27].   

SCX is in literature preferred method for orthogonal two-dimensional LC separations. 

However, some other methods were tested with good orthogonality to RP as well. Those 

methods are strong anion exchange (SAX), hydrophilic interaction liquid chromatography 

(HILIC) or Electrostatic repulsion-hydrophilic interaction chromatography (ERLIC). SAX and 

HILIC are used as alternative to SCX with good orthogonality to RP-HPLC [28]. Those 

methods can be alternatively used for separation of charged PTMs, like phosphorylation 

[29], glycosylation [30] or protein nitration [31]. 

1.1.2.4 Detection in proteomic HPLC 

HPLC is a powerful separation model, but there is a need for peak detection in eluent. The 

most often used HPLC detectors in proteomics are UV spectrophotometer or mass 

spectrometer. Spectrophotometer using UV lamp is non-destructive method and is less 

sensitive to salts than MS. It is thus beneficial in SCX/SAX fractionation experiments or as 

orthogonal detection method to MS. UV spectrophotometry is used mostly to monitor LC 

efficiency. On the other hand mass spectrometry offers higher sensitivity and ability to 

identify analyzed peptide. Mass spectrometry will be discussed later in this thesis in its own 

chapter.  

1.1.3 Affinity purification 

Another protein separation procedure is selective enrichment of protein (or peptide from 

digest) based on specific affinity to resin. This affinity is provided by physical or chemical 

bond of target analyte to this resin. Such bond can have various forms depending on nature 

of analyte and one analyte can be affinity purified by employing its different properties as 

will be shown later in this chapter. Affinity purification – sometimes termed affinity 

chromatography as well – is thus a very variable method allowing isolation of broad range 



19 
 

of proteins. It plays an important role e.g. in drug – target elucidation, phosphoproteome 

enrichment or in separation of recombinant proteins. This approach is widely used and 

contains lot of variations depending on particular experimental setup. It is not in the 

capacity of this thesis to describe all variations of affinity chromatography and this topic is 

reviewed elsewhere in literature as well as in our review (Appendix A). Basic principle of 

affinity purification method will be demonstrated on one of possible applications, 

enrichment of phosphoproteome. This is a very important application of affinity 

chromatography, because phosphorylation of proteins has important role in cellular 

regulation and in the same time phosphopeptides have worse ionization properties in MS 

due negative charge of phosphate. During regular proteomic experiment, phosphopeptides 

are detected with lower efficiency than non-phosphorylated peptides and their enrichment 

is thus necessary for any phosphoproteomic study. 

1.1.3.1 Enrichment of phoshorylated proteins – an example of affinity 

purification 

There are several ways how affinity purification of phosphorylated proteins or peptides can 

be done. The first decision in such an experiment is if there will be purified protein or 

peptide bearing phosphorylation. The enrichment of whole phosphorylated protein has 

definite benefits – e.g. more peptides from this protein increases probability of proper 

identification or localization of phosphorylation. The main drawback of this approach is a 

necessity to isolate protein from complex matrix and poor efficiency, when up to 80% of 

protein is lost during sample processing. This limits phosphoprotein enrichment only to 

abundant proteins [32]. Enrichment of phosphorylated peptide only is more often used, as 

it overcomes complicated approach of protein purification. After such enrichment, only 

phosphorylated fraction of peptides remains and proteins are identified with those 

peptides only. This could be complication, because some phosphorylation domains occur in 

multiple proteins and it is impossible to determine which of those proteins was originally 

phosphorylated [32]. 

Second decision in enrichment of phosphorylated proteome is a mechanism of enrichment. 

There are several modes of chromatography, which allows selective separation of 

phosphoproteome such as SCX, SAX or HILIC (Figure 5) [32]. Affinity enrichment can offer 

better selectivity than above mentioned HPLC modes. There are three main principles of 

enrichment methods based on affinity to phosphorylation. Phosphorylated proteins or 
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peptides could be enriched based on antibody specificity, affinity of phosphate group to 

metals or by chemical modification of phosphorylation [32]. 

1.1.3.2 Immunoaffinity enrichment 

There are two main applications of antibodies in protein phosphorylation studies. 

Antibodies may be specific to phosphorylated amino acid, which could be serine or 

threonine, but also amino acids, where phosphorylation is less often, like a tyrosine. Those 

antibodies could be used in detection of phosphorylated proteins, e.g. in western blot or for 

immunoprecipitation of phosphorylated proteome. The main disadvantage of such an 

approach is in specificity of antibodies. Antibodies are only rarely specific only to 

phosphorylated amino acid, but often to surrounding peptide sequence as well. This 

reduces versatility of this method, but on the other side is possible to produce antibodies 

specific to particular protein phosphorylation space [32].   

1.1.3.3 Metal-based affinity enrichment 

Second affinity approach is based on affinity of phosphate to metals. The phosphate group, 

which has intrinsic negative charge is attracted to metal cations and retained with good 

efficiency. In this approach are used two main methods - immobilized metal affinity 

chromatography (IMAC) or metal oxide affinity chromatography (MOAC; Figure 5). IMAC is 

based on immobilization of metal cations to matrix. Such a matrix is in most applications 

iminodiacetic acid or nitrilotriacetic acid and typical metals for IMAC are Fe3+ or Ga3+. The 

main advantage of IMAC is lot of available experimentally validated protocols originating in 

long tradition of this method [32]. MOAC affinity chromatography is based on simpler 

matrix than IMAC. Instead of immobilization of metal ions, MOAC relies on insoluble metal 

oxides, like titanium dioxide or aluminium oxide. In MOAC, titanium dioxide is preferentially 

used for phoshopeptide and aluminium oxide for phosphoprotein enrichment [32]. Those 

methods are used mainly for separation of phosphorylated peptides. Although they are 

widely used, both IMAC and MOAC aren’t absolutely specific to phoshorylation. Acidic 

peptides with free carboxyl group are retained at IMAC and MOAC with good affinity as 

well [33]. 
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Figure 5: Principles of phosphoprotein enrichment methods: immobilized metal affinity 

chromatography (A), metal oxide affinity chromatography (B) and strong cation exchange 

chromatography (C). Figure adapted from [34]. 

The last method used in affinity enrichment of phosphopeptides is a chemical modification 

of phosphate group with resulting anchoring to beads. Compared to previous two 

approaches, this method allows superior specificity, however it complicates sample 

preparation with additional steps. Efficiency of different chemical modification has been 

also discussed [32]. 

Here, one of many applications of affinity chromatography was briefly discussed. Since it is 

not main aim of this thesis, I’ve picked phosphoproteome enrichment as a good and well 

characterized affinity approach important in current proteomics. Other affinity based 

method and their connection to mass spectrometry are reviewed by Rylová et al. (Appendix 

A).   

1.1.4 Precipitation 

Protein precipitation is one of basic method for protein separation. It relies on changing 

properties of protein’s aqueous solvation layer. This layer masks protein’s charge by layers 

of counter ions and prevents single proteins from direct contact by repulsive forces. If 

aqueous solvation layer is weakened, protein structure becomes more relaxed with 

exhibiting hydrophobic core and protein repulsion is weakened. Interaction of protein 

hydrophobic cores leads to formation of non-soluble multi-protein complexes and thus to 

protein precipitation.  We can distinguish two basic protein precipitation approaches. The 
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first is a total protein precipitation, which is beneficial for isolation of total protein from 

matrix. This can be done by mixing sample with larger volume of organic solvent, like an 

ethanol or acetone or precipitating proteins with trichloroacetic acid (TCA). Organic 

solvents weaken power of aqueous and help with hydrophobic core exhibition whereas TCA 

precipitates proteins by lowering pH of solution. Three chlorines in structure of TCA also 

increases precipitation potential [35]. Both organic solvent and TCA precipitation have 

similar efficiency [36]. Another approach for protein precipitation allows even separation of 

different proteins by increasing concentration of salt. This method consists of adding inert 

salt, most commonly ammonium sulphate [37]. Ammonium acetate is kosmotrope, which 

means that it stabilizes water structure and reduces amount of water in protein solvation 

layer. When an optimal salt concentration is reached, protein of interest will precipitate. 

This kind of protein precipitation is reversible and allows purifying protein in native 

conformation with preserved activity.  
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1.2 Protein identification methods 

In a previous section, protein separation methods were discussed. Such a separation needs 

to be visualized to check proper efficiency. The simplest visualization is in case of 

precipitation, where we see protein pellet after centrifugation. Electrophoretic and 

chromatographic methods can be visualized e. g. by staining SDS-PAGE gel by Coomassie or 

silver, or joining UV detector after chromatographic column. However, those approaches 

are non-specific and visualize all proteins. In this section, different strategies of protein 

identification will be discussed.  

Proteins could be identified in various ways, however only three main are most versatile 

and universal. The first method relies on immune system property to recognize alien 

molecules in the organism. Alien molecules are recognized by variable chains of 

immunoglobulins. Variable chains contain a place called paratope, which is specific to 

certain place of target molecule, an epitope. Using antibody specific to certain protein 

allows identifying and quantifying of this protein in mixture. Methods based on antibody 

detection are simple and don’t require expensive laboratory equipment. On the other side, 

highly specific and sensitive antibodies are necessary for those methods. Antibodies itself 

or as a part of diagnostic kits have higher price as well. 

Whereas antibody based protein identification is a clever use of biology, second main 

approach, mass spectrometry, originates in analytical chemistry. MS was originally used to 

determine molecular weights of elements and its isotopes. Later it become widespread in 

analysis of organic compounds and with introduction of soft ionization techniques even for 

proteins, peptides, RNA and DNA. Although MS identification of proteins is dependent on 

complex and expensive instruments, it has increasing popularity due to its speed, sensitivity 

and relatively easy identification of complex protein mixtures.  

The last method of protein identification lies in direct sequencing of protein or peptide. This 

can be done either chemically by Edman sequencing or by fragmentation analysis in mass 

spectrometer. Direct sequencing is method of choice if we are working with sample with 

little or no proteomic evidence. Without this evidence, there is no antibody or previously 

known sequence. Direct sequencing is thus the most straightforward approach in such 

conditions. 
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1.2.1 Antibody based identification methods 

Antibody based protein detection is older than MS or gene sequencing. In the beginning of 

immunology, this method suffered from low specificity, which was solved by introduction 

of monoclonal antibodies [38]. Monoclonal antibodies are immunoglobulins specific to only 

one epitope. The production of antibodies of such purity was allowed by isolation and 

immortalization of single leukocytes. Advent of monoclonal antibodies allowed two 

strategies of protein identification. First strategy is to raise an antibody against specific 

protein. The main benefit is that antibody and its target protein are well described. When a 

target protein is not known yet, a second strategy consisting from immunization of animal 

with protein mixture and then producing a panel of monoclonal antibodies could be used. 

Screening of this panel could be tested e. g. in biomarker studies. Such a screening was 

responsible for discovery of part of biomarkers used in current medical practice [39]. An 

example of this could be carbohydrate antigen 19-9 (CA 19-9). This marker was discovered 

in 1981 by Koprowski et al. [40] as the antibody best distinguishing colon cancers from 

other bowel diseases or healthy volunteers.   

Target protein- antibody bond has to be visualized. The common visualization methods are 

conjugation of antibody with enzyme, radioactive or fluorescent tags (Figure 6). There are 

two enzymes used for such labelling – alkaline phosphatase and horseradish peroxidase. 

Visualization is then done with specific enzyme substrate which will change in color or 

became luminescent by enzymatic reaction. Radioactive tag visualization is done mainly 

with iodine isotopes, which are gamma emitters with reasonable half-life [41]. In the case 

of fluorescent probes is slightly more complicated situation, because a lot of dyes are 

available and lot of vendors offer antibodies with fluorescent tags. Fluorescent or 

radioactive tags are used directly, without adding of additional agents. 
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Figure 6: Labelling methods for antibody visualization – radioactive with collection of 

gamma emissions, fluorescent with collection of emitted light and enzyme labelled with 

collection of light emitted during enzymatic transformation of light emitting substrate.  

Only one labelled antibody is used only very rarely. Usually there is common to use two 

antibodies – first antibody recognizing the actual antigen and secondary labelled antibody 

specific to stable chain of this primary antibody. This approach was developed in ‘70s [42] 

and brings substantial benefits to the analysis. Secondary antibodies helps promoting the 

sensitivity of the assay, eliminating the non-specificity for many analytes and thus 

decreasing the relative standard deviation of the assay or reducing dosage of the antibody 

[43].  

Antibody based methods can be divided into two main branches – to immunoassays and 

immunomicroscopy. Immunomicroscopy is protein identification and visualization method. 

Protein is here detected on microscopic slide. Together with information about protein 

presence, we obtain even information about protein distribution in tissue. However, 

protein quantification in immunomicroscopy is challenging and requires skilled personnel. 

Immunoassays are, on the other side, focused mainly on protein quantification. 

Immunoassays are done usually in liquid and thus information about protein distribution in 

tissue is lost.   

1.2.1.1 Immunoassays 

Immunoassays are laboratory assays involving antibody for protein detection and accurate 

quantification. These assays are divided based on detection system used e. g. to 

radioimmunoassay or enzyme-linked immunosorbent assay (ELISA; Figure 7) are routinely 

done for protein quantification in both research and clinical practice. Radioimmunoassay is 

an older method, determining the level of antigen by level of radioactivity released from 

antibody conjugated with radioisotope [44]. This method is simple and reliable, and is 
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clinically used e.g. in analysis of allergens [45] or prostate specific antigen [46]. 

Radioisotopes however require specific equipment and are subjected to regulations. 

Therefore different approaches were developed to overcome need of radioisotopes. The 

most known of these approaches is ELISA. This method became widespread because of its 

simplicity, accuracy and sensitivity [47]. There is a big offer of commercially available kits 

for determination of plethora of proteins for both scientific and diagnostic purposes.  

 

Figure 7: The illustration of enzyme-linked immunosorbent assay principle. Figure adapted 

from [48]. 

1.2.1.2 Western blot 

Another type if immunoassay, which is as well very widespread and is responsible for 

discovery of many protein regulations and interactions, is immunoblot or Western blot 

(WB). Main difference of WB compared to other immunoassays is in previous protein 

separation by SDS-PAGE or 2DE. WB is thus a method of identification and quantification of 

gel separated proteins. 

Western blot is a simple method relying on transfer of proteins from SDS-PAGE gel to 

nitrocellulose membrane developed by Towbin in 1979 [49]. The main advantage of WB is 

that proteins are transferred from space (inside gel) to surface (of membrane; Figure 8). 

Thus they become more concentrated and better available for antibody detection. WB is 

the method of choice for comparison of protein expression in various conditions and small 

amount of samples. Its main advantage is simplicity and low demands to laboratory 

equipment. The popularity of this method can be demonstrated by fact that original Towbin 

article has been cited more than 10,000 times and WB has been used in even more articles 
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without reference. On the other side, weak sides of WB are reproducibility, which is in 

original WB setup rather poor [50], and protein quantification with low precision. Protein 

quantification is in original setup claimed only as semi-quantitative [49]. In this chapter, key 

features of WB will be introduced, such as membrane, antibody detection methods and 

evaluation of WB.  

 

Figure 8: Illustration of protein transfer step in western blot. Figure adapted from [51]. 

Membrane is the key point for WB. It has to have a good binding capacity to proteins and it 

cannot allow proteins to migrate through. In original setup, there was used nitrocellulose 

membrane with 0.45 μm porosity. This membrane is still used. However, there are several 

options how to increase binding capacity and reduce migration through membrane. The 

first option is to reduce pore size, usually to 0.2 μm. This membrane retains proteins better 

than membrane with larger pores. Another possibility is to use another type of membrane. 

Nylon [52] or polyvinylidene fluoride (PVDF) [53] were originally tested for this purpose and 

both materials showed better mechanical and binding properties than nitrocellulose. 

Whereas PVDF is used today in approximately equal level as nitrocellulose, nylon 

membranes are used preferentially for transfer of nucleic acids [54].     

Another important issue in WB is detection. Original system relies on horseradish 

peroxidase conjugated secondary antibody and recording of chemiluminiscence to X-ray 

film. This approach is quite sensitive and not requiring advanced equipment. On the other 

side, photographic detection of chemiluminiscence is labor intensive, difficult to optimize 

and only limited concentration range can be meaningfully recorded at one exposition time 

[55]. A solution to limitations of photography was introducing of Charge-Coupled Device 

(CCD) cameras. Those cameras are recording digital image, thus it is more difficult to obtain 

oversaturated bands which complicates precise quantification [55]. A solution of other 

problems common to chemiluminiscence, e. g. unequal distribution of chemiluminiscent 
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reagent at membrane, is introduction of fluorescently labelled secondary antibodies. This 

approach brings several advantages as better quantification precision, stable signal even 

from stored membranes or possibility to detect multiple proteins at one membrane at once 

[56]. The only drawbacks are higher prices of fluorescent antibodies and autofluorescence 

of nitrocellulose and PVDF membranes. There is constant development for membranes 

with lower autofluorescence [57]. 

Western blotting quantification accuracy is strongly dependent on experimental setup. 

With classical chemiluminiscence detection and exposition to X-ray films it suspected as 

only semi-quantitative method [49]. The accuracy grows if CCD camera overcoming 

saturated peaks is used, however WB in this is still considered as mostly semi-quantitative. 

A different situation is with using of fluorescent antibodies, which brings western blot really 

quantitative [58]. Quantitative information of WB is strongly dependent on protein amount 

loaded to membrane. Variations of protein load are usually corrected by normalization of 

analyzed values to levels of selected housekeeping protein – ß-actin, tubulin or 

glyceraldehyde-3-phosphate dehydrogenase. This approach has, however, some 

limitations, which is different levels of housekeeping proteins among different cells or 

conditions (e.g. age) or limited accuracy [59]. As an alternative, staining of total protein 

load was suggested. Initially this type of normalization was done with Ponceau S [60], Sypro 

Ruby [61] or Coomassie stain [62]. Recently, Bio-Rad introduced a novel technique of total 

protein normalization called Stain-free [63]. This type of staining consists of covalent bond 

of stain to proteins after UV activation. This stain is diluted in electrophoretic gel and first 

imaging step is done after electrophoresis. This allows monitoring efficiency of transfer as 

well. Stain-free normalization strategy is shown at Figure 9. 

 

Figure 9: Stain-free strategy for total protein normalization. Stain-free dye is activated in 

the electrophoretic gel (A) by UV light. This serves as a control of quantitative transfer to 

membrane (B). Total protein lane is then used as normalization for immunodetection of 

target protein (C). 
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1.2.1.3 Immunomicroscopy 

Immunomicroscopy allow visualizing protein localization and showing its approximate 

quantity. Typical representants of this category are immunohistochemistry (IHC) and 

immunofluorescence microscopy (IF). IHC become popular tool for visualization of protein 

localization for more than 70 years [64]. IHC is still used in research and routine diagnostics 

in molecular pathology [65]. Immunofluorescence is special application of IHC. In IF, 

fluorescently labelled secondary antibodies are used to visualize intracellular localization of 

primary antibody’s target antigen. This approach is particularly beneficial in connection 

with super-resolution or confocal microscopy [66]. Typical outputs of IHC and IF are shown 

at Figure 10.  

 

Figure 10: Tissue and cellular analysis by IHC and IF. At IHC picture (A) detection of Rb (4H1) 

(Cell Signaling) antibody on formalin fixed paraffin embedded human tissue with 100x 

magnification. IF picture (B) shows intracellular localization of UTP11L protein either alone 

or merged with DAPI staining of nucleus (C). Detailed description of sample and used 

antibodies are in Chapter 2.2.1. 

1.2.2 Mass spectrometry based methods 

Mass spectrometry, especially in combination with capillary or nano-LC, has become a 

golden standard in proteomics [67]. The key to success of this technology lies in its 

versatility with easy multiplexing of analyses. LC-MS allows relatively fast and reproducible 

protein identification and quantification. The output of LC-MS proteomic analysis depends 

on used instrument, which could be lower resolution instrument like an ion trap mass 

spectrometer. But currently most expanded approach is the high resolution MS done on 

precise time-of-flight or Fourier transformation mass spectrometry (ion cyclotron 

resonance or Orbitrap). High resolution MS is based on obtaining two kinds of information 

– even MS2 from the ion trap before Fourier transformation analyzer and accurate mass 

which simplify peptide identification [68]. The main drawback is that these advanced 
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instruments are expensive. Optimization of LC/MS method is quite complex and can be 

taken as drawback as well. 

MS can be also used as a stand-alone method, mainly for identification of isolated proteins. 

Stand-alone MS identification without fragmentation analysis is called Protein mass 

fingerprinting and is used for identifying proteins separated by 2DE, immunoprecipitation, 

affinity purification or similar method [69]. Protein mass fingerprinting is simple and fast 

method, mainly because it lacks long LC separations. On the other side, proteins are 

identified with lower probability score and identification of more proteins in mixture is 

complicated. 

In this chapter, mass spectrometry and its applications in current proteomics will be briefly 

reviewed.  

1.2.2.1 Principle of MS 

Mass spectrometry is method which determines mass of ions in gas phase. Sample of any 

origin thus must be ionized and transferred into gas phase. This is done in ion source, an 

entry device of any mass spectrometer. The ions entering to mass spectrometer are in 

mixture. This mixture is separated according to mass of single compounds in mass analyzer. 

Single compounds are then detected in ion multiplier transferring ion impact to electric 

signal.  

1.2.2.2 Ion source 

Ions source is a device which transfers analytes in various environments to charged ions in 

gas phase. There are many principles how to do it. Electron ionization (EI) and chemical 

ionization (CI) are the oldest methods. In case of EI, analyte is already in gas phase (or in 

vacuum) and is hit by electron from electrode. This leads to ionization. However, this 

method of ionization is considered as hard because it is leading to extensive fragmentation 

of analyte [70]. CI is much gentler method, where ionization is done by collision with small 

molecule, like a methane or ammonia. This leads to less extensive fragmentation and 

clearer spectra [71]. Those methods need analyte in gas phase and they are used for 

analysis of organic compounds in connection to gas chromatography. 

EI and CI are not usable for bioanalysis from two main reasons. First has been already 

mentioned, it is need of analyte in gas phase. Second, and main reason, is that those 

methods transfer amount of energy leading to fragmentation of even low molecular 

organic compounds. Thus proteins or peptides can’t be analyzed because of extensive 
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fragmentation. This has been solved with introduction of matrix assisted laser 

desorption/ionization (MALDI) and electrospray (ESI) ion sources by Karas and Fenn [72,73]. 

Those new ion sources dramatically widened applications of MS. Moreover, they were so 

important for world science, that Tanaka [74] and Fenn won Nobel prize in chemistry in 

2002.  

MALDI ion source depends on co-crystallization of analyte with organic compound called 

matrix (Figure 11). This occurs on steel plate called target. Target is then introduced into 

evacuated ion source of mass spectrometer. Crystals of analyte and matrix on MALDI target 

are then shot by laser. Matrix absorbs energy of laser, transfers the energy and charges the 

analyte. Charged ions are then forced to leave crystals to mass spectrometer by applying 

current to target. Laser used in MALDI can have ultraviolet or infrared wavelength. For 

proteomics, UV laser is used almost exclusively. Matrix has to absorb very well in 

wavelengths of used laser.  The most often used matrices for proteomic applications are α-

Cyano-4-hydroxycinnamic acid, 2,5-dihydroxybenzoic acid and sinapinic acid. MALDI usually 

produces singly charged ions, as single proton or electron is transferred by matrix [75]. 

ESI ion source depends on spraying the charged liquid in stream of hot gas, usually 

nitrogen. Thus liquid evaporates to the point, where charged ions are very dense and 

repulsive forces of ions with same polarity will prevail to forces of droplet surface tension. 

This leads to so called Coulombic explosion and release of ions to gas state. Ions are 

transported to mass spectrometer by ion optics (Figure 11). ESI could be easily connected 

to LC-MS separation to enhance analytic power. ESI usually produces multiply charged ions 

[76]. 
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Figure 11: The schematic representation of MALDI (Matrix-assisted laser 

desorption/ionization; A) and ESI (Electrospray ionization; B) ionization method. Figure 

adapted from [77]. 

The MALDI and ESI are the most often used ionization techniques in bioanalytical MS. 

However, there are different “soft” ion sources as well. Atmospheric pressure chemical 

ionization (APCI) is used mainly for analysis of less-polar low-molecular weight compounds, 

e. g. carotenoids [78], analysis of drugs [79] or in lipidomics [80]. Atmospheric pressure 

photoionization (APPI) takes place as complementary approach to ESI and APCI in analysis 

of drugs, natural products or in environmental analysis [81]. Although those ionizations 

techniques are soft, they aren’t used in proteomic analysis. The last technique mentioned 

here is desorption electrospray (DESI). DESI is basically variant of electrospray which allows 

imaging analyses of lipids [82], drugs and metabolites [83] or proteins [84] as well.  

1.2.2.3 Mass analyzer 

Mass analyzer is an important part of mass spectrometer in which ions are being separated 

according their mass. This separation could be done according their physical (time-of-flight) 

or electro-magnetic properties (e. g. quadrupole, ion trap, magnetic sector etc.). Mass 

analyzer could be either simple (time-of-flight, ion trap) or hybrid (triple quadrupole, 

quadrupole-time-of-flight, orbitrap). In proteomics, there is a big interest for using high 

resolution analyzers like a time-of-flight, ion cyclotron resonance or orbitrap because of 

sample complexity and accuracy of identification. Some low resolution instruments, like an 
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ion trap or triple quadrupole are used due to their advantageous properties as well. For 

example, ion trap allows collecting fragmentation spectra with fast and with good 

sensitivity and triple quadrupoles are method of choice for MS based quantification. 

Magnetic or electrostatic sectors aren’t usually used in proteomics. 

Time-of-flight (TOF) mass analyzer is the simplest of currently used mass analyzers. Basically 

it is an evacuated tube. Ion will enter on one side and will free fly to another. Because all 

ions will get the same energy at the ion source, their velocity will be dependent on their 

mass; ions will thus arrive to detector in different times [85]. Disadvantage of single TOF 

analyzer is bad resolution, as can be seen e. g. on analysis of big molecules. This 

disadvantage is caused by spread of energy obtained in ion source and thus ions of the 

same mass create clouds. This is solved by reflectron, the ion mirror which neutralizes ion 

clouds and makes ions more focused. It also doubles the length of flight path making 

resolution even better [86]. The example of molecule analyzed in linear and reflectron 

mode is shown at Figure 12. 

 

Figure 12: MALDI-TOF mass spectrum of Angiotensin II in linear (A) and reflectron mode (B). 

Quadrupole (Q) is just slightly more complicated. It has been developed in 1953 [87] and it 

consist from four metal rods organized in square. Ion separation is formed by changing 

current on the rods. Current of the same polarity is inserted always on the diagonal rods. 

Using frequency based changes of polarity; ions inside the Q are forced to rotation 

movement. When a rotation frequency of an ion reaches a limit of stability, ion will leave 
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the Q. This limit is dependent on mass of ion. By changes of rotation frequency, Q can serve 

as mass analyzer, thus is scanning ion masses, or as mass filter, thus filtering only one mass 

or mass range through quadrupole. This filtering ability is used in hybrid mass 

spectrometers and ion optics. Ion optics, which directs the ion flow in hybrid (e. g. orbitrap 

based) mass spectrometers, is usually based on quadrupoles. 

Derivative of quadrupole allowing to not only filter, but also to store ions is called Ion trap 

[87]. The main differences are two additive rods on the beginning and end of the analyzer. 

Ions can be thus trapped inside. This is the first analyzer which offers multiple MS. Trapped 

ions can be hit by gas atoms (collision induced dissociation fragmentation mode, CID) or 

fluoranthene atoms (electron transfer dissociation fragmentation mode, ETD) leading to ion 

fragmentation. This can be repeated – one fragment will remain trapped and subjected to 

further fragmentation. This ease of fragmentation is used with advantage with proteomics, 

because acquired spectra are obtained fast with good sensitivity. Ion trap can be used 

either as stand-alone instrument, which is able to identify about 700 of proteins (Appendix 

B), or as a part of orbitrap based hybrid instrument. 

The need of high resolution introduced two mass analyzers based on Fourier 

transformation (FT).  FT is method of transforming signal in time (waves) to frequencies. 

Mass analyzers based on this principle thus analyze vibrations caused by ions with different 

masses. This allows achieving of high resolution, however longer analysis times are required 

for best performance.  

The first of commonly used mass analyzers with FT is ion cyclotron resonance introduced in 

1974 by Comisarow and Marshall [88]. The principle is recording ion vibrations during their 

fly in cyclotron. This is an instrument with very powerful resolution, however its main 

drawbacks is its size and need of cooling superconductive magnet by liquid helium and 

nitrogen. 

The next FT based analyzer is orbitrap. It has been developed in 2000 by Makarov [89]. Ions 

are analyzed in special orbital ion trap (Figure) where they are separated by rotation and 

oscillation. Oscillation is then recorded by orbital electrodes and subjected to FT. Resolution 

of orbitrap is not as high as in ion cyclotron resonance, on the other side orbitrap based 

mass spectrometer is much less complicated and more compact. 
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1.2.2.4 Hybrid mass analyzers 

Those basic mass analyzers have their limitations, which can be overcome by combining of 

multiple analyzers in one instrument. Those instruments are then called hybrid 

instruments. The best known hybrid instrument is triple quadrupole utilizing filtering 

capability of single quadrupoles. The variant of this instrument is replacing last quadrupole 

by TOF, which provides better resolution of spectra. The last, unrelated to triple quadrupole 

and with most complicated architecture, are orbitrap based hybrid instruments. Basic 

scheme of mentioned instrument is at Figure 13.  

 

Figure 13: Schema of hybrid mass spectrometers: triple quadrupole (A), quadrupole - TOF 

(B) and quadrupole - linear ion trap - orbitrap (C).  All instruments are coupled to ESI before 

Q1 (Q). In orbitrap, Q serves as mass filter, C-trap focuses ions for Orbitrap analysis and 

octopole serves as main crossroad of ions. This crossroad stores and sends ions based on 

user set protocol. 

In triple quadrupole instrument, the first quadrupole can either scan masses of compounds 

or filter one specific mass. Second quadrupole serves as collision cell, where ions of analyte 

collide with atoms of gas causing fragmentation of ions. Third quadrupole has the same 

properties as first one. It scans or filters the ion fragments. The experimental setup, where 
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first quadrupole is set to filter parent mass of determined compound and third quadrupole 

to filter only fragment specific to this compound is called selected reaction monitoring 

(SRM). Precursor and fragment pair is called transition. Monitoring of more fragments from 

one precursor is then multiple reactions monitoring (MRM). SRM and MRM are more or 

less synonymous because modern mass spectrometers allow fast and easy monitoring of lot 

of transitions. SRM/MRM approach is great in selective analysis and quantification of low 

and middle molecular weight compounds, e. g. in metabolomics or in proteomics. To 

simplify nomenclature, only MRM abbreviation will be used further in this thesis.   

The biggest disadvantage of triple quadrupoles is their low resolution often leading to false 

positivity of transition. MRM or improving resolution can overcome this issue. The hybrid 

mass spectrometer with all advantages of triple quadrupole together with high resolution is 

quadrupole with TOF (Q-TOF). Q-TOF (Figure 11) instrument offers high resolution of TOF 

mass analyzer without compromising sensitivity or speed of analysis of triple quadrupoles 

[90]. Q-TOF based instruments are suitable for high resolution MRM (reported as HR-MRM) 

[91] or sequential window acquisition of all theoretical fragment ion spectra (SWATH) 

analyses [92]. SWATH analysis is a method of data independent analysis with larger 

precursor windows (swaths). This method will be further discussed in Label-free techniques 

chapter. 

The hybrid mass spectrometers with most complex architecture are orbitrap based 

instruments (Figure 11). It usually consists from advanced ion optics, C-trap, orbitrap, linear 

ion trap and in some instruments quadrupole. This complex architecture is allowing 

orbitrap to be an ultimate tool for proteomic analysis. Orbitrap allows determining accurate 

mass of analytes. This process in not fastest, so meanwhile linear ion trap can analyze 

fragmentation spectra of selected ions. Both information together allows increasing protein 

identification rate [93]. For example, in cell lysate analyzed in our laboratory by LC-MALDI 

on Bruker UltrafleXtreme instrument was identified 1500 proteins (unpublished results). 

The same lysate analyzed on Thermo Velos Pro orbitrap instrument provided 3400 

identified proteins (Appendix B).  

Combination of multiple mass analyzers allows adding new functions to mass spectrometer 

or performing more analyses at once. Using this approach, it is possible to build an ultimate 

instrument for proteomic analysis. 
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1.2.3 Protein sequencing methods 

In typical MS experiment, proteins are identified by probability score based on number of 

matched peptides. Peptides are searched by matching mass spectra with peptide sequence 

in database. Those databases have various sizes depending on current knowledge and 

scientific interest about particular organism. This can be illustrated on Uniprot database, 

which has more than 1 million entries related to human, but only 262 entries for badger 

(Meles meles). Those numbers are valid to July 2016. Protein sequencing is the approach, 

which actually fills those databases. Sequencing of proteins can be done by three basic 

approaches. First one is translating of genome sequence [94]. This is done by reverse 

transcription of mRNA to cDNA followed by DNA sequencing. Since human genome project 

is already finished [95], all hypothetical sequences are translated into database and thus 

they allow faster way of adding knowledge about such proteins via proteomics. If no 

genome sequence is available, there are still two “wet lab” approaches for determining 

protein sequence – Edman degradation and MS de novo sequencing. 

1.2.3.1 Edman degradation 

The most often used method of peptide sequencing was published in 1950 by Edman [96]. 

This method allows sequencing peptides from N-terminus. The principle of method is bond 

of phenyl isothiocyanate to N-terminal amino acid. Phenylthiolcarbamoyl derivative of 

amino acid is then cleaved under acidic conditions and separated by HPLC or thin-layer 

chromatography. Then next amino acid can be processed the same way. This approach can 

be easily automated, however reasonable sequencing length is about 30 amino acids [97]. 

Digestion of proteins, routinely used in shotgun proteomics, was originally invented to 

overcome this limitation of Edman degradation [98]. The main advantage of Edman 

degradation is that it provides protein sequence independently from databases with almost 

no errors however with lower throughput. The biggest disadvantage of Edman sequencing 

is worse sensitivity compared to MS and higher requirements to sample amount. Edman 

sequencing is considered mainly as historic approach, but as shown on Figure 14, it is still 

used.  

1.2.3.2 Mass spectrometry sequencing 

Mass spectrometry replaced Edman sequencing as main proteomic detection method 

mainly because its higher throughput and sensitivity [98]. MS basically offers multiple 

analytic modes. The vast majority of those modes are based on comparison of detected 

masses with databases.  Identification analytic mode which is not dependent on good 
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database is called de novo sequencing [99]. Its principle is to decipher peptide sequence 

directly from MS/MS spectra without comparison to database. This approach is beneficial 

for analysis of poorly characterized organisms [100], newly raised antibodies [101] or in 

study of peptide toxins [102]. Thanks to recent advantages in result processing, this 

approach can be also used in high throughput manner as an alternative to classic database 

search [99].  De novo sequencing is used for current MS sequencing tasks and is under 

constant development. As shown from Figure 14, de novo sequencing is method with 

raising interest. 

 

Figure 14: The count of articles in PubMed related to “Edman degradation” and “de novo 

mass spectrometry” in timescale. Data are relevant to 10. 4. 2016 

 

1.3 Top-down and bottom-up proteomics 

There are two basic approaches in large scale proteomic study. Those approaches are called 

top-down or bottom-up based on direction, in which proteins are studied. Top-down 

approach is based on separation and analysis of intact proteins. MS analysis of intact 

proteins allows to precisely determining protein sequence of smaller proteins (less than 50 

kDa) with all its PTMs and isoforms (Figure 15). This is achieved by combination of electron 

capture / transfer dissociation (ECD/ETD) fragmentation mode and high resolution mass 

spectrometer. High resolution allows having isotopic resolution even for bigger proteins. 

ECD or ETD is crucial fragmentation method because both modes fragments specifically at 

peptide bond and they preserve more fragile PTMs. This allows locating position of 

concrete PTM. However there are some challenges in comparison with more popular 
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bottom up approach. The main ones are poor protein solubility, insufficient sensitivity of 

MS in comparison to bottom up and algorithms for MS result processing [103].    

The second approach is called bottom-up or shotgun proteomics. Correspondingly with its 

name, proteins are digested into smaller peptides, which are analyzed (Figure 13). However 

identified peptides covers complete protein sequence only rarely. Incomplete sequence 

coverage then resembles quasi-random firing pattern of shotgun. Although digestion of 

proteins to peptides is favorable for MS analysis, it raises complexity of sample (proteins 

are digested to multiple peptides). This makes a good separation prior analysis even more 

necessary. Another challenge is the matching of spectra to peptide and peptide to protein, 

which is not a trivial task.  With respect to all its drawbacks, bottom up approach became 

the most widely used approach for proteomic MS analysis [104]. In the following 

paragraphs, single steps crucial in bottom-up proteomics will be introduced. 

 

Figure 15: Main proteomic approaches: Bottom up (A) and Top down (B) approaches for MS 

analysis of proteins. Figure adapted from [105]. 

1.3.1 Sample preparation and digestion in bottom-up proteomics 

Samples are prepared for bottom-up proteomics various ways depending on particular 

samples. Usual procedure can be briefly described as protein extraction, protein 

enrichment and digestion. Protein extraction depends on the nature of sample (cells, 



40 
 

serum, fresh or formalin fixed paraffin embedded tissue, body fluids etc.). Protein 

enrichment is optional and is usually performed by protein separation methods discussed in 

the Chapter 1.1. This step serves for reducing of sample complexity.  

1.3.1.1 Sample preparation 

Prior to key step of bottom-up approach, protein digestion, there are two common steps in 

sample preparation: a protein reduction of disulfide bonds and alkylation of free cysteines. 

This prepares proteins prior digestion and prevents occurring of bounded dipeptides. All 

mentioned steps are optional and serves for better preparation of sample. Experimental 

setups for performing digestion are various and dependent on previous processing of 

sample, for example an in-gel digestion for processing from SDS-PAGE gels or in-solution 

digestion for free protein solutions. Whereas in-solution digestion is just adding of reagents 

into solution, in-gel approach takes advantage of one important gel property - proteins are 

encapsulated in the gel and thus can be washed several times without sample loss. 

Proteolytic enzyme can later enter the gel freely and digested peptides are no longer 

retained in the gel and can be easily extracted. These methods suffers from several 

drawbacks like a difficult automation of in-gel digestion or poor efficiency of detergent 

removal in in-solution digestion [106].  

There is a big effort to overcome such drawbacks together with constant need of improving 

the sensitivity of proteomic assay. This effort resulted into introduction so called proteomic 

reactors, which can be in its simplest form a spin filter device [106], reactor built in pipette 

tip [107], coated magnetic beads [108] or complex microfluidic devices [109]. From these 

protein reactors, mainly spin filter derived filter aided sample preparation (FASP; Figure 16) 

protocol [106] gained a wide popularity due to its simplicity, high throughput and 

acceptable efficiency. FASP basically combines benefits of in-solution and in-gel digestion. 

Sample is in the beginning in the solution, which is loaded into spin filter. This filter serves 

as a carrier device and allows sample washing and detergent removal. In the last step, 

proteolytic enzyme is applied. After digestion, peptides can go through the filter and 

undigested macromolecular complexes are retained. FASP is two times more efficient than 

simple in-solution digestion [110]. 
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Figure 16: Schema of filter-aided sample preparation (FASP) protocol. Figure adapted from 

[111]. 

1.3.1.2 Digestion 

The step, which is common in all bottom-up approaches, is digestion by proteolytic enzyme.  

Although there are several enzymes possible to use [112], only one enzyme is used in most 

proteomic experiments. This enzyme is trypsin. Beyond its wide popularity is the fact that 

trypsin is robust, cheap, and specific. Trypsin also generates peptides in a mass range of 

500 to 3,000 Da, which is optimal for chromatographic separation and yields peptides that 

ionize and fragment well due to the presence of a C-terminal lysine or arginine residue that 

efficiently protonates under acidic conditions [104]. This is beneficial for MS detection of 

such peptide. Relying on trypsin in bottom-up proteomic experiment has as well its 

drawbacks. The main one is that majority of tryptic peptides (56% of all generated peptides 

are ≤ 6 residues) are too small and thus generally not identified by MS, meaning that only a 

restricted segment of the proteome is covered. Consequently, this limited sequence 

information makes it often impossible to distinguish between protein isoforms and also to 

identify all PTMs decorating the proteins [113].  

There are several possibilities how to improve tryspin digestion. The first one is to use 

alternative protease. However, proteases currently used had their own drawbacks 

reviewed in [113], where the most serious is inability to compare quantitative data 

between different proteases. Currently the best approach is a combination of multiple 

proteases. The most often is digestion with lysyl endopeptidase (Lys-C) from 
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Lysobacter enzymogenesis prior to trypsin digestion [110]. Using of Lys-C, which is specific 

only to lysine greatly improves trypsin efficiency [110].   

The last but not least step in proteomic sample preparation is a desalting of digested 

peptides. This step is done, because mass spectrometry in general is very prone to salts and 

polar contaminants of the sample. Desalting step is thus based on separation of salts and 

polar compounds from less polar peptides. As has been discussed before, a reverse phase 

resin – mostly C18 – is used for this step almost exclusively. For peptide desalting, there are 

some common experimental setups, like a sample clean-up before LC-MS or using short 

pre-column in LC method. Both these approaches have been employed in this thesis 

(Appendices B and C). 

1.3.2 LC-MS analysis  

LC-MS analysis is crucial for both top-down and bottom-up proteomic methods. Because LC 

part of the proteomic analysis has been already discussed in chapter 1.1.2 and principle of 

MS in chapter 1.2.2, this chapter will focus only to LC-MS acquisition methods specific in 

proteomics.  

In top-down proteomics, there is main approach consisting from already described high 

resolution MS1 followed by ECD/ETD fragmentation. In bottom-up, there are three main 

mass spectrometric approaches – data dependent analysis (DDA), MRM and data 

independent analysis (DIA) [104]. 

DDA is the most often used MS approach in proteomics. It consists of two successive steps 

– first is determination of full MS1 spectrum. This spectrum is processed and peaks are 

picked and selected for fragmentation by performing MS2. Two kinds of information 

obtained – the accurate mass of precursor peptide and its fragmentation spectra revealing 

peptide’s sequence – are used separately in succeeding sample processing. Fragmentation 

spectrum is usually utilized for peptide identification by database or spectral library match 

(see chapter 1.3.4.2) or by de novo sequencing (chapter 1.2.3.2), but they could serve for 

quantification in some label experiments discussed in chapter 1.3.3.1 as well. If MS2 spectra 

serve mainly for identification and less for quantification, the situation is reverted for 

parent ion spectra. Quantification of peptides is in most cases calculated from peptide 

precursor ion and their extracted ion chromatograms. Precursor spectra can be also used 

for identification by accurate mass and time tag, which is matching mass and retention time 

to known peptides. The main issue of DDA is undersampling phenomena – this means that 
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peptides for fragmentation are selected semi-randomly, usually as certain count of most 

intense ions in the spectrum. The result of undersampling is decreased reproducibility of 

replicates. Modern MS instruments have undersampling issue reduced, but it is not still 

eradicated [104] (Appendix B).  

MRM principle has been already discussed in chapter 1.2.2.4. It is method of choice for 

precise quantification of relatively small amount of peptides in multiple samples. Amount 

of analyzed peptides can be raised by introducing scheduled MRM, what means performing 

scan of particular transition only in certain retention time. The major drawback of MRM in 

proteomics is difficult optimization, especially for bigger amounts of transitions [104]. 

The last approach combining advantages of previous two ones is DIA. DIA is based on 

fragmentation of wide mass windows making mixed spectra of all precursor and product 

ions presents in particular mass window. This prevents undersampling and allows 

extraction of peptide transition ex-post. Peptide search is more demanding than in case of 

DDA. For example in SWATH analysis (discussed later as quantification approach) is 

recommended to search peptides against spectral library which is prepared by DDA analysis 

on the same instrument [104]. Principle of DDA and DIA and their comparison are shown at 

Figure 17.    
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Figure 17: The comparison of data dependent and data independent mass acquisition. 

Figure adapted from [114] 

1.3.3 MS based quantification 

Peak area in mass spectrometry is not as straightforwardly dependent on quantity as in 

HPLC, but also on ionizability of analyzed compound. MS peak can be thus quantified only 

by comparing to the peak of same compound. There are two basic ways how to quantify in 

MS. The first is adding an isotope labelled standard, or in case of proteomics, isotope 

labelled peptide and the second way is a method of calibration curve. Isotopic label can be 

introduced into sample by several methods discussed below. However sometimes is 

introducing of isotope label not possible or very difficult. For the calibration curve method, 

it is absolutely necessary to keep ionizability factor constant. This is possible only with 

electrospray ionization with stable settings [115]. Those techniques are commonly 

discussed as label-free quantification. The basic principle of different isotope labelling 
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methods and their comparison to label-free approach are shown at Figure 18. Both isotope 

labelling and label-free approaches have been reviewed in Rylová et al. (Appendix A). 

 

Figure 18: Comparison of different quantification approaches in LC-MS based proteomics. 

ITRAQ/TMT represents isobaric tagging by chemical modification of the samples; SILAC 

metabolic labelling and LABEL FREE the quantification approach without any label. Basic 

steps of proteomic analysis are marked at the figure with marking of the step, where 

introduction of label occurs. Asterisk marks the stage of quantification event. 

1.3.3.1 Isotope labelling methods   

There are several quantification protocols differing in the way of introducing isotope tag. 

The most used methods are currently labelling with isobaric tags or metabolic labelling. 

Those approaches are  used in proteomic experiments focused e. g. to the discovery of 

biomarkers [116] or molecular targets of possible and established anti-cancer drugs [117].  

1.3.3.2 Isobaric labelling 

The first category of isotope labelling methods are tandem mass tags (TMT; [118]) and 

isobaric tags for relative and absolute quantitation (iTRAQ;  [119]), which are based on 

chemical binding of isobaric tag to the N-terminal end of a peptide (Figure 18). The isobaric 

tag consists from three parts – a reactive part binding to peptide, a reporter ion being 

released during peptide fragmentation and balance group which balances differences 

between reporter ions. Isobaric tag based methods allow easy multiplexing with possibility 

to quantify up to eight samples in case of iTRAQ [120] or ten samples in case of TMT [121]. 
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This multiplexing is in contrast to other labelling methods, which allow quantifying only two 

or three samples, and is one of main benefits of TMT and iTRAQ. Another advantages are 

clean spectrum (all labels have the same mass in MS1) and possibility to label wide variety 

of samples including tissues. Disadvantages are risk of co-isolation of more precursors in 

MS2 and need of MS3 in high-plexing experiments. Both TMT and iTRAQ are sold 

commercially, but there is a cheaper alternative, DiLeu isobaric tagging as well [122]. This 

approach is freely available with only main drawback – user has to synthetize tags in 

laboratory. DiLeu works on the same principle as TMT or iTRAQ and allows up 8-plexing 

[122].  

1.3.3.3 Metabolic labelling 

Stable isotope labelled amino acid in cell culture (SILAC) is very versatile and frequently 

used quantification method [123]. This approach is based on culturing cells in media 

supplemented with isotopically labelled amino acids, typically arginine and leucine. Those 

two amino acids weren’t selected randomly – trypsin cleaves specifically after these amino 

acids. Regular proteomic sample processing will thus result into peptides bearing one, only 

occasionally two labelled amino acids. Cultivation of cell cultures with such modified media 

will result in incorporation of those amino acids into cellular proteins in around five 

passages, depending on cell type. Those labelled cells are later mixed with its unlabeled 

counterpart and they are processed together (Figure 18). This approach allows limited 

multiplexing by introducing different labels into cells. The resulting spectrum is thus more 

complicated, since every peptide has two or more peaks in MS1. Quantification is based on 

extracted ion chromatogram for each labeled peptide.  The major benefit is 

straightforwardness of labelling and result processing. As will be shown in experimental 

part, it allows determining drug target response on particular cell line (Chapter 2.2). The 

drawback of this method is suitability for cell cultures only. There is a stable isotope 

labelling processes for whole organisms, e. g. mouse, however they are much more 

complicated [124]. It is not possible to analyze tissue samples by SILAC. 

1.3.3.4 Other isotope labelling 

 Apart from these main quantification approaches, few other labelling techniques exist. 

Those methods are: protein digestion in water with heavy oxygen 18O [125], metabolic 

labelling of cells using heavy nitrogen 15N [126], isotope coded affinity tag (ICAT) [127], 

isotope coded protein labelling (ICPL) [128], global internal standard technology (GIST) 

[129]. Labelling with 18O suffers from several disadvantages like incomplete incorporation 
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of labelled oxygen into digested peptides and not possible multiplexing. However, it is still 

one of the cheapest and simplest methods for protein quantification in MS [130]. Metabolic 

labelling with 15N is currently used mainly in the research of simpler organisms such as 

plants, invertebrates and unicellular organisms [131]. ICAT, ICPL and GIST are based on 

introducing an isotope labelled tag on peptides. In ICAT, tag is bound on a selected rare 

amino acid, usually cysteine and affinity purification of only cysteine containing peptides. 

ICPL tag containing H4 or D4 is bound to amine residue of lysine of reduced and alkylated 

protein or proteins in the complex sample, which allows further manipulation with these 

proteins. GIST tag labels universally to the primary amino group of all peptides. These 

methods are not very widely used and basically they offer virtually the same results as 

SILAC, TMT or iTRAQ.  

1.3.3.5 Label-free methods 

In some cases, it is difficult or impossible to introduce isotopic label. It is then necessary to 

introduce quantification approach, which is not isotopic label dependent. This approach 

depends on quantitative property of ESI. This property is currently the principle of 

quantitative MS. In analysis of low molecular compounds, MRM is often synonymous with 

quantitative MS. In discovery proteomics, however, MRM is not often applicable and thus 

different methods for MS quantification without isotope label had to be developed.  

There are two main methods for label-free proteomic MS quantification. First one is similar 

to common MS quantification approach. It consists of counting peptide’s peak area and 

directly comparing this area to peak area of the same peptide in different run. This 

approach is called area under curve (AUC) [132]. Second method is based on presumption, 

that more abundant protein will be identified with more peptides. This method is referred 

as spectral counting [133]. The main advantages of AUC are linearity in broad concentration 

range (10 fmol–1000 pmol) and straightforward processing, main drawbacks are high 

request for LC/MS reproducibility and accuracy. On the other side, accuracy of 

quantification may be decreased by peptide co-elution as well as by losing peak information 

during switching between MS and MS2 scan modes. High resolution mass spectrometers 

with data independent acquisition mode are recommended for obtaining best results. 

Spectral counting is less demanding to computing power and can be calculated as protein 

abundance index during each Mascot search. There are as well a lot of modifications of 

those two main methods reviewed in [134]. 
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Nor AUC or spectral counting is hardly usable in DIA. In DIA, a SWATH acquisition method 

has been introduced. SWATH is based on fragmenting peptides in larger windows called 

swaths (Figure 19) [92]. Those swaths have from 10 to 25 Da and resulting spectrum is 

chimeric MS2 spectrum of all peptides in particular swath. Quantification lies in between 

label free and MRM analysis. A workflow for SWATH analysis consists from one data 

dependent analysis serving for construction of peptide spectral library and several SWATH 

runs. Particular peptide of interest is then selected as parent mass and mass of its 

fragments from identification run and quantification information is extracted from SWATH 

runs and visualized in similar way to MRM transition. The main advantage amount of 

peptides quantified this way which can be almost unlimited.  

 

Figure 19: The principle of SWATH data independent acquisition. Mass spectrometer is set 

to acquire MS/MS spectra in fixed, relatively wide mass windows (A) which leads to cover 

all mass range (B). Single peptides are evaluated in MRM-similar manner (C) based on single 

chimeric fragmentation spectra (D). Figure adapted from [135]. 
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1.3.4 Data processing and database search 

The most important information in both top-down and bottom-up approach are MS/MS 

spectra. Those spectra contain sequence information about particular peptides. This 

information is however coded in mass peaks of single amino acids losses. Peptide sequence 

has to be deciphered from mass spectra first. There are several approaches for this 

deciphering, like de-novo sequencing or search in databases or spectral libraries.  

1.3.4.1 Database based search 

MS/MS spectra in bottom-up proteomics can be evaluated several ways. The most often 

used approach is database search using specialized algorithm. There are databases 

available online – the most known are UniProt (http://www.uniprot.org/) or NCBI 

(https://www.ncbi.nlm.nih.gov/protein/) – but it as well possible to get specialized 

databases. The most of searching algorithms works with regular FASTA sequence format 

and both can be done – either download database of choice from internet or to make own. 

Database search by different algorithms usually works on simple principle – in the first step, 

mass spectra are deconvoluted – MS1 and MS2 peaks are picked and transferred into 

numeral form. Proteins in database are then digested in-silico and results from MS are 

compared to this in-silico digest. Peptide, which corresponds with spectrum with highest 

probability, is chosen as hit. The exact mechanism of database search differ by particular 

algorithms, typical examples are e.g. Mascot [136], Sequest [137] or Andromeda (part of 

MaxQuant package [138]). 

1.3.4.2 Spectral libraries 

Although database search is well established method, it takes a lot of computational power 

to search. The main drawback of database based approach is repeated search of abundant 

proteins in multiple samples. To overcome this, spectral libraries, originally used in analysis 

of organic compounds, were adapted to proteomics. The main advantage of spectral library 

search is increased speed of analysis. The spectral libraries are instrument specific and have 

to be filled in similar manner as protein databases. The main difference is that we can fill 

regular database with DNA transcripts, but spectral library can contain mass spectra 

corresponding to peptides only. For example, human ion trap library contains 340 357 

spectra, whereas chicken database contains just 3125 spectra [139]. 

http://www.uniprot.org/
https://www.ncbi.nlm.nih.gov/protein/
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1.3.4.3 De-novo sequencing and accurate mass tag search 

Besides those two main approaches, there are few other methods for bottom-up 

proteomics. The first can be de novo sequencing of every spectrum. This approach is 

computationally even more demanding than database search [139], but it is under constant 

development [99]. Another can be accurate mass and time tag [104], which is comparison 

of retention time and accurate mass to already known peptide. Compared to previous 

approaches, this one is the less sophisticated.  

Data analysis for top-down proteomics has still reserves for further development. Currently, 

there are software tools for protein mass deconvolution from multiply charged peaks. First 

tools for protein sequence determination from MS2 spectra have been already introduced 

even for analysis of more complex samples [103]. 

1.3.5 Bioinformatic evaluation of results 

All proteomic techniques aim to the discovery of a certain number of differentially 

expressed proteins. Unfortunately, those proteins don’t have big information value alone, 

because proteins are involved in particular cellular pathways, work as a part of multiprotein 

complex, are regulated or regulate another proteins etc. Similarly to protein IDs or gene 

symbols, cellular processes have been characterized and referenced in two main databases 

– Gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG). KEGG serves 

as a virtual model of the cell and the main purpose of GO is to serve as the unifying 

vocabulary. Thus the same process and the orthologous protein have the same GO 

annotation between different species [140,141]. Each protein has multiple GO annotation 

terms. This count depends on importance of protein in cellular structure and current 

knowledge about such protein. Such GO annotation terms can be downloaded to each 

protein by simple tools. One of those tools is Annotation in MaxQuant. However, GO 

annotation itself doesn’t provide much information, because proteins are usually involved 

in multiple pathways. For such a purpose, more sophisticated algorithms to annotate and 

visualize genomic, transcriptomic or proteomic data were developed. Commercially 

available are the Thomson Reuters MetaCoreTM program (GeneGo; Figure 20), Elsevier 

Pathway Studio and IPA (Ingenuity® Systems). Further, several free programs were 

introduced to help researchers gain more information about identified proteins. To this 

class of analytical tools belongs for example: the Software tool for researching annotations 

of proteins (STRAP, [142]), Gene Map Annotator and Pathway Profiller (GeneMAPP, [143]), 

Pathway Tools [144], on-line tools available from Gene Ontology Web site 



51 
 

(www.geneontology.org, [145]), ProteomeCommons (proteomecommons.org/tools-

browse.jsp, [146]) or Database for Annotation, Visualization and Integrated Discovery 

(DAVID, https://david.ncifcrf.gov/ [147]). 

 

Figure 20: Graphical output from GeneGo annotation (A) and STRING protein-protein 

interaction (B) analysis.  

Protein-protein interactions are aside from cellular processes annotated in GO. These 

interactions are much wider than participation of protein in single process. Protein-protein 

interactions are very important part of cellular communication, signal transfer or 

https://david.ncifcrf.gov/
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modulation of enzyme activity. A good visualization of protein-protein interaction can be a 

good guide in determining mechanism of cellular response, as can be seen in Chapter 

2.2.2.3 in Experimental part. The tools used for visualization of protein – protein 

interactions are STRING (http://string-db.org/; Figure 20 [148]), BioGrid 

(http://thebiogrid.org/ [149]), Agile Protein Interaction DataAnalyzer (APID, 

http://bioinfow.dep.usal.es/apid/index.htm [150]) or human protein–protein interaction 

prediction database (http://www.compbio.dundee.ac.uk/www-pips/ [151]). 

1.4 Other MS-based proteomic methods  

1.4.1 Targeted MS methods 

Targeted MS methods overcome limitations of both western blot and classical identification 

approach. They are focused to study particular proteins; however, analysis could be set to 

quantify a number of proteins, which are no longer suitable to analyze by WB both 

economically and in terms of time. Targeted MS methods beat identification approach in 

sensitivity, which are few orders of magnitude higher. There are few basic approaches: 

classical MRM done at triple quadrupoles, and two variants called high resolution MRM 

(HR-MRM) and parallel reaction monitoring (PRM). HR-MRM is done at Q-TOF instruments 

and PRM at Q-Orbitrap instruments. HR-MRM and PRM are similar in a way that both are 

performed at high resolution instruments and both filter only precursor ions. Instead of 

filtering product ions, they record full product spectrum and filtering is done during data 

processing. Targeted MS approach is as well suitable for analysis of post-translational 

modifications [152]. This approach can be used e.g. for biomarker validation [153], 

phosphoproteomic assays [154] or as validation of protein expression change in regular 

proteomic experiments instead of WB [155]. Targeted MS can be for popularization 

purpose called mass ELISA relating to quantification power, specificity and high-throughput 

of ELISA experiments.  

1.4.2 Non-covalent mass spectrometry 

MS can be also used in structural proteomics. Although it lacks the sensitivity and accuracy 

of NMR and X-ray crystallography, it is much faster and provides sufficient information on 

protein conformation and ligand binding. There are several methods for studying drug- 

protein and drug-DNA interactions. Analysis of intact proteins could be performed using 

both ESI and MALDI ion sources. ESI, and more beneficially nano-ESI in combination with 

single quadrupole, triple quadrupole or Q-TOF, analyzers are used in the analysis of 

http://string-db.org/
http://thebiogrid.org/
http://bioinfow.dep.usal.es/apid/index.htm
http://www.compbio.dundee.ac.uk/www-pips/
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biological macromolecules more often. The main reason for using nESI is that it produces a 

lot of multiply charged ions with high accuracy rather than a few ions produced by MALDI – 

usually single, double and sometimes even higher charged ions with low resolution caused 

by the linear TOF analyser. Change in intensity of different charged states also allow to 

determine changes in conformation [156]. Macromolecule shape determination is 

elucidated as charge profile of multiply charged protein. This shape determination is 

allowed because in the duration of a typical MS experiment, a protein is held in a vacuum 

by hydrogen bonds in its natural conformation. Fragmentation of multimeric protein 

complexes is also a non-covalent mass spectrometry tool. The methodical part of non-

covalent MS is reviewed in more detail in [156]. Non-covalent MS can be used to reveal the 

protein drug target [157] or to study drug-DNA binding [158].  

1.4.3 Surface enhanced laser desorption/ionisation 

Surface enhanced laser desorption/ionisation (SELDI) is a variant of MALDI-TOF which is 

used for differential proteomics [159]. The SELDI is designed to affinity enrich proteins of 

interest directly on the surface of target and no previous separation is needed. This method 

also allows construction of protein chips with direct mass spectrometry analysis. The chips 

are currently commercially available as a Bio-Rad ProteinChip Technology™. However, even 

with SELDI approach advantages, like on-chip sample preparation and direct mass analysis, 

whole proteins without digestion are measured in linear time-of-flight analyzer with low 

accuracy. The SELDI-TOF approach is used preferentially in medicinal biomarker discovery 

and diagnostics in preference than in drug discovery. SELDI approach has only limited use 

alone, because it provides only protein mass, but not identification. Protein identification 

has to be determined by different approaches, for example by using ESI-FTICR to identify 

differentially expressed proteins [160].  

1.5 Clinical proteomics – presence, future and perspectives 

The proteomics is currently one of the main scientific methods; however, it just starts 

getting on clinical use. The oldest and most often clinically used methodology is IHC and 

western blot used mainly in molecular pathology and microbiology diagnostic. Another 

widely used method is ELISA or RIA, which is frequently provided as a commercial kit 

allowing precise and reproducible protein/antigen determination and quantification with 

low cost instrumentation. In comparison, mass spectrometry based proteomics is not 

widely disseminated method in clinical proteomics yet from several reasons, which are: 

expensive instrumentation, complex sample preparation, qualification of operators and 



54 
 

difficult quantification. On the other side, MS offers substantial advantages as a high 

sensitivity and high specificity in comparison to antibody identification. The MS approach, 

which offers the best applicability for clinical analysis is an MRM. This approach is targeted 

(see Chapter 1.4.1) and can be compared with ELISA in terms of sensitivity and specificity. 

Moreover, MRM analysis can be easily multiplexed for detection of multiple proteins in one 

analysis, which is hard to obtain in immunoassays. 

Targeted MRM approach has been employed in our laboratory to determine hepcidin levels 

[161] and is currently used as a part of diagnostic panel used for paediatric patients with 

iron homeostasis dysregulations. Another possible uses of MRM could be in detection of 

pancreatic cancer biomarker [162] or in prediction of Tamoxifen resistance [163]. 

However, not only MRM based MS approaches could be used for clinical diagnostics. 

Regular bottom-up approach can be used as well. Its main benefit is ability to identify and 

(at least semi-) quantify those unknown proteins. A practical application of this approach 

could be typization of amyloid tissues [164], also currently used on our institute [165].  

The role of MS methods in clinical diagnostics is continuously growing. It is routinely used in 

metabolomic screening of newborns [166], microbiological identifications [167] or 

toxicological screening. From those mentioned, microbiological identification on MALDI 

Biotyper from Bruker is based on our current knowledge a first FDA approved proteomic 

MS method (Figure 21) [168]. MALDI Biotyper is based on acquiring of unique fingerprint 

spectra from highly abundant proteins in the bacteria. Those applications show good 

applicability in clinical practice.  
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Figure 21: Principle of MALDI Biotyper microbial strains identification strategy. Bacterial 

colony smear is transferred on MALDI target, mixed with matrix (HCCA; α-Cyano-4-

hydroxycinnamic acid) and unique spectrum of high abundant proteins is collected and MS 

fingerprint is compared with database. Figure adapted from [168] 

It is highly expected, the connection of MS and proteomics will follow this trend. The first 

swallow of this statement is the proteomic MRM analysis, which became known among 

physicians as “mass spec ELISA” with comparable properties, such as above mentioned 

specificity and sensitivity. As has been already discussed, MRM has growing importance in 

clinical proteomics [169]. The role of MS could increase further, correspondingly with 

growing number of mass spectrometers and clinically validated and FDA approved 

methods/analytes. Clinical applicability of bottom-up or top-down proteomics will be rather 

limited to discovery experiments (e.g. for biomarkers) or to typization of simple matrices as 

before mentioned in the classification and diagnostic of amyloidosis. There are two main 

reasons for this opinion. The sample processing for bottom-up proteomics is time and work 

demanding and secondly, and according to me more important reason, is that such a 

profiling provides long and complex list of proteins, where substantial portion of 
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identificated proteins are irrelevant for diagnosis. Furthermore, about 80% of collected 

spectra aren’t identified at all (Appendix B). This unidentified spectra are called protemics 

dark matter [170], which can be visualized by better search for PTMs, mutations or 

alternatively spliced protein forms [171]. Those tasks couldn’t be done with current 

commercial software setup, but they can be particularly beneficial e.g. in cancer diagnostics 

before targeted therapy application. 
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2 EXPERIMENTAL PART 

2.1 Aims 

The first aim was to study response to anti-cancer drugs by proteomic profiling.  

During this project we were focusing on cellular response to platinum-based anti-

cancer drugs on complex proteomic level.  

Second aim was to establish quantitative and qualitative analysis of new cancer biomarker 

asporin in stably transfected E. Coli and breast cancer cell cultures.  
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2.2 Proteomic profiling of anticancer drugs 

Our project is typical representative of large scale proteomic analysis in discovery phase. In 

this kind of experiment are analyzed proteins from biological samples with the aim to 

identify and quantify as much proteins as possible. This allows detecting proteins which 

don’t have any change in expression together with differentially expressed proteins 

with/without biological relevance. We have applied this approach to study of drug response 

of in clinical practice used platinum drugs on cancer cell lines models. For this purpose, we 

have selected well-growing and highly chemosensitive CCRF-CEM cells derived from acute 

lymphoblastic leukemia.  

The original and first platinum drug on the market is cisplatin (CisPt). This drug is widely 

used in clinical practice. The main mechanism of action of CisPt is formation of covalent 

adduct to DNA. Thus the most rapidly dividing cells are most affected. The most significant 

side effects are nephrotoxicity, nausea and resistance development [172].  

To overcome several drawbacks of CisPt, new derivatives were introduced on market. From 

this second generation platinum drugs, carboplatin (CarboPt) is best known and most 

widely used [173]. CarboPt is transformed in the cell into the same active form – 

cis(diamine-diaqua)platinum and forms the same kind of DNA adducts [172]. However it 

results in cross-resistance of CisPt and CarboPt [174]. 

This cross-resistance led to development of third generation platinum drugs. The most 

known one, oxaliplatin (OxaPt), doesn’t share cisplatin cross-resistance [175] and 

moreover, it is effective even to cancers insensitive to CisPt, e.g. colorectal cancer. OxaPt 

became one of treatment strategies to colorectal cancer and after discovery of its highly 

synergic effect with 5-fluorouracil became a golden standard of adjuvant therapy in 

colorectal cancer [176]. 

Importance of those drugs in the clinic is as well followed by particular scientific interest. 

The biggest effort is focused into cisplatin, carboplatin and oxaliplatin follows. This interest 

can be split into several ways – i) into an optimization of treatment regimes, ii) into ways 

how to prevent or reduce side effects, iii) into a characterization of resistance mechanisms 

and finally iiii) into description of molecular mechanism of drug action. The mechanism of 

action of platinum drugs is reviewed e.g. in [172]. However, large scale proteomic analysis 

of even those deeply studied drugs can reveal a new, currently unknown, target or it can 
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help in joining currently known mechanisms of response together and further help in 

designing scientifically driven, rational based, therapeutic protocols. 

The second aim in this approach is to compare cellular response between those drugs. 

Although they are very similar and even forming the same (CisPt and CarboPt) or very 

similar (OxaPt) DNA adducts, they differ significantly in the spectra of toxicities. For 

example, the most discussed problem of CisPt is nephrotoxicity [177], in CarboPt it is 

myelosuppression [178] and for OxaPt peripheral neuropathy [179]. The comparison of 

cellular responses can suggest mechanisms involved in susceptibility of different tissues to 

those compounds. This comparison is best when all conditions are the same. To allow this, 

we have determined constant IC50, which is concentration of drug which will inhibit cellular 

growth by 50%. The concentration of five times of IC50 was used in all following 

experiments to ensure that enough of drug has been delivered to cell. The next issue is time 

of treatment. The approaches used usually, which is fixed time point, like a 24 or 48 hours, 

don’t respect the different speed of drug effect and can lead to monitoring of late apoptotic 

mechanisms only. We have thus decided to monitor time to caspase activation as a 

hallmark of apoptosis and stop the treatment in the half time of such caspase activation 

and start of irreversible cell death. This will prevent beginning of apoptosis and it should 

reveal better image of cellular response. 

2.2.1 Material and methods 

2.2.1.1 Chemicals and reagents 

Oxaliplatin (Eloxatin) was obtained as a 5 mg/ml stock solution from Sanofi. If not 

mentioned otherwise, all chemicals were obtained from Sigma. Fetal calf serum (FCS) was 

purchased from Pan Biotech (Germany). The MagicRed assay kit was purchased from 

Immunochemistry Technologies, USA. RPMI media lacking arginine and lysine was obtained 

from Biowest, USA. HPLC/MS grade water was produced using a Merck Millipore Milli-Q 

Direct-8 purifier with an LC-PAK polisher (Merck), and HPLC/MS grade acetonitrile was 

purchased from J. T. Baker, USA. Proteomic grade trypsin was purchased from Promega. 

Bensonase and Luminata Forte were obtained from Merck. Pierce 660 nm Protein Assay kits 

for protein concentration measurements with Ionic Detergent Compatibility Reagent were 

purchased from ThermoFisher Scientific, USA. Pertex rapid drying medium was used for 

slide mounting (Histolab, Sweden). The following antibodies were used: Anti-UTP11 

(AbCam), Anti-WDR46 (Sigma), Anti-TRF1 (Santa Cruz), Anti-RPS19 (Santa Cruz), Anti-p53 

(Cell Signaling), Anti-Fibrilarin (Sigma) and Anti-ß-actin (Sigma), horseradish peroxidase 
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conjugated anti-rabbit (Sigma), horseradish peroxidase conjugated anti-mouse (Sigma), 

Alexa-488 anti-goat (Life technologies) and Alexa 488 anti-rabbit (Invitrogen). ELISA kits 

were purchased from Thermo Fisher (Ferritin) and RnD Systems (Apolipoprotein A1). 

2.2.1.2 Cell culture, analysis of IC50 and time to apoptosis 

T-lymphoblastic leukemia derived cell line (CCRF-CEM) was purchased from American 

Tissue Culture Collection and was cultivated according recommendation in RPMI media 

supplemented with 20% of FCS, 100 IU/ml penicillin and 10 μg/ml streptomycin. Inhibition 

of tumor growth/survival expressed by 50% inhibition constant (IC50) value was determined 

by MTT assay as described previously [180,181]. Time to apoptosis was determined by 

Magic Red assay (Immunochemistry Technologies). Briefly, CCRF-CEM cells 106/ml were 

treated by 5 x IC50 concentration of OxaPt. Assay was performed according to manufacturer 

instructions and fluorescence was detected with excitation at 590 nm and emission 630 nm 

wavelength. 

2.2.1.3 SILAC labeling and treatment with drugs 

All experiments in this study were done in three biological replicates. CCRF-CEM cells were 

grown in complete RPMI media lacking arginine and lysine and supplied with either 12C6 

(light) or 13C6 (heavy) labeled arginine and lysine. They were cultured for five passages to 

ensure that “light” or “heavy” amino acids were completely incorporated. The 

completeness of labeling was verified by mass spectrometry (data not shown). Light cell 

lines were diluted to concentration of 106 cells per ml and treated with 5 x IC50 

concentration of OxaPt for half time to apoptosis induction (concentration of drug and 

respective treatment time for CisPt 12.6 μM and 2.5 h, for CarboPt 50.7 μM and 3 h and for 

OxaPt 29.3 μM and 4 h). Following treatment, light and heavy cells were mixed in the same 

ratio. The mixed cell suspension was washed twice in ice-cold PBS with protease inhibitors 

and once with ice-cold PBS. Washed cells were lysed in lysis buffer containing 20 mM Tris-

HCl, 7 M Urea, 10 mM DTT, 1% Triton X-100 and 0.5% SDS, 2U benzonase and transferred 

to 1.5 ml microfuge tubes. The cell-lysate was incubated on ice for 5 min; two extra units of 

benzonase were added and incubated for an additional five minutes. Lysates were cleared 

at 16000 g at 4°C for 10 minutes and supernatants were transferred into 1.5 ml eppendorf 

tubes and stored at -80°C.  

2.2.1.4 Sample preparation for LC- MS/MS 

Cell-lysate was resolved by preparative SDS-PAGE (MiniPrep Cell, BioRad) and the gel was 

cut into 20 slices representing protein fractions separated by the MW. The gel slices were 
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subsequently dehydrated by acetonitrile and proteins were reduced with 50mM Tris(2-

carboxyethyl)phosphine at 90°C for 10 minutes and alkylated with 50 mM iodoacetamide 

for 1 hour in the dark. Samples were then washed three times with water and acetonitrile 

successively, with last 50% acetonitrile wash. Samples were solubilized and trypsinized in 

trypsin buffer (6.25 ng/µl trypsin, 50 mM 4-ethylmorpholine, 10% v/v acetonitrile, pH 8.3) 

overnight at 37°C. The supernatant was transferred into new eppendorf tubes and peptides 

were extracted from gel pieces successively in three steps by 80% acetonitrile with 0.1% 

TFA, 0.1% TFA in water and with 50% acetonitrile. Extracts were pooled and dried in 

SpeedVac (Eppendorf). Dried samples were reconstituted in 5 µl of 80% ACN with 0.1% TFA 

and diluted with 145 µl of 0.1% TFA. Reconstituted samples were purified using a C-18 

MacroTrap column (Michrom Bioresources, USA), dried in SpeedVac and resuspended in 20 

µl of 5% acetonitrile with 0.1% formic acid for LC-MS/MS analysis. 

2.2.1.5 LC/MS 

Mass spectrometric analysis was performed in parallel on three mass spectrometers. The 

first one was electrospray/ion trap (ESI/IT) low resolution instrument. Samples for this 

analysis were analyzed in nanoHPLC Agilent nano1200 (Agilent Technologies, USA) coupled 

with Bruker HCTUltra ESI-IT mass spectrometer (Bruker Daltonics, Germany). Analyses were 

performed with flow 0.4 µl.min-1 nonlinear gradient with water with 0.1% FA as a solvent A 

and ACN with 0.1% FA as a solvent B on Agilent Zorbax 300SB-C18 column with diameters 

150 mm x 75 µm and particle size 3.5 µm (Agilent Technologies, Germany).  

The second tested approach was using MALDI-TOF mass spectrometry coupled with LC 

separation. In this case, samples were separated in Agilent Capillary 1200 (Agilent 

Technologies, USA) coupled with Proteineer fc (Bruker Daltonics, Germany) spotting 

machine. Analyses were performed with nonlinear gradient with flow 4 µl.min-1 using MS 

grade water with 0.1% TFA as solvent A and ACN with 0.1% TFA as solvent B on Michrom 

(Michrom Bioresources, USA) Magic C18AQ column with diameters 0.2 x 150 mm and 

particle size 5 µ and 200 Ȧ inner material size. Fractions were collected to 384 spots, each 

with 8 seconds step and 1 µl of 1 µg.ml-1 α-cyano hydroxycinnamic acid. Mass spectra were 

acquired on Bruker Autoflex III instrument (Bruker Daltonics, Germany) with m/z scale 600 

– 3500, reflectron positive mode.  Acquired spectra were automatically evaluated by 

WARP-LC and FlexAnalysis software (Bruker Daltonics, Gemany) and this software also 

selected a parent masses for subsequent MS/MS acquisition.   
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The third mass spectrometric approach was using an Orbitrap Elite (Thermo) instrument 

fitted with a Proxeon Easy-Spray ionization source (nESI-Orbitrap), coupled to an Ultimate 

3000 RSLCnano chromatograph. One microliter of sample was loaded on a PepMap 100 (7 

5μm x 2 cm, 3 μm, 100 Ȧ pore size) desalting column (Thermo) “in-line” with a PepMap 

RSLC (75 μm x 15 cm, 3 μm, 100 Ȧ pore size) analytical column (Thermo) heated at 35°C. 

The peptides were subsequently separated on the analytical column by ramping the organic 

phase from 5% to 35% during a total run time of 150 minutes. The aqueous and organic 

mobile phases were, respectively, 0.1% formic acid and acetonitrile, 0.1% formic acid. The 

FTMS resolution was set to 120,000 and precursor ions were scanned across an m/z range 

of 300.0- 1950.0. The twenty most intense ions were selected in the linear ion-trap for 

fragmentation by collision (CID) in the orbitrap. Collision energy of 35 eV was applied 

throughout.  

2.2.1.6 Data analysis 

Mass spectra obtained from ESI/IT were analyzed in Proteinscape 2.1.0 573 software 

(Bruker Daltonics, Germany), where those mass spectra were searched by two algorithms – 

Mascot (Matrix Science, UK) and Phenyx (Genebio, Switzerland). For Mascot, these settings 

were used: database NCBI, taxonomy human (Homo sapiens), enzyme trypsin, 2 allowed 

missed cleavages, modifications: carbamidomethylation of cysteine (fixed), oxidation of 

methionine (variable) and label 13C6 on arginine and lysine (variable), peptide tolerance ± 

0.5 Da, MS/MS tolerance ± 0.5 Da, peptide charge 2+ and 3+, monoisotopic mass. One 

peptide was accepted with mascot score at least 12 and protein was accepted with at least 

one peptide with mascot score higher than 40. For Phenyx, we have used these settings: 

database uniprot_sprot, taxonomy homo sapiens, default parent charge 2, 3, 4, scoring 

model HCTUltra, Trust parent charge medium, modification same as in Mascot, enzyme 

Trypsin (KR), parent error tolerance 0.5 Da, maximum 2 allowed missed cleavages, cleavage 

mode half cleaved, conflict resolution none, Turbo on, b-y ions, error tolerance 0.5 Da, 

coverage 20%. Search results from both algorithms were collected and processed by 

Proteinscape’s utility Protein extractor. 

Mass spectra from MALDI-TOF were processed by Proteinscape software and searched by 

Mascot and Phenyx in similar conditions as in ESI experiment. Differences in search 

methods were following: Mass charge 1, MS toleration 100 ppm, MS/MS toleration 0.5 Da. 

Peak picking and peptide search for nESI-Orbitrap data was done by MaxQuant v. 1.3.0.5 

[138] with SwissProt human database downloaded 4. 4. 2013. All fractions data of one 
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sample were searched together. Carbamidomethylation of cysteines was selected as fixed 

modification, oxidation of methionines and protein N-term acetylation as variable 

modifications. Minimal peptide and razor peptide count was set to 1 and peptide length to 

6. Mass tolerance of parent ions was set to 20 ppm and tolerance of fragments was set to 

0.5 Da. Peptide and protein FDR rate were set to 1%. Arginine and lysine were set as special 

amino acids with filtering of labeled amino acids. For quantification, razor peptides were 

selected with discarding unmodified counterparts of peptides, re-quantification and iBAQ 

were allowed. Search result was processed in Perseus 1.4.0.6, where decoy search results 

and contaminant items were removed and Significance B test has been performed using 

normalized ratios of replicates and their respective intensities. Proteins, which had 

significance score below 0.05 in at least two replicates, were selected for further studies. 

Pearson coefficients were calculated using log2 ratios of SILAC quantifications of single 

replicates divided by their average. 

Venn diagrams were created in Perseus and Venn Diagram Plotter 1.5 

(http://omics.pnl.gov). Pearson coefficients were calculated in Microsoft Excel as a plot of 

log2 of replicate L/H ratio vs. log2 of average L/H ratio from proteins which were quantified 

in all replicates.  

Bioinformatics analysis of the B significant protein list was performed with the Database for 

annotation, visualization and integrated discovery (DAVID, v6.7, 

http://david.abcc.ncifcrf.gov/, downloaded 13. 1. 2016) [147]. Results were viewed using 

DAVID’s Functional Annotation Clustering method. Protein-protein interactions were 

visualized using STRING database (http://string-db.org, downloaded 13. 1. 2016) [148]. 

STRING graphical output was then divided into clusters. Cluster was selected as close group 

of at least 7 proteins which binds closely together than with proteins outside of cluster.  

2.2.1.7 Immunoblotting 

CCRF-CEM cells were-treated by OxaPt as before. Cells were harvested and centrifuged at 

90 g for 5 min at 4°C, washed twice in PBS with 5 mM sodium pyrophosphate, 1 mM 

sodium orthovanadate, 5 mM sodium fluoride and 1 mM PMSF. Cells were lysed with SDS 

lysis buffer (62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 1% mercaptoethanol, 0.5% 

bromophenol blue), heated for 10 minutes at 95°C and incubated with 2 units of benzonase 

for one hour at room temperature. Protein content was measured using the Pierce 660 nm 

Protein Assay containing the Ionic Detergent Compatibility Reagent. For SDS-PAGE 

electrophoresis, a 10 μg of total protein was resolved by 12% SDS-PAGE. Separated proteins 

http://omics.pnl.gov/
http://david.abcc.ncifcrf.gov/
http://string-db.org/
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were blotted to a nitrocellulose membrane (0.2 μm pore size, Bio-Rad) using the TransBlot 

Turbo semi-dry system (Bio-Rad). The membrane was blocked for 1 hour in 5% non-fat dry 

milk in TBS/T (Tris-buffered saliva with 0.1% Tween-20) and incubated with appropriate 

antibodies in 5% v/v BSA in TBS/T overnight, at 4°C, with agitation. After incubation, 

membranes were washed with TBS/T and incubated with peroxidase labeled secondary 

antibody and visualized by Luminata Forte peroxidase substrate. Chemiluminiscence was 

collected by the HCD camera (Li-Cor Odyssey FC). Band intensities were normalized to their 

respective actin band and averages of three biological replicates were processed into bar 

graphs. Significance of protein change was calculated using t-test and p-value below 0.05. 

2.2.1.8 ELISA assay 

Cell lysates were prepared the same way as for immunoblotting. The proteins from 10 

million of cells were precipitated by extent of ethanol and centrifuged 10 minutes with 

2000 g. Pellet was reconstituted in water. The total protein amount was determined using 

bicinchonic acid assay. The ELISA assays to ferritin and apolipoprotein A1 were performed 

according to manufacturer’s instructions. 

2.2.1.9 Nucleoli staining 

The CCRF-CEM cell line was treated the same way as for proteomic analysis. After 

treatment, cells were spinned to microscopy glass by Cytospin centrifuge (Sakura, Japan) at 

500 rpm for 5 minutes. Spinned cells were allowed to dry, fixed by 4% paraformaldehyde in 

PBS and stained by toluidine blue according to Smetana [182]. After staining, slides were 

mounted into Pertex (Histolab, Sweden). Three replicates were observed on Zeiss Axio 

microscope with Zeiss AxioCamERc 5s digital camera at 400x magnificence. From each 

sample, 100 cells nucleoli were counted and classified according to Smetana to  compact 

nucleoli, ring nucleoli and micronucleoli [182]. 

2.2.1.10 Immunofluorescence 

Cells were spun using a Cytospin centrifuge as described above, fixed with 

4% paraformaldehyde in PBS for 15 minutes at room temperature, and permeabilized with 

0.5% TritonX-100 in PBS for 15 min. The cells were then washed three times in PBS with 

0.1% Tween 20 and incubated overnight at 4 °C with primary rabbit or goat antibodies 

against fibrilarin, DDX56, WDR46, RPS9 and UT11L in 5% FCS. The samples were then 

washed three times in PBS with 0.1% Tween 20 and incubated with the corresponding anti-

rabbit/goat secondary antibodies conjugated with Alexa Fluor 488 in 5% FCS for 1 hour at 

room temperature. Coverslips were stained with DAPI for nuclei counterstaining and 
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mounted in mounting medium. The localization of the proteins of interest was examined 

using confocal spinning disc fluorescent microscopy (Carl-Zeiss Observer Z1) at 1000 x 

magnification. 

2.2.2 Results 

2.2.2.1 Analysis of IC50 and time to apoptosis 

The IC50 value of CisPt was determined to 2.52 μM, of CarboPt to 10.14 μM and IC50 of 

OxaPt to 5.9 μM by MTT cytotoxic assay. We have used five-fold of this value (5 x IC50; 12.6 

μM, 50.7 μM and 29.3 μM, respectively) for our experiments. Those started with Magic Red 

time to caspase activation analysis. This time has been set as a time, when fluorescence 

signal of treated cells is 10% higher than signal of control cells. CCRF-CEM cell line was 

treated with 5 x IC50 of drugs and lysed at half-time to caspase activation - 150 min for 

CisPt, 180 min for CarboPt and 240 min for OxaPt. 

2.2.2.2 Mass spectrometry results 

The first obtained information is count of fragmentation spectra. Because identification in 

regular proteomic experiment is done based on those spectra, it is important to have 

spectra of both high quantity and quality. We have acquired in average 70283 ± 10137 

spectra from ESI-IT, 10862 ± 2052 spectra from this were successfully identified. MALDI-TOF 

acquired 73547 ± 14990 spectra and identified 3838 ± 812. Using nESI-Orbitrap, 596296 ± 

32521 spectra were acquired and 109260 ± 22419 were identified (Figure 22). 
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Figure 22: Count of fragmentation spectra acquired and identified using different MS 

methods. 

Next to count of identified peptides, their reproducibility is also a very important 

parameter. The low reproducibility of large scale proteomic and metabolomic experiments 

is called undersampling [183] and it is caused by semi-random rules of peak picking prior to 

MS2 analysis. In order to determine level of undersampling, we have compared 

reproducibility of MS method we have used in analysis. In ESI-IT was identified 6177 ± 1218 

peptides common in all three biologic replicates, in MALDI-TOF 1778 ± 92 peptides and in 

nESI-Orbitrap was common 12296 ± 2028 peptides (Figure 23). 
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Figure 23:  Numbers of identified and quantified peptides for single analyses expressed in 

Venn diagrams. Sum was counted from number of peptides present in at least one replicate 

per method. Graphics of summary diagram (Sum) is following:  nESI-Orbitrap;  ESI-IT a 

 MALDI-TOF. 

The count of identified proteins is important for composition of protein families or single 

proteins and to evaluation of their change. The more peptides were assigned to particular 

protein, the higher is its sequence coverage and quantification is more accurate for 

particular protein and method. The average count of peptide per protein was 12.0 ± 1.6 at 

ESI-IT, 7.4 ± 1.5 at MALDI-TOF and 5.5 ± 0.4 at nESI-Orbitrap. The respective sequence 

coverage was (in percent) 28.9 ± 3.0 at ESI-IT, 15.6 ± 2.8 at MALDI-TOF and 15.8 ± 1.6 at 

nESI-Orbitrap. The count of identified proteins was 660 ± 124 for ESI-IT with 66% coverage 

between all three replicates, 355 ± 68 proteins for MALDI-TOF with 41% coverage and 3430 

± 306 proteins for nESI-Orbitrap with 76% coverage (Figure 24).  
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Figure 24:  Numbers of identified and quantified proteins at single analyses expressed in 

Venn diagrams. Sum was counted from number of proteins present in at least one replicate 

per method. Graphics of summary diagram is following:  nESI-Orbitrap;  ESI-IT a  

MALDI-TOF. 

The last compared parameter is quantification accuracy expressed as R2 among 

quantification values of single replicates and their average. R2 value for ESI-IT was 0.454 ± 

0.047, for MALDI-TOF 0.569 ± 0.081 and for nESI-Orbitrap 0.692 ± 0.063 (Figure 25) 
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Figure 25: Quantification accuracy. For each replicate (R1, R2 and R3) was calculated 

coefficient of determination (R2), to express how well regression line represents the data of 

individual replicate against average (all three replicates) quantification for particular drugs.  

Proteins identified by ESI-IT and MALDI-TOF were evaluated together because of their 

reported complementarity. Total amount of identified proteins is shown in Figure 24. Lists 

of total identified proteins for CisPt, CarboPt and OxaPt are attached in digital form on CD. 

For selection of significantly regulated proteins, we have selected the most frequently used 

criteria [184–186], two-fold change in protein abundance. The proteins fulfilling those 

criteria are shown in Table 1 for CisPt, Table 2 for CarboPt and Table 3 for OxaPt. 

Table 1: Proteins identified by ESI-IT and MADI-TOF and changed at least two-fold after 

CisPt treatment. 

 

 

Accession Protein ESI-IT R1 ESI-IT R2 ESI-IT R3 MALDI R1 MALDI R2 MALDI R3 Average

gi|14150122 SLD5 0.05 0.09 0.07

gi|46014976 Human Mitchondrial Fission Protein Fis1 0.35 0.29 0.32

gi|33357459 Chain A, Human Pyruvate Dehydrogenase 0.63 0.34 0.49

gi|148277071 thioredoxin reductase 1 isoform 3 0.11 1.04 0.58

gi|5453549 thioredoxin peroxidase 1.12 0.15 0.64

gi|4826848 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 5 1.01 0.27 0.64

gi|12408656 calpain 1, large subunit 0.30 1.09 0.70

gi|33468965 hypothetical protein LOC57456 0.91 0.19 1.59 0.89

gi|4503895 galactokinase 1 5.00 1.52 3.26

gi|16751921 dermcidin preproprotein 3.70 11.11 3.23 6.01

gi|223278356 glutamate receptor, ionotropic, N-methyl-D-aspartate 3A precursor 5.56 20.00 12.78

gi|3212456 Chain A, Crystal Structure Of Human Serum Albumin 6.25 100.00 53.13

gi|197927201 translocase of outer mitochondrial membrane 6 homolog 100.00 100.00 100.00

gi|7657257 translocase of outer mitochondrial membrane 20 homolog 100.00 100.00 100.00 100.00
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Table 2: Proteins identified by ESI-IT and MADI-TOF and changed at least two-fold after 

CarboPt treatment. 

 

Table 3: Proteins identified by ESI-IT and MADI-TOF and changed at least two-fold after 

OxaPt treatment. 

 

Because ESI-IT and MALDI-TOF approaches didn’t provided any meaningful results as can be 

seen from tables 1, 2 and 3, we have decided to re-analyze the samples using nESI-Orbitrap 

practically immediately after being operational in our laboratory. The numbers of identified 

proteins acquired from nESI-Orbitrap are shown at Figure 24. Since nESI-Orbitrap analyzes 

accurate mass with very high resolution, it allows more sophisticated quantification 

approaches. The one used in our experiment is a Significance B test, which counts protein 

significance not only based on its fold change, but as well based on its intensity [138]. More 

intense proteins are usually being quantified more precisely and thus a smaller change can 

be significant. Proteins significant in at least two biological replicates were selected to 

reduce random results. The list of B-significant proteins for CisPt is in Table 4, for CarboPt in 

Table 5 and for OxaPt in Table 6.  

 

 

 

ID protein ESI-IT R1 ESI-IT R2 ESI-IT R3 MALDI R1 MALDI R2 MALDI R3 Average

gi|14150122 SLD5 0.09 0.28 0.18

gi|13491174 MARCKS-like 1 0.54 0.01 0.27

gi|4505685 pyruvate dehydrogenase (lipoamide) alpha 1 0.42 0.35 0.38

A6NK07 Eukaryotic translation initiation factor 2 subunit 2-like protein 0.48 1.27 0.24 0.66

gi|36030883 RP42 homolog 2.17 0.24 1.21

gi|16751921 dermcidin preproprotein 2.33 25.00 13.66

gi|3212456 Chain A, Crystal Structure Of Human Serum Albumin 12.50 4.35 100.00 6.25 100.00 44.62

gi|39995059 caspase 2 isoform 1 preproprotein 1.14 100.00 50.57

gi|239745516 PREDICTED: hypothetical protein XP_002343510 1.49 100.00 50.75

gi|197927201 translocase of outer mitochondrial membrane 6 homolog 100.00 100.00 100.00

gi|50949594 hypothetical protein 100.00 100.00 100.00

gi|7657257 translocase of outer mitochondrial membrane 20 homolog 100.00 100.00 100.00 100.00

ID Protein ESI-IT R1 ESI-IT R2 ESI-IT R3 MALDI R1 MALDI R2 MALDI R3 Average

gi|21755646 unnamed protein product 0.01 0.01 0.01

gi|14150122 SLD5 0.15 0.15

gi|57208257 ribophorin II 0.13 1.16 0.65

gi|94536866 hypothetical protein LOC124220 2.44 2.44

gi|93279940 Human Eukaryotic Initiation Factor 4a, Eif4a 5.00 1.49 3.70 3.40

gi|47132620 keratin 2 4.17 3.70 2.44 3.44

gi|55956899 keratin 9 5.26 4.76 3.13 4.38

P02533 Keratin, type I cytoskeletal 14 (CK-14) (K14) 4.55 4.55

gi|121039 Ig gamma-1 chain C region 5.00 5.00

gi|269849769 Keratin, type I cytoskeletal 10 6.67 7.69 4.00 6.12

gi|119395750 keratin 1 3.45 3.70 2.86 8.33 12.50 6.17

gi|20150229 Chain A, Crystal Structure Of The Mrp14 Complexed With Chaps 9.09 9.09
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Table 4: Proteins B-significantly changed after CisPt treatment. R1, R2 and R3 are marks of 

biological replicates, H/L means normalized heavy to light ratio and SigB is calculated 

Significance B p-value. Proteins with this value below 0.05 were considered as significant.  

 

 

 

 

 

 

 

 

 

 

Protein name Gene Protein ID L/H R1 L/H R2 L/H R3 SigB R1 SigB R2 SigB R3

Synaptogyrin-2 SYNGR2 Q3KQZ2 0.40 0.29 0.45 2.8E-145 1.5E-296 1.5E-88

Autophagy-related protein 101 ATG101 Q9BSB4 0.75 NaN 0.18 5.3E-04 1.0E+00 5.6E-261

Mitogen-activated protein kinase 3 MAPK3 P27361 0.59 NaN 0.35 1.5E-29 1.0E+00 9.5E-89

Mothers against decapentaplegic homolog 1 SMAD1 Q15797 NaN 0.71 0.43 1.0E+00 4.1E-04 1.8E-25

SH3 domain-binding glutamic acid-rich-like protein 3 SH3BGRL3 Q9H299 0.73 NaN 0.47 2.0E-35 1.0E+00 2.5E-63

Thyroid transcription factor 1-associated protein 26 CCDC59 Q9P031 0.51 0.70 NaN 3.4E-30 1.6E-04 1.0E+00

Exportin-6 XPO6 Q96QU8 0.71 NaN 0.51 5.7E-05 1.0E+00 4.9E-15

Hydroxymethylglutaryl-CoA synthase, cytoplasmic HMGCS1 Q01581 NaN 0.67 0.73 1.0E+00 1.1E-22 9.3E-11

Serine beta-lactamase-like protein LACTB, mitochondrial LACTB P83111 0.71 0.69 NaN 2.8E-07 4.8E-09 1.0E+00

Mitotic spindle assembly checkpoint protein MAD1 MAD1L1 Q9Y6D9 0.74 0.77 NaN 4.2E-09 5.5E-10 1.0E+00

Argininosuccinate synthase ASS1 P00966 1.08 0.73 0.62 5.6E-01 7.1E-20 5.2E-43

Fatty acid desaturase 2 FADS2 O95864 0.94 0.80 0.84 1.0E-01 3.9E-11 2.1E-04

Gephyrin GPHN F5H039 1.04 0.85 0.85 9.5E-01 9.1E-05 6.9E-04

D-3-phosphoglycerate dehydrogenase PHGDH O43175 1.01 0.94 0.87 2.1E-01 2.7E-04 7.7E-09

Plasminogen receptor (KT) PLGRKT Q9HBL7 1.04 0.94 0.91 7.5E-01 1.6E-04 1.4E-05

Cysteine-rich protein 1 CRIP1 P50238 1.27 0.99 1.19 6.1E-08 2.0E-01 4.6E-04

Sodium/potassium-transporting ATPase subunit alpha-1 ATP1A1 F5H3A1 1.16 1.12 1.19 4.3E-05 1.1E-02 3.1E-04

CD44 antigen CD44 P16070 0.98 1.28 1.29 3.2E-01 1.9E-04 8.4E-04

Lysophosphatidylcholine acyltransferase 1 LPCAT1 Q8NF37 2.75 1.24 1.09 1.4E-28 9.7E-09 6.5E-01

Protein S100-A9 S100A9 P06702 2.88 NaN 2.22 2.1E-09 1.0E+00 2.4E-08

Protein FAM208B FAM208B Q5VWN6 3.31 NaN 2.27 1.2E-18 1.0E+00 1.3E-08

WD repeat-containing protein 11 WDR11 Q9BZH6 3.13 2.98 NaN 9.8E-25 8.7E-31 1.0E+00

Lysozyme C LYZ P61626 3.82 3.52 4.34 4.5E-29 1.4E-12 1.5E-15

DDRGK domain-containing protein 1 DDRGK1 Q96HY6 2.64 9.07 0.96 1.3E-20 8.6E-71 2.4E-01

Cystatin-A CSTA P01040 7.49 3.85 3.90 1.6E-28 3.2E-15 3.7E-17

Zinc-alpha-2-glycoprotein AZGP1 P25311 6.16 NaN 7.63 6.2E-15 1.0E+00 4.3E-17

Trypsin-3 PRSS3 P35030 14.23 NaN 4.12 6.6E-104 1.0E+00 9.3E-18

Dermcidin DCD P81605 16.21 7.75 8.11 0.0E+00 8.9E-68 9.8E-136

Prolactin-inducible protein PIP P12273 13.92 NaN 7.84 1.1E-32 1.0E+00 4.5E-50

Dystrophin DMD P11532 18.77 9.75 8.15 7.2E-108 1.4E-56 1.3E-23

AP-1 complex subunit mu-1 AP1M1 K7EPJ8 175.95 155.54 135.01 0.0E+00 3.0E-293 1.8E-191

Mucin-19 MUC19 Q7Z5P9 237.33 148.36 144.27 0.0E+00 4.6E-293 1.1E-191
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Table 5: Proteins B-significantly changed after CarboPt treatment. R1, R2 and R3 are marks 

of biological replicates, H/L means normalized heavy to light ratio and SigB is calculated 

Significance B p-value. Proteins with this value below 0.05 were considered as significant. 

 

 

 

 

 

 

 

 

 

 

 

Protein name Gene Protein ID L/H R1 L/H R2 L/H R3 SigB R1 SigB R2 SigB R3

Histone H2A type 1-C HIST1H2AC Q93077 NaN 0.41 0.19 1.0E+00 0.0E+00 0.0E+00

Centrosomal protein of 41 kDa CEP41 Q9BYV8 NaN 0.40 0.77 1.0E+00 1.4E-155 5.2E-04

tRNA (guanine(37)-N1)-methyltransferase TRMT5 Q32P41 0.61 NaN 0.66 2.8E-24 1.0E+00 8.0E-07

F-box/LRR-repeat protein 12 FBXL12 Q9NXK8 0.68 0.79 NaN 1.6E-10 5.9E-05 1.0E+00

Ribosome biogenesis protein BOP1 BOP1 Q14137 0.66 0.88 NaN 2.6E-22 1.2E-04 1.0E+00

Galectin-1 LGALS1 P09382 0.89 0.91 0.83 1.2E-08 5.3E-06 2.9E-06

Mitotic spindle assembly checkpoint protein MAD2A MAD2L1 Q13257 0.76 1.06 0.87 1.5E-10 7.4E-01 5.1E-04

Glucose-6-phosphate isomerase GPI P06744 0.85 0.95 0.93 8.1E-14 1.4E-04 5.6E-04

40S ribosomal protein S28 RPS28 P62857 NaN 0.93 0.92 1.0E+00 1.0E-04 4.5E-05

Thioredoxin reductase 1, cytoplasmic TXNRD1 Q16881 0.95 0.96 0.93 1.5E-03 5.3E-04 2.9E-04

Stathmin-2 STMN2 Q93045-2 0.95 0.93 1.00 8.5E-04 9.2E-07 1.4E-01

Aurora kinase B AURKB J9JID1 1.00 1.34 1.36 7.3E-01 2.5E-05 1.9E-05

Calmodulin-like protein 5 CALML5 Q9NZT1 1.66 2.01 NaN 7.3E-23 9.3E-08 1.0E+00

Telomeric repeat-binding factor 2 TERF2 Q15554 2.74 1.09 2.70 3.6E-16 4.4E-01 1.7E-28

Leukosialin SPN P16150 4.23 1.01 1.73 6.7E-163 2.8E-01 4.3E-40

WD repeat-containing protein 11 WDR11 Q9BZH6 1.49 3.63 NaN 3.3E-27 1.9E-42 1.0E+00

Exportin-6 XPO6 Q96QU8 3.49 NaN 2.05 2.5E-20 1.0E+00 3.0E-06

Protein FAM208B FAM208B Q5VWN6 4.11 NaN 2.83 7.2E-23 1.0E+00 2.6E-09

Protein S100-A9 S100A9 P06702 NaN 4.67 3.57 1.0E+00 4.2E-50 1.5E-17

Lysozyme C LYZ P61626 4.72 NaN 3.75 1.2E-14 1.0E+00 1.2E-11

Protein S100-A8 S100A8 P05109 NaN 8.93 1.63 1.0E+00 1.0E-36 5.0E-04

Cystatin-A CSTA P01040 6.85 4.18 NaN 3.9E-73 5.6E-27 1.0E+00

Prolactin-inducible protein PIP P12273 9.26 NaN 3.51 7.8E-32 1.0E+00 4.0E-11

Trypsin-3 PRSS3 P35030 7.97 7.96 11.94 4.5E-121 1.3E-35 4.5E-205

Dystrophin DMD P11532 17.83 16.22 4.04 1.1E-35 6.7E-72 4.1E-19

Dermcidin DCD P81605 18.89 9.19 12.54 2.1E-255 3.0E-212 8.2E-149

Alpha-2-macroglobulin A2M P01023 20.74 9.43 NaN 2.2E-144 9.9E-23 1.0E+00

AP-1 complex subunit mu-1 AP1M1 K7EPJ8 199.37 191.66 NaN 5.1E-283 0.0E+00 1.0E+00

Mucin-19 MUC19 Q7Z5P9 208.11 198.08 NaN 3.8E-283 0.0E+00 1.0E+00
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Table 6: Proteins B-significantly changed after OxaPt treatment. R1, R2 and R3 are marks of 

biological replicates, H/L means normalized heavy to light ratio and SigB is calculated 

Significance B p-value. Proteins with this value below 0.05 were considered as significant. 

Table is continuing on next page. 

 

 

Protein name Gene Protein ID L/H R1 L/H R2 L/H R3 SigB R1 SigB R2 SigB R3

Probable U3 small nucleolar RNA-associated protein 11 UTP11L Q9Y3A2 0.24 0.25 0.23 0.0E+00 4.5E-134 1.5E-284

WD repeat-containing protein 46 WDR46 B4DNI0 0.28 0.28 NaN 5.2E-122 9.5E-297 1.0E+00

Ribosome biogenesis protein NSA2 homolog CDK105 Q5J7U2 0.31 0.29 0.32 5.6E-101 8.1E-153 3.9E-60

Glioma tumor suppressor candidate region gene 2 protein GLTSCR2 B4DVK1 NaN 0.32 0.40 1.0E+00 5.3E-112 9.4E-32

Centrosomal protein of 41 kDa CEP41 Q9BYV8 0.23 0.47 0.45 3.0E-213 1.2E-20 5.1E-22

Protein Hook homolog 3 HOOK3 Q86VS8 0.38 NaN 0.41 3.3E-35 1.0E+00 1.5E-59

60S ribosomal protein L7-like 1 RPL7L1 Q6DKI1 0.45 0.40 0.45 7.7E-61 2.3E-301 8.6E-63

Probable ATP-dependent RNA helicase DDX56 DDX56 Q9NY93-2 0.45 0.47 0.69 1.7E-63 1.3E-34 1.9E-07

DDB1- and CUL4-associated factor 13 DCAF13 E5RHM4 0.52 NaN 0.56 3.1E-19 1.0E+00 3.7E-10

COBW domain-containing protein 1 CBWD6 F5H3X4 0.52 0.54 0.57 3.9E-18 4.2E-20 8.0E-18

Non-homologous end-joining factor 1 NHEJ1 H7C0G7 0.87 0.28 0.48 2.3E-01 2.3E-162 4.6E-17

Ribosomal L1 domain-containing protein 1 RSL1D1 Q32Q62 0.58 0.57 0.59 7.0E-53 7.3E-124 1.3E-127

Mitotic spindle assembly checkpoint protein MAD1 MAD1L1 B3KR41 0.34 0.82 NaN 3.0E-46 4.8E-04 1.0E+00

U3 small nucleolar RNA-associated protein 14 homolog A UTP14A Q9BVJ6-3 0.65 0.62 0.62 6.1E-15 4.7E-20 1.3E-26

Nucleolar protein 7 NOL7 Q9UMY1 0.61 0.70 0.67 1.2E-06 7.2E-11 8.8E-05

Protein FAM207A FAM207A C9JJU7 0.64 0.72 NaN 1.2E-05 1.1E-03 1.0E+00

U3 small nucleolar RNA-associated protein 6 homolog UTP6 Q9NYH9 1.01 0.52 0.53 9.6E-01 1.3E-22 1.6E-12

Guanine nucleotide-binding protein-like 3 GNL3 Q9BVP2-2 0.71 0.72 0.75 8.6E-19 1.5E-22 3.0E-09

Serine/threonine-protein kinase PLK1 PLK1 P53350 0.68 0.84 0.68 4.4E-06 3.8E-03 1.2E-07

Actin-related protein 10 ACTR10 Q86TY2 0.53 0.73 0.95 1.3E-17 7.9E-14 5.6E-01

Protein CutA CUTA O60888-3 0.98 0.37 0.88 5.0E-01 1.5E-259 2.0E-06

ATP-dependent RNA helicase DDX54 DDX54 Q8TDD1 0.72 0.74 0.82 8.7E-05 7.7E-08 1.6E-03

Protein RRP5 homolog PDCD11 Q14690 0.76 NaN 0.77 1.3E-12 1.0E+00 9.2E-23

Probable rRNA-processing protein EBP2 EBNA1BP2 Q99848 0.78 0.75 0.77 7.8E-06 3.0E-12 5.5E-04

Pre-mRNA-processing factor 39 PRPF39 Q86UA1 NaN 1.33 0.21 1.0E+00 4.6E-04 0.0E+00

RRP12-like protein RRP12 Q5JTH9-2 0.78 NaN 0.78 8.6E-06 1.0E+00 1.1E-04

Probable ATP-dependent RNA helicase DDX27 DDX27 B7Z6D5 0.80 0.78 0.82 2.6E-04 2.5E-09 3.7E-05

Ribosome biogenesis protein BRX1 homolog BXDC2 A0JLQ5 0.78 0.80 0.84 1.1E-10 5.8E-11 5.2E-03

Pumilio domain-containing protein KIAA0020 KIAA0020 Q15397 0.82 0.76 0.85 3.1E-07 8.6E-16 7.9E-09

Centromere protein F CENPF P49454 0.82 NaN 0.82 1.1E-03 1.0E+00 8.2E-14

Nucleolar protein 16 NOP16 Q9Y3C1 0.84 0.85 0.78 1.6E-03 2.5E-06 6.9E-05

RNA-binding protein 28 RBM28 Q9NW13 0.82 0.78 0.88 8.7E-04 1.0E-08 8.9E-03

Nucleolar and spindle-associated protein 1 NUSAP1 Q9BXS6-4 0.81 0.95 0.79 7.6E-04 1.0E-01 1.8E-06

60S ribosomal protein L35a RPL35A P18077 0.84 0.90 0.83 6.3E-06 6.6E-05 1.5E-02

Importin subunit alpha KPNA2 Q6NVW7 0.79 0.93 0.86 3.1E-05 2.0E-02 2.0E-08

60S ribosomal protein L15 RPL15 P61313 0.85 0.85 0.88 4.1E-05 2.0E-08 2.8E-07

60S ribosomal protein L13 RPL13 Q6NZ55 0.88 0.82 0.88 1.5E-03 4.6E-11 4.1E-08

60S ribosomal protein L34 RPL34 P49207 0.86 0.85 0.87 1.5E-04 4.5E-08 6.6E-02

60S ribosomal protein L7a RPL7A P62424 0.84 0.86 0.89 1.7E-05 2.4E-07 5.2E-07

60S ribosomal protein L27a L27a Q9BQQ5 0.87 0.87 0.85 4.3E-04 7.6E-05 1.3E-02

60S ribosomal protein L36 RPL36 Q9Y3U8 0.85 0.83 0.92 1.6E-05 2.7E-11 2.0E-01

60S ribosomal protein L6 RPL6 Q8TBK5 0.87 0.85 0.89 3.9E-04 1.6E-08 2.4E-06

G2/mitotic-specific cyclin-B1 CCNB1 P14635 0.83 0.94 0.84 1.0E-03 4.8E-02 4.3E-04

Pescadillo homolog PES1 B5MCF9 0.87 0.87 0.87 1.4E-02 3.1E-07 3.6E-07

Ribosomal protein L19 RPL19 Q8IWR8 0.84 0.88 0.91 6.2E-06 1.1E-05 3.2E-05

Myb-binding protein 1A MYBBP1A I3L1L3 0.87 0.86 0.89 6.7E-04 4.7E-02 1.5E-06

60S ribosomal protein L18a RPL18A M0R3D6 0.87 0.86 0.90 3.9E-04 1.4E-07 7.8E-06

40S ribosomal protein S8 RPS8 Q5JR95 0.87 0.87 0.89 3.8E-04 1.0E-06 2.2E-06

60S ribosomal protein L7 RPL7 P18124 0.86 0.87 0.91 1.2E-04 1.9E-06 2.0E-05

60S ribosomal protein L4 RPL4 P36578 0.86 0.87 0.90 1.2E-04 4.4E-06 9.5E-06

40S ribosomal protein S5 RPS5 M0R0F0 0.86 0.89 0.89 1.8E-04 4.9E-05 4.8E-07

40S ribosomal protein S16 RPS16 M0R3H0 0.88 0.87 0.89 1.1E-03 3.4E-06 1.6E-02

40S ribosomal protein S4, X isoform RPS4X P62701 0.88 0.87 0.90 8.8E-04 4.3E-06 6.6E-06

60S ribosomal protein L10a RPL10A P62906 0.87 0.88 0.91 4.8E-04 6.4E-06 5.6E-05

60S ribosomal protein L18 RPL18 G3V203 0.87 0.87 0.92 2.6E-04 3.4E-06 4.1E-04

40S ribosomal protein S23 RPS23 P62266 0.88 0.90 0.89 1.1E-03 1.6E-04 6.1E-06

60S ribosomal protein L23a RPL23A P62750 0.87 0.87 0.93 5.9E-04 9.9E-07 4.9E-04

60S ribosomal protein L13a RPL13A Q53H34 0.87 0.87 0.92 4.0E-04 4.8E-06 3.6E-04

40S ribosomal protein S24 RPS24 P62847-2 0.88 0.87 0.92 1.1E-03 3.7E-07 7.9E-02

60S ribosomal protein L14 RPL14 Q6IPH7 0.88 0.89 0.92 1.1E-03 8.4E-06 1.8E-04

60S ribosomal protein L8 RPL8 E9PKZ0 0.88 0.87 0.93 1.3E-03 3.9E-06 1.1E-03

40S ribosomal protein S3a RPS3A Q6NXR8 0.90 0.88 0.91 6.5E-03 7.6E-06 3.6E-05

Nucleolar GTP-binding protein 1 GTPBP4 Q9BZE4 0.87 0.90 0.92 2.2E-04 6.7E-05 1.2E-03

40S ribosomal protein S11 RPS11 M0QZC5 0.89 0.89 0.91 3.6E-03 3.3E-05 2.6E-04

60S ribosomal protein L3 RPL3 P39023 0.90 0.88 0.91 6.7E-03 1.1E-05 5.8E-05

60S ribosomal protein L21 RPL21 Q6IAX2 0.87 0.87 0.95 4.0E-04 2.6E-06 1.3E-02

Integral membrane protein 2A ITM2A O43736-2 0.81 1.05 0.84 2.7E-04 4.9E-01 2.7E-04
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Table 6 (continued). 

 

Since proteomic profiling of OxaPt revealed the biggest amount of significantly changed 

proteins, I have started with biologic verification of those proteins first. The two drugs 

remaining, cisplatin and carboplatin are currently re-analyzed to provide better results.   

2.2.2.3 Bioinformatic analysis 

We have analysed data by two bioinformatic tools: DAVID for protein and process 

annotation and STRING for protein-protein interactions. The results from DAVID’s 

functional annotation clustering shown that majority of significantly changed proteins are 

involved in ribosomes, ribosome biogenesis or those proteins are localized in nucleolus 

(Table 7). The output from STRING was in graphical format and is showing four main 

clusters (Figure 26). First cluster contains centromere or mitosis related proteins (7 

proteins), second one secretory proteins involved in innate immunity response (8 proteins), 

third one contains ribosomal proteins (39 proteins) and fourth one contains nucleolar 

proteins (24 proteins). Next to those clusters, there are 7 unclustered proteins, which had 

connection to other proteins. 

Protein name Gene Protein ID L/H R1 L/H R2 L/H R3 SigB R1 SigB R2 SigB R3

40S ribosomal protein S6 RPS6 Q96DV6 0.87 0.89 0.94 4.6E-04 6.6E-05 1.9E-03

60S ribosomal protein L32 RPL32 D3YTB1 0.88 0.90 0.91 1.2E-03 4.5E-04 2.0E-01

60S ribosomal protein L35 RPL35 H0Y3A0 0.86 0.90 0.95 2.1E-04 1.4E-04 1.9E-01

40S ribosomal protein S13 RPS13 P62277 0.86 0.87 0.98 1.5E-04 1.5E-06 4.8E-01

40S ribosomal protein S3 RPS3 P23396 0.89 0.90 0.94 1.9E-03 3.4E-04 3.2E-03

60S ribosomal protein L10 RPL10 P27635 0.92 0.91 0.91 1.5E-02 5.3E-04 1.9E-04

60S ribosomal protein L12 RPL12 P30050 0.88 0.95 0.92 1.0E-03 5.7E-02 8.9E-04

Far upstream element-binding protein 3 FUBP3 Q96I24 0.96 0.91 0.92 1.8E-01 1.7E-04 8.1E-04

60S ribosomal protein L26 RPL26 Q6IBH6 0.88 0.89 1.11 7.3E-04 1.3E-04 2.6E-02

Argininosuccinate synthase ASS Q5T6L4 1.32 0.92 0.97 2.0E-05 1.5E-03 4.0E-01

Ubiquitin-conjugating enzyme E2 Z UBE2Z B4DL66 1.54 1.05 0.67 5.2E-04 7.2E-01 5.1E-05

Ribosome production factor 2 homolog RPF2 Q5VXM9 0.94 0.87 1.50 1.7E-01 1.3E-03 2.9E-07

Ribonucleoside-diphosphate reductase subunit M2 RRM2 P31350 1.01 1.15 1.16 8.4E-01 1.2E-03 6.1E-04

Interferon regulatory factor 3 IRF3 M0R0R8 0.12 2.10 1.15 0.0E+00 9.7E-15 1.3E-01

Ubiquitin-60S ribosomal protein L40 UBB J3QS39 1.10 1.15 1.13 5.0E-02 7.7E-07 1.2E-05

Heat shock 70 kDa protein 1A/1B HSPA1A P08107 1.18 1.16 1.05 3.4E-04 1.6E-07 3.0E-01

Pre-mRNA-splicing regulator WTAP WTAP Q15007 0.63 1.59 1.26 9.4E-09 2.2E-12 1.8E-05

60S ribosomal protein L27 RPL27 E4W6B6 1.30 0.86 1.44 2.9E-08 2.9E-07 1.8E-17

Ferritin FTH1 G3V1D1 1.46 1.17 1.02 1.8E-03 1.3E-03 9.6E-01

Telomeric repeat-binding factor 2 TERF2 H3BR06 1.63 1.28 1.25 3.9E-08 5.0E-05 2.9E-05

DDRGK domain-containing protein 1 DDRGK1 Q96HY6 2.54 3.48 1.02 7.6E-31 2.1E-91 9.7E-01

28S ribosomal protein S26, mitochondrial MRPS26 Q9BYN8 0.71 4.94 NaN 5.1E-05 1.7E-88 1.0E+00

Leukosialin SPN P16150 2.81 3.74 3.25 9.0E-35 1.0E-96 3.5E-243

Methionine--tRNA ligase, mitochondrial MARS2 Q96GW9 2.46 5.13 NaN 2.9E-13 4.5E-54 1.0E+00

Zinc-alpha-2-glycoprotein AZGP1 C9JEV0 5.02 4.42 2.46 8.2E-10 3.8E-14 5.4E-08

39S ribosomal protein L43, mitochondrial MRPL43 Q8N983-4 4.81 3.95 NaN 1.5E-52 1.7E-100 1.0E+00

Lysozyme C LYZ P61626 13.61 2.38 0.46 1.2E-128 1.0E-17 4.2E-268

Lipocalin-1 LCN1 P31025 5.84 NaN 5.55 5.7E-18 1.0E+00 1.5E-28

Prolactin-inducible protein PIP P12273 7.65 9.29 8.46 1.2E-19 3.2E-66 6.4E-91

Apolipoprotein A-I APOA1 P02647 12.48 6.13 NaN 6.5E-71 2.5E-16 1.0E+00

Dermcidin DCD P81605 13.67 8.46 8.19 5.4E-72 0.0E+00 1.2E-148

Protein S100-A9 S100A9 P06702 22.40 5.06 3.89 1.7E-76 6.5E-33 1.3E-23

Lysophosphatidylcholine acyltransferase 1 AYTL2 D3DTC2 9.20 NaN 12.73 5.7E-119 1.0E+00 0.0E+00

Protein S100-A8 S100A8 P05109 16.99 NaN 8.23 9.5E-133 1.0E+00 1.2E-32

Hemoglobin subunit alpha HBA1 P69905 20.57 14.04 10.12 7.2E-76 4.9E-120 3.5E-46

Dystrophin DMD P11532-4 22.24 21.41 4.35 1.9E-76 1.8E-164 5.4E-114

Putative uncharacterized protein DKFZp686C11235 DKFZp686C11235 Q6MZV7 40.67 NaN 2.49 1.2E-142 1.0E+00 1.1E-15

Keratin 1 KRT1 H6VRG2 52.04 46.56 31.21 3.0E-144 2.2E-173 3.1E-181

Alternative protein CSF2RB CSF2RB L0R5A1 126.44 119.70 74.13 1.3E-147 0.0E+00 0.0E+00

Mucin-19 MUC19 Q7Z5P9-2 161.79 188.39 164.67 3.9E-148 0.0E+00 0.0E+00
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Table 7: DAVID anotation analysis of B-significant proteins. For simplicity, only annotation 

clusters with enrichment score higher than 10 are shown with six highest scored processes 

for each cluster. Annotation cluster 1 is focused to ribosomes, annotation cluster 2 to 

ribosome biogenesis and rRNA processing and annotation cluster 3 to nucleolus. 

 

Annotation Cluster 1 Enrichment Score: 42.00

Category Term Count % PValue

KEGG_PATHWAY hsa03010:Ribosome 38 36.89 6.54E-58

GOTERM_BP_FAT GO:0006414~translational elongation 38 36.89 1.26E-57

GOTERM_MF_FAT GO:0003735~structural constituent of ribosome 41 39.81 7.40E-56

SP_PIR_KEYWORDS ribosomal protein 41 39.81 1.10E-54

SP_PIR_KEYWORDS ribonucleoprotein 43 41.75 9.59E-51

SP_PIR_KEYWORDS ribosome 31 30.10 1.14E-50

Annotation Cluster 2 Enrichment Score: 12.26

Category Term Count % PValue

GOTERM_BP_FAT GO:0042254~ribosome biogenesis 19 18.45 7.37E-20

GOTERM_BP_FAT GO:0022613~ribonucleoprotein complex biogenesis 19 18.45 9.22E-17

GOTERM_BP_FAT GO:0006364~rRNA processing 15 14.56 7.94E-16

GOTERM_BP_FAT GO:0016072~rRNA metabolic process 15 14.56 1.48E-15

GOTERM_BP_FAT GO:0034470~ncRNA processing 15 14.56 1.76E-11

GOTERM_BP_FAT GO:0034660~ncRNA metabolic process 16 15.53 2.27E-11

Annotation Cluster 3 Enrichment Score: 11.78

Category Term Count % PValue

GOTERM_CC_FAT GO:0005730~nucleolus 33 32.04 1.32E-17

GOTERM_CC_FAT GO:0031981~nuclear lumen 40 38.83 1.03E-13

GOTERM_CC_FAT GO:0070013~intracellular organelle lumen 44 42.72 1.21E-13

GOTERM_CC_FAT GO:0043233~organelle lumen 44 42.72 2.70E-13

GOTERM_CC_FAT GO:0031974~membrane-enclosed lumen 44 42.72 5.36E-13

SP_PIR_KEYWORDS nucleus 38 36.89 8.83E-04
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Figure 26: STRING analysis of B-significant proteins. Cluster (A) shows centromere proteins 

and proteins involved in G2/M stop. Cluster (B) shows common secretory proteins. Cluster 

(C) shows ribosomal proteins and cluster (D) shows nucleolar proteins. Proteins in clusters 

are shown in tables with respective marking. 

From STRING analysis, we have obtained four above mentioned clusters – proteins localized 

to centromere and involved in G2/M stop, secretory proteins involved in innate immune 

response, ribosomal proteins and proteins localized in nucleolus. For orthogonal 

verification of protein abundance, we have selected at least on protein from cluster. 
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A next protein cluster was created during literature survey of significantly changed protein’s 

function. This cluster consists of proteins involved in DNA damage response. The table 

overview with those proteins is in Table 8. 

Table 8: Significantly changed proteins involved in DNA damage response.  Proteins are 

provided with their average fold change, intensity, Significance B p-value and reference to 

their involvement in DNA damage response. 

 

Validation of proteomic experiment 

2.2.2.4 Immunoblot and ELISA verification 

For antibody based verification, we have selected at least one protein from each STRING 

cluster (Figure 26). The most of proteins were validated by western blot, with exception of 

APOA1 and FTH1, for which we have used ELISA kits used in clinical biochemistry. The 

results from antibody verification shown at Figure 27 show nice correlation of MS results 

with antibody assays. There is often difference in the absolute numbers, but the trend is 

the same in all tested proteins. 

 

 

Protein names Gene names Ratio L/H Reference

Glioma tumor suppressor candidate region gene 2 protein GLTSCR2 0.36 Kim et al., 2011

Non-homologous end-joining factor 1 NHEJ1 0.55 Yano et al., 2009

Pumilio domain-containing protein KIAA0020 KIAA0020 0.81 Chang et al., 2011

Nucleolar and spindle-associated protein 1 NUSAP1 0.85 Kotian et al., 2014

Ribonucleoside-diphosphate reductase subunit M2 RRM2 1.11 Lu et al., 2012

Telomeric repeat-binding factor 2 TERF2 1.39 de Lange et al., 2010
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Figure 27: Immunologic verification of protein fold-change in proteins CCNB1, UTP11L, 

WDR 46, DDX56, RPS19 and TP53. Western blot bands in respective triplicates for OxaPt 

and control is shown in A and their normalized graphical output in B. Protein levels of 

APOA1 and FTH1 were verified by ELISA kit. Their relative intensity compared with MS 

intensities is in C. Graph columns marked with * have p-value below 0.05 according to t-

test. 

2.2.2.5 Immunofluorescence staining 

In the Figure 27, we have done immunologic verification of MS results. However, MS, WB or 

ELISA assays don’t tell anything about protein localization. To overcome this, we have 

performed IF staining of RPS19, DDX56 and UTP11L to elucidate their localization. As can be 

seen from Figure 28, all proteins localized mainly in nucleolus and followed the same 

expression trend after treatment. 
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Figure 28: Immunofluorescent staining of UTP11L, DDX56 and RPS19 visualizes their 

nucleolar localization. 
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2.2.2.6 Microscopy staining 

There were many of nucleolar and ribosomal proteins significantly changed after OxaPt 

treatment. Next step of evaluation was thus a light microscopy of whole nucleoli. For this 

purpose, we have used old, but proven method of toluidine blue staining with evaluation to 

three histologic nucleoli types: compact nucleoli, which are metabolically active; ring 

nucleoli, which are reversibly (e.g. during cell cycle) inactive, and micronucleoli, which are 

permanently inactive. In the Figure 29, we can see strong shift from compact nucleoli in 

control to micronucleoli after OxaPt treatment.  

 

Figure 29: Toluidine blue staining of control and L-OHP treated CCRF-CEM cell line (A). 

Distribution of different nucleolar types is shown in B and their examples in C. 
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2.2.3 Discussion 

Here I show large scale proteomic profiling experiment aimed to describe cellular response 

to drug treatment. In this experiment were used different mass spectrometers – ESI-IT, 

MALDI-TOF and nESI-Orbitrap. In this comparison, nESI-Orbitrap provided the best 

identification results (except of sequence coverage) from the same samples. What is 

interesting is a discrepancy between count of analyzed and identified spectra. This 

phenomenon has been already described [187] and offers a space for improvement in 

search engines. This discrepancy was highest in MALDI-TOF experiment, however here it is 

not because of search engine, but it is caused by nature of MALDI acquisition strategy. In 

precursor ion scan, there are all peaks with signal to noise ratio higher than 7 selected for 

fragmentation. The fragmentation procedure starts from most intense peaks, thus first few 

of spectra obtained are of high quality. However, moving to less intense peaks together 

with intensive laser burn of sample produces very low quality spectra for the least intense 

peaks.  

The protein lists obtained from ESI-IT and MALDI-TOF analyses were processed together 

because their reported complementarity [188]. For determination of significantly changed 

proteins, a common condition of significance in proteomic experiments, two-time fold 

change ratio, was chosen [188]. Unfortunately, results are rather disappointing, since only 

13-15 proteins from particular datasets were changed at least two-times. From such a few 

results it is impossible to elucidate cellular response to drug treatment. A re-analysis of 

already prepared samples on nESI-Orbitrap provided 32 proteins significantly changed in 

case of CisPt, 29 proteins for CarboPt and 107 proteins for OxaPt using more sophisticated 

Significance B algorithm [138]. The reason, why OxaPt provided such a huge amount of 

proteins and allowed to reconstruct several response processes (discussed below) and Cis 

and CarboPt didn’t is still under evaluation. In the time of writing this thesis, there are new 

samples of CisPt and CarboPt treated cells prepared to MS analysis. Treatment conditions 

are based on carefully re-analyzed IC50 and time to apoptosis values.  

We defined a protein as having been significantly up- or down-regulated if it had a 

significance B p-value below 0.05 in at least two replicates (Table 6). Bioinformatic analyses 

of these proteins were performed using the functional annotation clustering method 

implemented in DAVID. This method assigned high scores to ribosomal and nucleolar 

clusters (Table 7) A second, complementary, analysis based on protein-protein interactions 

was performed using STRING. This revealed four distinct clusters (Figure 26) corresponding 
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to proteins related to the centromere and G2/M checkpoint (Figure 26 A), secreted proteins 

(Figure 26 B), ribosomal (Figure 26 C) and nucleolar proteins (Figure 26 D) Proteins from 

clusters A, C and D are also involved in responses to cellular damage and stress [189]. 

Some of the proteins identified as being significantly up- or down-regulated (FAM207A, 

ACTR10, HSPA1A, FTH1, MARS2, MRPL43 and LPCAT1) remained unclustered in the STRING 

analysis (Figure 26) Literature searches on these proteins only revealed relevant 

information for HSPA1A, FTH1 and LPCAT1. HSPA1A functions as a protein chaperone, but it 

is also involved in anti-inflammatory and anti-oxidant processes [190] and DNA damage 

responses [191]. FTH1 is involved in innate immune reactions and is overexpressed upon 

lipopolysaccharide stimulation [192], anoxia or oxidative stress [193], among other things. 

FTH1 (ferritin) has been considered as a vehicle for platinum drugs [194]; it is possible that 

such drugs may form ferritin conjugates and thus induce its overexpression. LPCAT1 is 

reported to have anti-inflammatory properties [195]. The change in the levels of FTH1 was 

verified by ELISA (Figure 27). 

 Cluster A (Figure 26) contained proteins related to the centromere and G2/M cell cycle 

phase. L-OHP has been reported to arrest mitosis at the G2/M checkpoint [196]. This is 

consistent with our observation that L-OHP treatment caused the downregulation of cyclin 

B1 (CCNB1) [197] and PLK1 [198], as well as proteins interacting both with centromeres and 

microtubules such as NUSAP1[199], MAD1L1 [200], HOOK3 [201], CEP41[202] and CENPF 

[203] (Table 8). The downregulation of CCNB1 following L-OHP treatment has been 

observed previously [204] and was verified by immunoblotting (Figure 27). 

Cluster B (Figure 26) consisted of proteins secreted extracellularly, all of which were 

upregulated and many of them seems to associate with histogenetic origin of CCRF-CEM 

cells (T lymphocytes/lymphoblasts). LYZ is involved in innate immunity and ameliorates 

oxidative stress [205] and has previously been reported to be elevated after cisplatin 

treatment [206]. SPN is a one of the major glycoproteins in T-cells; it is involved in cellular 

adhesion and its upregulation activates the p53 protein, which can lead to cell cycle arrest 

[207]. In addition, p53 plays a central role in DNA damage responses, as discussed below. 

Lipocalin 1 (LCN1) is a transporter of small hydrophobic molecules [208] and the increase in 

its expression is probably linked to L-OHP detoxification. According to a previous report 

[209], LCN1 is a potential biomarker of cisplatin-induced nephrotoxicity. AZGP1 is involved 

in lipid metabolism and has been identified as a promising biomarker of different types of 

carcinomas. It effects the cell cycle by downregulating the cyclin dependent kinase cdc2 
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and slows the G2/M transition [210]. PIP, which was also upregulated in our experiments, is 

a potential cancer biomarker whose abundance increases in breast and prostate cancers 

and which binds to AZGP1 [211] Variation of APOA1 level can be linked to poor prognosis in 

cancer, both without [212] and with cisplatin treatment [213]. APOA1 reportedly has anti-

inflammatory, anti-apoptotic, and (of particular relevance during L-OHP treatment), 

antioxidant activity. As such, it is reasonable to suppose that the increase in APOA1 

expression following L-OHP treatment is due to the high oxidative stress induced by the 

drug, so an increase in APOA1 expression can be regarded as a biomarker for effective L-

OHP therapy [214]. The interaction between APOA1 and its cellular receptor, ABCA1, 

triggers several signaling events. These include the activation of the Cdc42 protein (which 

leads to cytoskeletal reorganization) and changes in the ability of other oncoproteins, 

including Ras and EGFR, to induce cellular transformation. In addition, binding partners of 

APOA1 such as APOL1 are involved in autophagy. Identifying the mechanisms that 

modulate APOA1 gene expression could lead to a deeper understanding of L-OHP’s 

mechanism of action, and APOA1 expression could be monitored as a biomarker for 

treatment response. Two other proteins that were identified as being significantly 

upregulated, S100A8 and S100A9, are known to be involved in acute inflammatory 

responses and the induction of apoptosis via the release of nitric oxide and reactive oxygen 

species [215]. The differential overexpression of APOA1 following L-OHP treatment was 

verified using ELISA (Figure 27). 

We observed statistically significant downregulation of several ribosomal proteins in cluster 

C (Figure 26). This is a sign of ribosomal stress, which causes the shutdown of ribosome 

biosynthesis [189]. However, ribosomal proteins were not regulated uniformly: some 

ribosomal proteins were downregulated non-significantly (e.g. RPS19, whose 

downregulation was verified by immunoblotting and microscopy – Figures 27 and 28) and 

others exhibited no detectable change in expression (e.g. RPL5, RPL11; Protein list 

appended electronically on CD). These differences in ribosomal protein expression may be 

connected to the roles of the ribosomal proteins in nucleolar stability, rRNA synthesis or 

p53 activation [216]. L-OHP treatment would be expected to affect ribosomes [217] and the 

ribosomal pathway may be involved in the development of L-OHP resistance [218]. 

Correspondingly to down-regulation or ribosome biosynthesis, the concentration and 

distribution of proteins localized in nucleolus shown in Figure 26 may indicate nucleolar 

stress, which reportedly causes the shrinkage or disruption of nucleoli under stress 

conditions [219] and has been reported to occur after L-OHP treatment [220,221]. We were 
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able to reproduce these results during the early stages of the L-OHP response (Figure 29) 

and observed a clear shift towards metabolically inactive micronucleoli (12% to 69%, Figure 

29C). This phenomenon is reflected in our proteomic data, which show the downregulation 

of proteins involved in the small (UTP11L, UTP6, UTP14A, DCAF13, PNO1 and WDR46 [222–

225]) and large (NSA2, PES1, DDX27, EBNA1BP2 (EBP2), RBM28, RPF2 and EFTUD1 [226–

232]) ribosomal subunit processomes, RNA processing proteins(NOP16, DDX proteins 

[233,234]), nucleolar stress sensors (MYBBP1 [235]) and PES1 interactors (BRIX1, RRP12 

[227]). We selected three proteins from this set – UTP11L, WDR46 and DDX56 – for 

immunoblot verification because of their high fold changes (Figure 26); in all three cases, 

immunoblotting confirmed their downregulation (Figure 27) and change of nucleolar 

localization was confirmed by immunofluorescence microscopy (Figure 28). Nucleolar stress 

was observed also using light microscopy (Figure 29). 

In addition to the proteins assigned to the clusters shown in Figure 26, we found that 

several of the proteins identified in the proteomic analysis have previously been reported 

to be involved in DNA damage responses (Table 8). DNA damage is known to trigger 

nucleolar and ribosomal stress [189] and the formation of DNA-platinum crosslinks is well 

established as the main effect of platinum drugs [172]. In our experiments with L-OHP 

treatment, we observed the upregulation of the DNA damage response proteins TERF2 

[236], RRM2 [237] as well as the downregulation of other DNA damage response proteins 

such as NHEJ1 [238], NUSAP1 [239], GLTSCR2 [240], and KIAA0020 [241]. 

Ribosomal and nucleolar stress are closely linked. Downregulation of nucleolar RNA 

processing and ribosomal processome proteins shuts down ribosome biosynthesis. On the 

other hand, nucleolar stress is triggered by DNA damage-induced inhibition of RNA 

polymerase I [242]. Our experiments revealed no changes in the expression of RNA 

polymerase I upon L-OHP treatment (Table in electronic appendix). However, nucleolar 

stress responses can also be activated via TOPBP1 [243] While our analysis identified 

TOPBP1, we were not able to quantify this protein (Table in electronic appendix).  

Nonetheless, all three stress responses (ribosomal, nucleolar and DNA damage) are known 

to activate the p53 pathway. The activation of this pathway by DNA damage responses is 

well described and reviewed elsewhere, and the main pathway of DNA damage-dependent 

p53 activation is through nucleolar disruption [189]. Nucleolar and ribosomal stress 

primarily activates p53 as a consequence of the binding of MDM 2 to the free ribosomal 

subunits RPL5 and RPL11 [189]. We were only able to quantitate a change in the expression 
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of the p53 protein in one of our three replicate analyses, in which its expression increased 

by a factor of 1.73. The increase in its expression upon L-OHP treatment was subsequently 

verified by immunoblotting (Table in electronic appendix, Figure 27). Although the 

nucleolar stress response pathway is predominantly p53-dependent in mammals, there are 

other mechanisms of apoptosis activation driven by nucleolar stress. Those mechanisms 

occurring in cancer or organisms lacking a p53 protein homolog are reviewed by James et 

al. [244]. Cancer cells generally have unusually large nucleoli [245], and one of the proteins 

involved in the p53-independent nucleolar stress response, pescadillo (PES1), has been 

shown to be upregulated in p53-/- cells and in cancer. In keeping with our results, 

downregulation of PES1 reportedly leads to cell cycle arrest and apoptosis [246] (Table 6). 

Introduction of nucleolar stress plays an important role in cancer treatment. This can be 

illustrated by the wide range of anticancer drugs that cause such stress, including L-OHP,  

cisplatin [247], and etoposide [242]. Indeed, some authors have suggested that nucleolar 

stress proteins may be viable targets for anti-cancer drug development [248] because drugs 

selectively targeting the nucleolus would be unlikely to cause major genotoxic stress and 

additional mutations. 

Prior to this work, the effects of L-OHP treatment on nucleolar stress had only received 

passing attention, notably in Jamieson’s investigation into the use of microscopy to monitor 

nucleolar shrinkage [220]. This shrinkage correlates with observed level of neuropathy in 

rats or mice, and can be modulated by sequential dosage with paclitaxel and L-OHP [220]. 

Study of L-OHP induced nucleolar stress was allowed using modern proteomic high 

resolution MS techniques based on Orbitrap mass analyzer. We have done this experiment 

on parallel ESI-IT and MALDI-TOF/TOF techniques previously. Hovewer, using such 

technology, we weren’t able to see significant signs of nucleolar stress except of few 

ribosomal proteins. 

Interestingly, extensive proteomic profiling of L-OHP treated CCRF-CEM cells did not 

revealed activation of apoptotic machinery, thus confirming validity of our approach based 

on treatment of cells with cytotoxic drugs for time corresponding to half-time to induction 

of apoptosis. 

The data from this part has been published in two articles: “The comparison of mass 

spectrometry approaches in proteomic profiling of drug responses” (Appendix B), accepted 

for publication in Chemagazín, discusses used methods and compares MS approaches. 

“Proteomic profiling reveals DNA damage, nucleolar and ribosomal stress are the main 



86 
 

responses to oxaliplatin treatment in cancer cells.” shows biological interpretation of OxaPt 

drug response analyzed by nESI-Orbitrap. This article is submitted to Journal of Proteomics. 

MS data are available via ProteomeXchange with identifier PXD003543 
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2.3 Determination of asporin in breast cancer derived cell 

cultures. 

The next part of this thesis is focused to 45 kDa extracellular protein asporin, which has 

been discovered by three independent groups in 2001 [249–251]. Asporin plays an 

important role in  development of normal tissues, in particular of odontogenesis [252], 

osteoathritis [253] or in cartilage and bone development [254]. Asporin binds to 

transforming growth factor-β or collagen type II via aspartic acid rich N-terminal region and 

central part of protein [255]. Asporin inhibits collagen fibrilogenesis by competition with 

decorin in binding the same sites of collagen. This competition may have a role in regulating 

the development of extracellular matrix. The asporin N-terminal polyaspartate domain also 

binds calcium, and works in concert with other domains in order to initiate the 

mineralization of collagen [256]. The crystal structure of asporin hasn’t been solved yet, 

however, there is a computational model of asporin (Figure 30) available from Protein 

model portal [257].  

 

 

Figure 30: A computational model of asporin (accession Q9BXN1) made by Swissmodel 

group from University of Basel. Model is accessible via Protein model portal [257]. 

Asporin is involved in disease development as well. Genetic polymorphisms of asporin have 

been associated with various bone and joint diseases, including osteoarthritis, rheumatoid 
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arthritis and lumbar disc disease [258]. Asporin has been studied e.g. in Duchenne muscular 

dystrophy [259], in tissue samples of degenerative mitral valve disease [260], or in cancer 

biology, mainly in the sense of elucidating its function [261,262] or as a possible biomarker 

[263,264]. 

The current study is focused to role of asporin in cancer progression. Asporin is connected 

with higher metastatic potential in pancreatic cancer [263] and faster proliferation in 

gastric cancer [262]. On the other side it has been found as a tumor suppressor in breast 

cancer [265]. The role of asporin in growth, migration and invasion of cancer cells was 

studied by Dana Šimková (Appendix C).The proteomic task in this project was to verify 

antibody specificity, what is supposed to be better approach than verification of MS results 

by antibody based method [155], and provide orthogonal quantification information.  

2.3.1 Material and methods 

2.3.1.1 Production of recombinant asporin  

One milliliter aliquot of frozen bacterial culture containing the plasmid carrying the gene for 

asporin was thawed and suspended in 100 ml of LB medium (10 g NaCl, 10 g tryptone, 5 g 

yeast extract per liter) with kanamycin (75 mg/L) and incubated overnight on a heated 

rotation shaker (37°C). The next day this starting culture was added to 1 liter of fresh LB 

medium containing kanamycin. The culture was again incubated on rotation shaker until 

reaching the sufficient density for the induction (O.D.600=0.6). Expression of the 

recombinant asporin was induced by Isopropyl-β-D-thiogalacto-pyranoside (IPTG, final 

concentration 1 mM), bacteria were incubated for another 5 hours and then harvested by 

the centrifugation. Bacterial pellet was resuspended in denaturating lysis buffer (8 M urea 

buffered by 50mM Tris, pH 8), sonicated (10x10 s, 2 min intervals) and centrifuged (10000g, 

10 min, room temperature). The obtained supernatant was used for protein purification 

using the metaloaffinity chromatografy with Ni-NTA agarose. Washing and elution was 

performed using buffers with decreasing pH (8 M urea, pH 6.3; 5.9 and 4.5). 

2.3.1.2 Cell lines 

All experiments with human cell lines and E. Coli clones were done by co-authors of 

recently published article (Appendix C). Briefly, Hs578t cells, obtained from ECACC 

(Salisbury, UK), MDA-MB-231 and BT-549, obtained from American Type Culture Collection 

(Rockville, MD, USA) and the gingival fibroblasts obtained from healthy donors were grown 

in Dulbecco’s Modified Eagle’s Medium (DMEM; Life Technologies, Carlsbad, CA) 
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supplemented with 10 % foetal bovine serum (FBS, Thermo Scientific, MA, USA), 1% 

penicillin/streptomycin (Life Technologies) and insulin (10 µg/ml) (Life Technologies). 

For asporin overexpression, E. Coli and two human cell lines, MDA-MB-231 and BT-549, 

were transfected either with ASPN full length sequence (TrueClone, pCMV6-AC, Origene) or 

with open reading frame (TrueORF, pCMV6, Origene) sequence using Neon Transfection 

System (Life Technologies). Stable cell lines were selected with 0.5 mg/ml geneticin for 2 

weeks and then kept under low selection pressure at 0.1 mg/ml geneticin. 

2.3.1.3 Immunoblotting 

Cells were harvested into RIPA buffer (50 mM Tris HCl pH 8.0; 150 mM NaCl; 1% NP-40 0.5% 

sodium deoxycholate; 0.1% SDS) supplemented with protease/phosphatase inhibitor 

cocktail (Roche). Twenty micrograms of whole cell lysate were separated by electrophoresis 

in 10% Bis-Tris polyacrylamide gel followed by blotting to nitrocellulose membrane. Non-

specific binding sites were blocked by incubating the blots for 2 hrs at room temperature 

with 5% (w/v) non-fat dry milk in PBS. Blots were incubated overnight with primary 

antibodies at the following concentrations: anti-ASPN (1:1000; # HPA008435; Sigma-

Aldrich, Protein Atlas; plus other antibodies specified in Supplementary Table 1), anti-FAK 

pY397 (1:500, Life Technologies), and anti-GAPDH (1:25000; Sigma-Aldrich) was used as a 

loading control. Secondary antibodies were as follows anti-rabbit IgG, HRP-linked Antibody 

(#7074) and Anti-mouse IgG, HRP-linked Antibody (#7076), both purchased from Cell 

Signaling Technology, MA, USA. Signal detection was performed with Dura/ Femto ECL 

western blotting substrate (Thermo Scientific, MA, USA). 

2.3.1.4 In-gel and on-membrane digestion 

In-gel digestion was performed as described in chapter 1.2.1.4. SDS-PAGE gel was stained 

by Coomassie stain and photographed using Bio-Rad GS-800 calibrated densitometer. 

Selected bands were chopped, destained using 50 mM ammonium bicarbonate/acetonitrile 

washes, reduced with 50 mM Tris(2-carboxyethyl)phosphine at 90°C for 10 minutes and 

alkylated with 50 mM iodoacetamide for 1 hour in the dark. Samples were then washed 

three times with water and acetonitrile successively, with last 50% acetonitrile wash. 

Samples were solubilized and trypsinized in trypsin buffer (6.25 ng/µl trypsin, 50 mM 4-

ethylmorpholine, 10% v/v acetonitrile, pH 8.3) overnight at 37°C. The supernatant was 

transferred into new eppendorf tubes and peptides were extracted from gel pieces 

successively in three steps by 80% acetonitrile with 0.1% TFA, 0.1% TFA in water and with 

50% acetonitrile. Extracts were pooled and dried in SpeedVac (Eppendorf). Dried samples 
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were reconstituted in 5 µl of 80% ACN with 0.1% TFA and diluted with 145 µl of 0.1% TFA. 

Reconstituted samples were purified using a C-18 MacroTrap column (Michrom 

Bioresources, USA), dried in SpeedVac and resuspended in 20 µl of 5% acetonitrile with 

0.1% formic acid for LC-MS/MS analysis. 

On-membrane digestion was performed according to Luque-Garcia and Neubert [266]. 

Immunoblotted nitrocellulose membrane before blocking was stained with 0.2% (w/v) 

Ponceau S, chopped, blocked with 0.5% (w/v) polyvinylpyrrolidone PVP-40 and incubated 

30 min at 37°C with agitation. After incubation with PVP-40, membrane slices were washed 

three times with MilliQ water and digested using 12.5 ng/µL trypsin dissolved in 50 mM 

ammonium bicarbonate overnight. The peptides were isolated using excess of acetone 

added to dry membrane. Acetone dissolves nitrocellulose and currently precipitates 

peptides. Samples were centrifuged 10 min at 14,000 g at room temperature, supernatant 

was removed and precipitate was allowed to dry. Dried precipitate was reconstituted prior 

MS analysis in 5% acetonitrile and 0.1% formic acid buffer. 

2.3.1.5 MALDI-TOF analysis 

The LC-MALDI-TOF analysis was performed similar way as in proteomic profiling experiment 

(Chapter 1.2.1.5). Briefly, samples were separated in Agilent Capillary 1200 (Agilent 

Technologies, USA) coupled with Proteineer fc (Bruker Daltonics, Germany) spotting 

machine and Michrom (Michrom Bioresources, USA) Magic C18AQ column with diameters 

0.2 x 150 mm and particle size 5 µ and 200 Ȧ inner material size. Fractions were collected to 

384 spots, each with 8 seconds step and 1 µl of 1 µg.ml-1 α-cyano hydroxycinnamic acid. 

Mass spectra were acquired on Bruker Ultraflextreme instrument (Bruker Daltonics, 

Germany) with m/z scale 700 – 3500, reflectron positive mode.  Acquired spectra were 

automatically evaluated by WARP-LC and FlexAnalysis software (Bruker Daltonics, Gemany) 

and this software also selected a parent masses for subsequent MS/MS acquisition.  

Obtained mass spectra were analysed by Proteinscape 3.1.0 348 software (Bruker 

Daltonics, Germany), where those mass spectra were searched by two algorithms – Mascot 

(Matrix Science, UK) and Phenyx (Genebio, Switzerland). Search results from both 

algorithms were collected and processed by Proteinscape’s utility Protein extractor. 

2.3.1.6 nESI-Orbitrap analysis 

nESI-Orbitrap analysis was performed the same way as in previous project. An Orbitrap Elite 

(Thermo) instrument fitted with a Proxeon Easy-Spray ionization source (nESI-Orbitrap), 

coupled to an Ultimate 3000 RSLCnano chromatograph. One microliter of sample was 
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loaded on a PepMap 100 (75 μm x 2 cm, 3 μm, 100 Ȧ pore size) desalting column (Thermo) 

“in-line” with a PepMap RSLC (75 μm x 15 cm, 3 μm, 100 Ȧ pore size) analytical column 

(Thermo) heated at 35°C. The FTMS resolution was set to 120,000 and precursor ions were 

scanned across an m/z range of 300.0- 1950.0. The twenty most intense ions were selected 

in the linear ion-trap for fragmentation by collision (CID) in the orbitrap. Collision energy of 

35eV was applied throughout. MS data search was performed using MaxQuant software 

package with SwissProt human database downloaded 4. 4. 2013.  

2.3.1.7 MRM targeted analysis 

MRM assay was performed on AB Sciex QTrap 5500 mass spectrometer coupled with 

Dionex Ultimate 3000 LC. Two standard peptides with sequences LYLSHNQLSEIPLNLPK and 

YWEMQPATFR (JPT Peptide technologies, DE) were used for optimization with five most 

intense transitions for the first peptide and eight for the second (Table 9).  Mass 

spectrometry parameters were following: Ion source gas flow (GS1) 10 l/min, curtain gas 

flow (CUR) 10 l/min, Ion spray voltage 2800 V. Liquid chromatography conditions were 

following: Column was a Thermo PepMap RSLC (75 μm x 15 cm, 3 μm, 100 Ȧ pore size), 

mobile phase A was water with 0.1% formic acid, B was acetonitrile with 0.1% formic acid. 

Total analysis length was 60 minutes with following gradient: 0 – 10 min 5% B; 10 - 40 min 

increase to 35% B; 40 - 41 min increase to 95% B; 41 – 45 min hold for 95% B; 45 – 46 min 

decrease to 5% B and the rest of analysis was equilibration at 5% B.  One microliter of 

analyzed sample, either standard, positive control or unknown sample was loaded. 

Resulting spectra were Gaussian smoothened and exported from Analyst software (AB 

Sciex). 
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Table 9: MRM transitions of LYLSHNQLSEIPLNLPK and YWEMQPATFR peptides. Q1 is mass 

set on first quadrupole, Q3 mass set on third one. DP is Declustering Potential, CE Collision 

Energy and CXP Collision Cell Exit Potential. 

 

2.3.1.8 PRM targeted analysis 

PRM targeted analysis was performed on an Orbitrap Fusion (Thermo Scientific) instrument 

fitted with a Proxeon Easy-Spray ionization source, coupled to an Ultimate 3000 RSLCnano 

chromatograph.  Ten microliter of sample was loaded on a µ-Precolumn C18 PepMap 100 

(300 μm x 5 mm, 5 μm, 100 Ȧ pore size) desalting column (Thermo Scientific) “in-line” with 

a PepMap RSLC (75 μm x 50 cm, 3 μm, 100 Ȧ pore size) analytical column  (Thermo 

Scientific) heated at 35°C. The peptides were subsequently separated on the analytical 

column by ramping the organic phase from 5% to 35% during a total run time of 165 

minutes. The aqueous and organic mobile phases were 0.1% formic acid diluted in water or 

acetonitrile, respectively. There were two parallel experiments running simultaneously on 

mass spectrometer.  The first one was single FTMS scan with resolution set to 120,000 and 

precursor ions scanned across an m/z range of 400- 1600. The second experiment was 

targeted MS2 with HCD collision and Orbitrap detector. Resolution was set to 30,000 and 

HCD collision energy to 35%. The resulting spectra were evaluated in Skyline-daily 

2.6.1.6899 software [267]. 

2.3.1.9 Linearity assay 

HeLa cells were lysed using RIPA buffer (50 mM Tris HCl pH 8.0; 150 mM NaCl; 1% NP-40 

0.5% sodium deoxycholate; 0.1% SDS) on ice for 30 min and lysate was centrifuged at 

cooled centrifuge with speed 20000 g for 10 min. Protein content was measured using the 

Peptide Q1 (Da) Q3 (Da) Time (ms) DP (V) CE (V) CXP (V)

LYLSHNQLSEIPLNLPK (3+) 660.43 681.50 150 121 25 18

660.43 649.90 150 121 19 16

660.43 593.40 150 121 23 50

660.43 682.40 150 121 25 20

660.43 438.40 150 121 37 36

YWEMQPATFR (2+) 664.63 608.50 50 141 27 16

664.63 591.40 50 141 29 18

664.63 552.40 50 141 35 40

664.63 979.50 50 141 29 28

664.63 551.50 50 141 35 12

664.63 719.40 50 141 27 26

664.63 609.40 50 141 29 16

664.63 592.20 50 141 31 18
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BCA assay (Sigma). Ten microgram proteins from this lysate were spiked with concentration 

range from 100 ng to 10 zg of recombinant asporin. Spiked samples were digested in-

solution using incubation with 6 μM DTT for 30 minutes at 57°C for protein reduction, 11 

μM of iodacetamide for 1 hour at dark for sample alkylation and 12 ng/μl of trypsin for 

overnight digestion at 37°C. Samples after digestion were evaporated using vacuum 

centrifuge, reconstituted in water with 5% acetonitrile and 0.1% TFA, purified using 

Macrotrap (MiChrom) column and analyzed by PRM analysis. 

2.3.2 Results 

2.3.2.1 Quality control of stably transfected E. Coli 

The first task of this project was to validate effectivity of two clones of stably transfected E. 

Coli expressing recombinant asporin. In the first case, His-tag affinity purified proteins from 

the first one has been separated on SDS-PAGE gel and chopped gel slices were subjected to 

MALDI-TOF analysis with search against human and E. Coli database. Resulting scores of E. 

Coli protein are higher and better corresponding with band intensity. The identification 

scores of human proteins are – with exception of Heat shock protein HSP90 in band 6 – 

which may be caused by a high homology of chaperones accross species (Figure 31). 

   

Figure 31: Coomassie blue stained SDS-PAGE gel of His-Tag purified E. Coli lysate. In the 

table are shown proteins with the highest score in particular band for E. Coli and human 

database.  

The second stably transfected E. Coli clone was prepared as three different cellular lysates – 

first, “native” lysis buffer contained Tris buffered saliva with lysozyme only (N), lysis buffer 



94 
 

with 1% SDS (S) and lysis buffer with 8M Urea (U). Those cellular lysates has been separated 

on semi-preparation SDS-PAGE with 200 μg of protein loaded. Two fractions from each 

sample, shown on Figure 32, were chopped for further analysis. 

 

Figure 32: SDS-PAGE gel resolving three different E. Coli lysates. N means for cells lysed 

with native lysis buffer, S with SDS lysis buffer and U with urea lysis buffer. Area marked red 

was chopped for MS analysis. 

In-gel digested bands were subjected to parallel MALDI-TOF and nESI-Orbitrap analyses. 

This time, asporin was identified in all samples (Table 10) with different intensity and 

probability score. MALDI-TOF and nESI-Orbitrap are independent methods with different 

scoring system. MALDI-TOF uses MASCOT probability score and MaxQuant used in 

evaluation of nESI-Orbitrap results summed intensity. Both values were followed by their 

respective sequence coverages and shown in Table 10 for comparison of lysis buffer 

efficiency. Lysates produced with SDS lysis buffer provided the highest yields of asporin 

from stably transfected E. Coli clone. This lysate was further used as a positive control in the 

targeted analyses.    
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Table 10: MALDI-TOF and nESI-Orbitrap results of asporin identification in E. Coli lysates. 

Score is expressed in Mascot probability score and intensity, which is sum of all peptide ion 

intensities per protein. Sequence coverage (SC) is the only qualitative parameter, which can 

compare both mass spectrometers. 

 

 

2.3.2.2 Antibody verification on cell lines 

The next task was verifying of antibody specificity by MS techniques according to Aebersold 

[155]. For this reasons, two nitrocellulose membranes were run in parallel. One was 

processed in regular way with anti-asporin antibody and chemiluminiscence detection 

(Figure 33). Based on this information, positively stained bands from non-blocked second 

membrane was chopped and processed by on-membrane digestion protocol. 

 

Sample MALDI-TOF nESI-Orbitrap

Score SC (%) Intensity SC (%)

N1 79.6 4.5 6.4E+06 12.1

N2 NA NA 5.0E+06 21.3

S1 1191.6 33.7 8.5E+07 46.1

S2 1362.8 36.3 6.4E+07 40.8

U1 750 21.8 1.4E+07 27.1

U2 909.2 32.1 9.3E+06 21.1
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Figure 33: WB membrane of cell lines incubated with Lund anti-asporin antibody (Appendix 

C). Rounded bands were chopped and prepared for MS analysis. 

MS analysis was performed in parallel by MALDI-TOF and nESI-Orbitrap. In average, we 

have identified 9 ± 4 proteins per spot by MALDI-TOF and 546 ± 123 proteins by nESI-

Orbitrap. However, asporin haven’t been identified in any of samples. The next step was to 

analyze a preparative electrophoretic gel with 200 μg of protein loaded (Figure 34). This gel 

was run in parallel with immunoblot. 

 

Figure 34: Parallel WB analysis (A) and preparative SDS-PAGE gel (B). Red squares indicate 

the range of molecular weights chopped for successive MS analysis. 
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The digests from preparative electrophoresis were analyzed on nESI-Orbitrap. The results 

were very similar to above mentioned. Unfortunately, asporin wasn’t detected even in 

those samples. The fail of identification approach led us to development of targeted MS 

assays. Digested extracts frompreparative electrophoresis were used for optimization of 

targeted approach.  

2.3.2.3 Targeted MS analysis 

Targeted MS analyses were performed on two instruments. The first one was quadrupole-

ion trap hybrid mass spectrometer. We have optimized transitions for peptides 

LYLSHNQLSEIPLNLPK and YWEMQPATFR according to Table I. The chromatogram of 

synthetic peptides with 10 fmol amount is provided in the Figure 35. 

 

Figure 35: Chromatogram of MRM transitions of 10 fmol peptide standards with sequence 

LYLSHNQLSEIPLNLPK (blue-red) and YWEMQPATFR (green). 

For further validation of sample processing efficiency, 11.9 pmol of recombinant asporin 

was loaded into SDS-PAGE gel, chopped, digested and analysed using MRM (Figure 36). A 

weak, but still detectable signal has been observed. 
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Figure 36: MRM chromatogram for 11.9 pmol of recombinant asporin. Monitored peptides 

were LYLSHNQLSEIPLNLPK (blue-red) and YWEMQPATFR (green) as above. 

The E.Coli S1 digest was selected as a positive control for determination of matrix effect of 

complex biological sample. Processing of this lysate has been described before. The 

resulting peak resembles signal of standard peptides (Figure 37). 

 

 

Figure 37: MRM transitions spectra for E. Coli S1 cellular lysate. Monitored peptides were 

LYLSHNQLSEIPLNLPK (blue-red) and YWEMQPATFR (green). 



99 
 

Those optimization results looked promising. Cellular lysate of BT549-ASPN, which has the 

strongest asporin expression (Figure 34), were thus analyzed by MRM. On the figure 38, 

there is a zoom-in to spectrum of BT549-ASPN showing a weak peak masked by noise. 

Asporin content in other samples was, unfortunately, below limit of detection. 

 

 

Figure 38: Zoom-in of MRM chromatogram of BT549-ASPN cell lysate. Arrow points peak of 

LYLSHNQLSEIPLNLPK (blue-red) peptide. This peak is unfortunately under limit of detection. 

As with MS identification approach, we have failed to verify antibody specificity with 

sensitive MRM approach. Therefore, we have tried PRM targeted analysis performed on 

orbitrap with high resolution and accuracy. PRM is thus very clean transition spectra. 

Reduced noise thus increases sensitivity. Another advantage of PRM analysis is a good 

tutorial in Skyline program, which allowed setting up transitions for more peptides than in 

MRM analysis. Those peptides were MLDLQNNK 2+ (Peptide 1), LYLSHNQLSEIPLNLPK 3+ 

(Peptide 2), ISTVELEDFKR (2+ Peptide 3 and 3+ Peptide 4) and ITDIENGSLANIPR 2+ (Peptide 

5). The intensities of these peptides for samples from Figure 34 are shown at Table 11. 

Although weak, those MS intensities correspond to intensity WB signals reported above. 

Signal of this strength laid under limit of quantification (see below) and asporin 

concentration in different cell lines couldn’t been thus determined. 
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Table 11: PRM transition intensities (in counts per second) of asporin measured in selected 

cellular samples.  

 

Successful validation of antibody specificity led to a need of orthogonal verification of 

results from odontogenic differentiation (Figure 39). MS and WB intensities were in good 

correlation in this case as well. 

 

Figure 39: WB and MS analysis of samples after odontogenic differentiation. Peptides 1 and 

5 weren’t detected in those samples.  

2.3.2.4 Linearity and sensitivity 

In the figures shown previously, there is a clear evidence that WB is in case of asporin more 

sensitive then MS. To verify this, we have spiked 10 μg of HeLa cell lysate with asporin in 

concentration range 3 μmol – 3 amol and analyzed in parallel by WB and PRM MS. Limit of 

detection was 3 pmol for both MS and for WB (Figure 40). Limit of quantification for MS 

was 30 nmol contrary to WB, which is linear since limit of detection.  

sample Pep1 Pep2 Pep3 Pep4 Pep5

Hs578T 1 0 0 600 0 0

Hs578T 2 0 0 0 0 0

Gingival fibro. 1 0 500 1500 0 600

Gingival fibro. 2 0 0 0 0 0

BT549-ASPN 1 500 1500 1500 2500 2000

BT549-ASPN 2 0 1000 0 0 0

MDA-MB-231 1 0 0 400 0 0

MDA-MB-231 2 0 0 0 0 0
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Figure 40: Comparison of sensitivity and linear range between MS (A) and WB (B). Above 

asporin-specific band (ASPN) is one band of non-specific binding, which serves as a loading 

control. In this case, WB is three orders of magnitude more sensitive.  

 

2.3.3 Discussion 

Initial tasks in this project were thus verifying its secretion in two clones of stably 

transfected E. Coli and verifying antibody specificity of Sigma-Aldrich anti-ASPN antibody. 

The approach of choice for those experiments was LC/MS identification strategy on MALDI-

TOF and later on nESI-Orbitrap. Both analyses are routinely done in our laboratory and 

proven to be sensitive enough for such task (Chapter 2.2). Both strategies were successful 

to identify asporin only in one E. Coli clone, which exprimed asporin in large amounts. This 

was further supported by semi-preparative gel electrophoresis with 200 μg of loaded 

protein and favorable lysis buffer. 

The fail of LC/MS approach led us to switch to more sensitive methods, which is MRM and 

later PRM. We were successful to verify antibody specificity, however only by highly 

sensitive and specific PRM approach and with border intensities. The linearity assay (Figure 

40) revealed the reason. Limit of quantification for recombinant asporin spiked into HeLa 

cell lysate was 30 nmol. Asporin could be detected by MS only in high concentrations. This 

is in contrary with declared sensitivity of instrument (factory specification is 167 amol of 
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reserpine) or with sensitivity of different peptides analyzed in the same instrument (limit of 

detection for K-ras peptide LVVVGACGVGK is 15 amol [268]), or to senstivity of synthetic 

asporin peptides  as well (Figure 35). In our concentration range, we are calculating with 

amount of protein, not peptide. The difference between protein and peptides is shown in 

MRM section, where 11.9 pmol of recombinant asporin provides poor signal detectable 

only thanks to low complexity of sample (Figure 36) and on the other side 10 fmol of 

synthetic asporin peptides LYLSHNQLSEIPLNLPK and YWEMQPATFR were analyzed with 

very high intensities.  

LC-MS proteomic analysis is considered as very sensitive, although there are several factors 

influencing sensitivity of protein analysis. First one can be different ionization of peptides. 

This was really observed specially in PRM analysis (Figure 40) by different intensities of 

Skyline generated transitions. However, this doesn’t explain fall of intensity of all peptides 

in relatively high protein concentration. Another issue can be matrix effects, which can 

cause ion suppression [152]. This is not the cause of low sensitivity, because we have seen 

low intensity signal in MRM transition of pure recombinant asporin with 11.9 pmol 

concentration (Figure 36) and on other side very high signal was observed in E. Coli lysates 

(Figure 37) with rich matrix background.  

The most probable explanation of the poor asporin sensitivity phenomenon is a poor 

processing efficiency,  since protocols for sample preparation are well established and 

proven to be effective (see Chapter 2.2). My hypothesis is poor digestion of asporin by 

trypsin.  Trypsin is used as digestion enzyme in proteomics almost exclusively (see Chapter 

1.3.1.2). Using trypsin in proteomics is advantageous, but have several limitations [113], 

mainly with poor coverage of portion of proteome lacking arginine and lysine in protein 

sequence [113]. In the literature was as well described differential efficiency in trypsin 

digestion of native vs. denatured or fibrillar vs.  globular proteins [269] or proteins with 

different levels of disulfide bonds [270].  The kinetics of trypsin digestion is studied for long 

time, the oldest accessible study is from 1924 [271], but it is studied now as well. 

Differential speed of trypsin digestion in proteomics is described by Ye [272]. This literature 

evidence makes poor trypsin efficiency on asporin viable hypothesis. On the other side,  

asporin was successfully detected by LC-MS in dental cementum [252], in decorin deficient 

Duchenne muscular dystrophy [259], in tissue samples of degenerative mitral valve disease 

[260] or as possible biomarker of pancreatic cancer [264]. However, those studies don’t 

contain the absolute asporin quantification. The issue of asporin sensitivity in proteomics 

thus needs a further study. 
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This research has been done as a part of article published in Oncotarget journal at July 7, 

2016 (Appendix C).  

  



104 
 

3 SUMMARY 

The thesis is divided into three relatively independent parts. Theoretical introduction is 

outlined as review of proteomic workflow divided into most crucial steps of current 

proteomic analysis – protein separation, protein identification and both top-down and 

bottom-up proteomics. Protein separation chapter discussed a broad scale of separation 

methods including the most important methods such as SDS-PAGE, affinity purification or 

liquid chromatography. Protein identification methods chapter offer a brief review of 

protein identification strategies including antibody based methods (for example 

immunoassays, western blot or immunomicroscopic methods), mass spectrometry and 

protein sequencing methods. The most popular discovery approach in current proteomics is 

a combination of liquid chromatography as a separation step with mass spectrometry for 

protein identification. This approach is divided on top-down or bottom-up proteomics in 

dependence if whole proteins or digested peptides are analyzed. In this thesis, I have used 

almost exclusively bottom-up approach and Chapter 1.3 is thus more focused on this 

method. The theoretical part is closed by overview of less often mass spectrometry 

approaches in proteomics.      

The workflow reviewed in theoretical part can be used in a broad scale of current science’s 

challenges as is shown in experimental part, where two different projects are solved. In the 

first one, proteomics is used to discover cellular response to anticancer drugs. In the second 

project, advanced proteomic methods were used to validate antibody specificity and 

confirm presence and quantity of potential cancer biomarker. 

It is beneficial to use large-scale analysis in determination of cellular response of the drug. 

Among other large-scale experiments, such as genomic or transcriptomic, analysis of 

proteome is closest to actual place of drug effect. Unfortunately, compared to DNA or 

mRNA, it is not possible to amplify proteins yet. Proteomic analysis has to be very sensitive 

to be effective. This has been shown on proteomic profile of cellular response to three 

common, platinum-based, anti-cancer drugs. If MS approach based on “traditional” low 

resolution instruments was used, number of identified proteins didn’t exceed 1000 and list 

of proteins significantly changed after treatment was very brief. Unfortunately, in such brief 

lists were repeatedly present few proteins uniformly changed after treatment with broad 

scale of different drugs (data not shown). The introduction of state-of-art high resolution 

instrument led to significant increase of identified proteins followed by similar increase in 

count of significantly changed proteins. This increment showed the best results for OxaPt, 
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where it allowed reconstructing main response pathways. The changes in case of CisPt and 

CarboPt were less distinctive. 

There were five main areas of CCRF-CEM cellular response to OxaPt treatment. Two of 

them are very closely related and it is nucleolar and ribosomal stress. Nucleolar and 

ribosomal stress were for OxaPt confirmed by WB and IF microscopy. Those effects were 

also observed by other research groups as nucleolar shrinkage after OxaPt treatment 

[220,273]. In those studies, nucleolar shrinkage was given in correlation with neuropathy. 

Relation between OxaPt and ribosomes has been reported as two-sided. On one side OxaPt 

affects ribosomes [217], on the other side ribosomes are involved in OxaPt resistance [218].  

The other two interesting groups of proteins are proteins related to centromere/involved in 

G2/M stop or proteins involved in DNA damage response. Contrary to most commonly 

mentioned effect of platinum drugs, covalent bond of platinum to DNA, those protein 

groups were less abundant and DNA damage response group wasn’t even discovered by 

common bioinformatic tools. On the other side, DNA damage response is known to trigger 

nucleolar stress [244]. 

The last group of regulated proteins was secretory proteins which are often involved in 

innate immunity or in response to oxidative stress. Oxidative stress is one of often reported 

responses to platinum drugs in general. The role of innate immunity in OxaPt treatment is 

described in vivo [274], but it is still unclear in case of cell line. However, one from those 

proteins, Apolipoprotein A1, has shown itself as potential biomarker of effective OxaPt 

therapy [214].    

Whereas in the proteomic profiling experiment antibodies were used to verify MS result, in 

the second project of this thesis, MS was used to verify antibody specificity. This is useful 

particularly in case, when more bands are observed and is necessary to decide which band 

is specific. In this project, the level of potential cancer biomarker, asporin, and its role in cell 

biology was determined.  

Proteomic analysis of asporin was done in two branches. In the first branch, I have tested 

transfected E. Coli lysate for proper asporin expression. This task has been done relatively 

easily, because in the second analyzed sample bacteria expressed asporin in a big amount. 

This sample served as a positive control for the rest of experiments.  

The second branch of experiments consisted of qualitative and quantitative analysis of 

asporin in cell lines – the particular antibody verification. This task was particularly 
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challenging, because standard proteomic method as MS protein identification or MRM 

failed to detect asporin due to poor sensitivity which was specific only to asporin. The task 

of antibody verification was fulfilled using orbitrap based PRM analysis, however again with 

unsatisfactory sensitivity to asporin. The main issue of proteomic determination of asporin 

has been found in sample processing. The 10 fmoles of synthetic asporin peptides provided 

very strong signal on MRM, even compared to digest from 12 pmol recombinant protein. 

The reason of such a discrepancy is still unknown and is a object for future research. 

In those two projects, almost all main proteomic methods discussed in theoretical part 

were used to fill the research objectives. Proteomic profiling of cancer cell lines treated by 

platinum drugs used SILAC metabolic labelling, SDS-PAGE separation, LC-MS detection using 

bottom-up approach and result verification using western blot and immunofluorescence 

microscopy. Asporin validation project was solved using regular bottom-up LC-MS approach 

with successive movement to more sensitive methods, like MRM or PRM targeted 

approaches.  
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4 SOUHRN 

Tato dizertační práce je rozdělena na tři relativně samostatné části. Teoretická část je 

koncipována jako přehled současných proteomických metod rozdělených na základní kroky 

současné proteomické analýzy – separaci a identifikaci proteinů a top-down a bottom-up 

proteomiku. V kapitole o proteinové separaci je diskutována široká škála separačních 

metod včetně těch nejpoužívanějších, jako je SDS-PAGE elektroforéza, afinitní purifikace 

nebo kapalinová chromatografie. Stručný přehled metod identifikace proteinů obsahuje 

metody využívající protilárky (například imunostanovení (ELISA), western blot nebo 

imunomikroskopické metody) hmotnostní spektrometrii a metody sekvenace proteinů. 

Nejoblíbenější přístup v současné proteomice je kombinace kapalinové chromatografie a 

hmotnostní spektrometrie. Tento přístup se dále dělí na top-down a bottom-up proteomiku 

v závislosti na tom, jestli se měří celé proteiny, nebo jejich tryptické digesty. V této práci byl 

využíván zejména přístup bottom-up, proto je kapitola 1.3 zaměřena zejména na popis 

tohoto přístupu. Teoretická část je zakončena přehledem méně častých hmotnostně 

spektrometrických přístupů.    

Postupy popsané v teoretické části jsou využívány při řešení celé řady úkolů v současné 

vědě. To je mimo jiné ukázáno v experimentální části, kde jsou řešeny dva projekty. V 

prvním z nich je proteomika využita k určení buněčné odpovědi na protinádorová léčiva. 

V druhém projektu byly použity pokročilé proteomické metody k validaci specifity protilátky 

a potvrzení přítomnosti a množství potenciálního nádorového biomarkeru. 

Při určování buněčné odpovědi na léčivo je výhodné používat tzv. large-scale analýzu. 

Typickými příklady tohoto druhu analýzy jsou genomické nebo transkriptomické 

experimenty, ale také proteomika, která mapuje expresní změny na úrovni proteinů. Na 

rozdíl od DNA nebo RNA není možné v současné době proteiny amplifikovat. Z toho důvodu 

musí být proteomická analýza velmi citlivá. To je mimo jiné ukázáno na příkladu 

proteomického profilování buněčné odpovědi na tři běžná platinová cytostatika. Pokud byla 

použita identifikace proteinů pomocí „tradičních“ hmotnostních spektrometrů, počet 

identifikovaných proteinů nepřesáhl tisíc a seznam signifikantně změněných proteinů byl 

velmi strohý. Bohužel se v tomto seznamu často opakovaly stejné proteiny nezávislé na 

použitém léčivu, což může souviset s jejich abundancí a relativní jednoduchostí identifikace. 

Zavedení nejnovějšího vysokorozlišovacího hmotnostního spektrometru na principu 

orbitrapu vedlo k výraznému zvýšení počtu identifikovaných proteinů a obdobnému zvýšení 

signifikantně regulovaných proteinů. Toto zvýšení se nejlépe projevilo u oxaliplatiny, kde 
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umožnilo analyzovat hlavní dráhy buněčné odpovědi. Změny pozorované u cisplatiny a 

karboplatiny byly méně výrazné. 

Buněčnou odpověď linie CCRF-CEM na ošetření oxaliplatinou lze rozdělit na pět hlavních 

oblastí a to DNA poškození, nukleolární a ribozomální stres, alterace buněčného cyklu a 

změny na úrovni sekretomu. Nukleolární a ribozomální stres jsou příbuzné a související 

procesy, přičemž tyto výsledky byly ověřeny  western blotem a imunofluorescenční 

mikroskopií. Nukleolární a ribozomální stres byl pozorován mikroskopicky jako zmenšení 

jadérka po ošetření oxaliplatinou také jinými vědeckými týmy [220,273]. V těchto studiích 

bylo zmenšení jadérka dáváno do souvislosti s nežádoucí neuropatií, která je indukována 

oxaliplatinou. Vztah oxaliplatiny a ribozomů je oboustranný. Na jedné straně oxaliplatina 

ovlivňuje produkci ribozomů [217], na straně druhé jsou ribozomy zapojeny do rezistence 

na oxaliplatinu [218]. 

Další dvě zajímavé skupiny jsou skupiny proteinů zapojených v zastavení mitózy v G2/M fázi 

a proteiny účastnící se v opravě poškození DNA. Poškození DNA je přitom nejčastěji 

uváděným efektem platinových léčiv. Je proto zajímavé, že dráha poškození DNA byla 

nejméně zastoupená a nebyla odhalena běžnými bioinformatickými nástroji. Na druhou 

stranu, odpověď na poškození DNA je jedním ze spouštěčů nukleolárního stresu [244]. 

Poslední skupinou regulovaných proteinů jsou sekretované proteiny často se podílející na 

vrozené imunitě, mezibuněčných interakcích nebo při odpovědi na oxidativní stres. 

Oxidativní stres je jedním z často popisovaných efektů platinových léčiv. Role vrozené 

imunity je při léčbě nádorů oxaliplatinou popsána in vivo [274], v buněčné linii je tato role 

nejasná. Jeden z nadregulovaných sekretovaných proteinů, apolipoprotein A1, je 

potenciálním biomarkerem efektivní terapie oxaliplatinou [214]. 

Zatímco v profilovacím projektu byly protilátkové metody využity k ověření MS výsledků, 

v druhé části experimentální části byla využita MS k ověření specificity protilátky. To je 

důležité zejména v případě, kdy se protilátka váže na více proteinů, jak můžeme často na 

westernblottu pozorovat pozitivitou více bandů a je potřeba rozlišit, který band, protein, je 

specifický. V tomto případě byla ověřována koncentrace a role potencionálního nádorového 

biomarkeru – asporinu.  

Proteomická analýza asporinu byla prováděna ve dvou experimentálních schématech. První 

z nich byla validace exprese asporinu v lyzátu transfekované baterie E. Coli. Tento projekt 

byl úspěšně splněn, jelikož již druhý testovaný klon linie exprimoval asporin v množství 
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bezpečně dostačujícím pro identifikaci pomocí hmotnostní spektrometrie. Tyto vzorky byly 

v dalších analýzách využity jako pozitivní kontrola. 

Druhá větev experimentů spočívala v kvalitativní a kvantitativní analýze asporinu 

v buněčných liniích – tedy vlastní validaci protilátky. Tento úkol se ukázal být velkou výzvou, 

jelikož běžné proteomické postupy jako MS identifikace, nebo MRM analýza měly vůči 

asporinu velmi malou citlivost. Úkol validovat specificitu protilátky byl splněn až použitím 

metody PRM na hmotnostním spektrometru s s vysokým rozlišením. Citlivost však nebyla 

zcela uspokojující ani v tomto případě. Hlavní příčina nízké citlivosti byla nalezena v přípravě 

vzorků, protože 10 fmol roztok syntetických peptidů asporinu poskytoval při MRM velmi 

silný signál, zatímco vzorek připravený z 12 pmol rekombinantního proteinu signál spíše 

slabý. Důvod tohoto rozdílu bude předmětem dalšího výzkumu.     

V těchto dvou projektech byla využita většina metod popisovaných v teoretické části. 

V proteomickém profilování byly využity metody metabolického značení SILAC, SDS-PAGE, 

LC-MS detekce s využitím bottom-up proteomiky a výsledky byly validovány metodami 

western blot a imunofluorescenční mikroskopie. Projekt validace asporinu byl řešen 

zpočátku s využitím běžného bottom-up LC-MS proteomického přístupu s postupným 

přesunem k citlivějším metodám jako jsou MRM nebo PRM cílené metody.  
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6 ABBREVIATIONS 

2DE  2D electrophoresis  

2DIGE  2D difference gel electrophoresis  

APCI  Atmospheric pressure chemical ionization  

APPI  Atmospheric pressure photoionization  

AUC  Area under curve 

CarboPt Carboplatin 

CCD  Charge-Coupled Device  

CI  Chemical ionization 

CID  Collision induced dissociation  

CisPt  Cisplatin 

DAVID  Database for annotation, visualization and integrated discovery 

DDA  Data dependent analysis  

DESI  Desorption electrospray ionization 

DIA  Data independent analysis  

DTT  Dithiothreitol 

ECD  Electron capture dissociation 

EI  Electron ionization  

ELISA  Enzyme-linked immunosorbent assay  

ERLIC  Electrostatic repulsion-hydrophilic interaction chromatography  

ESI  Electrospray ionization 

ETD  Electron transfer dissociation 

FASP  Filter aided sample preparation  

FT  Fourier transformation  

GIST  Global internal standard technology  

GO  Gene Ontology  

HILIC  Hydrophilic interaction liquid chromatography 

HPLC  High performance liquid chromatography 

HR-MRM High-resolution multiple reaction monitoring 

IC50  50% inhibition constant 

ICAT  Isotope coded affinity tag  

ICPL  Isotope coded protein labelling 

IEF  Isoelectric focusing 

IF  Immunofluorescence microscopy 
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IHC  Immunohistochemistry 

IMAC  Immobilized metal affinity chromatography  

IPTG  Isopropyl-β-D-thiogalacto-pyranoside 

IT  Ion trap 

iTRAQ  Isobaric tags for relative and absolute quantitation 

KEGG  Kyoto encyclopedia of genes and genomes 

LC  Liquid chromatography 

Lys-C  Lysyl endopeptidase from Lysobacter enzymogenesis  

MALDI  Matrix assisted laser desorption/ionization  

MOAC  Metal oxide affinity chromatography 

MRM  Multiple reactions monitoring  

MS  Mass spectrometry 

MTT  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

MudPIT  Multidimensional Protein Identification Technology 

OxaPt  Oxaliplatin 

PBS  Phosphate buffered saliva 

PMSF  Phenylmethanesulfonyl fluoride 

PRM  Parallel reaction monitoring  

PTM  Post-translational modification 

PVDF  Polyvinylidene fluoride  

PVP  Polyvinylpyrollidon 

Q  Quadrupole 

Q-TOF   Quadrupole with time-of-flight  

RP  Reverse phase  

SAX  Strong anion exchange  

SCX  Strong cation exchange 

SDS  Sodium dodecyl sulphate 

SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

SELDI  Surface enhanced laser desorption/ionisation  

SILAC  Stable isotope labelled amino acid in cell culture  

SRM  Selected reaction monitoring  

SWATH  Sequential window acquisition of all theoretical fragment 

TCA  Trichloroacetic acid  

TFA  Trifluoroacetic acid 

TMT  Tandem mass tags  
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TOF  Time-of-flight  

UV  Ultraviolet light 

WB  Western blot 
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