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Abstract 

Blood plasma that is the main clinical specimen contains a big portion of the whole human 

proteome from very high abundant to very low abundant proteins and this complicates the 

analysis of plasma proteins significantly. However, the proteins have been analysed with very 

different methods so far, including two dimensional gel electrophoresis, immunoassays and 

mass spectrometry, but all these methods have their own advantages and limitations. Recently 

a method called QPrEST-peptide immunocapture was developed that combines the 

advantages of immunocapture and mass spectrometry and uses the vast resources developed 

in the Human Protein Atlas project. The method is based on spiking in heavy-labelled protein 

epitope signature tags to an unknown plasma sample that is then digested. Afterwards 

immobilised polyclonal antibodies are used to capture the endogenous and standard peptides 

that are then analysed by mass spectrometry. In this thesis the antibody immobilisation and 

plasma digestion were optimised further so the method could be used to analyse different 

clinically significant plasma proteins. The optimised method was then applied for screening 

of 95 antibodies and 24 out of these could eventually be used for quantification of 

20 proteins. Moreover, some of the quantified proteins did not have any known plasma 

concentration, but now it can be said that these proteins are rather low abundant in plasma. 
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Sammanfattning 

Blodplasma är den viktigaste kliniska provtypen och innehåller en stor del av det mänskliga 

proteomet, från proteiner med väldig hög koncentration till de med väldigt låg vilket 

komplicerar analys av plasma. Proteiner i plasma har hittills analyserats med olika metoder, 

t.ex. tvådimensionell gelelektrofores, antikroppsbaserad analys och masspektrometri, men 

alla dessa metoder har sina olika fördelar och begräsningar. Nyligen utvecklades en ny 

metod, QPrEST-peptide immunocapture, som kombinerar styrkorna hos antikroppsbaserad 

analys med masspektrometri och utnyttjar den stora resurs av reagens som producerats inom 

Human Protein Atlas-projektet. Metoden bygger på inspikning av tunga isotopinmärkta 

proteinfragment (PrESTs) till plasma vilka sedan klyvs tillsammans med trypsin. Efter 

klyvning används antikroppar kopplade till magnetiska kulor för att anrika peptider från både 

prov och tillsatt standard och de anrikade peptiderna analyseras sedan med masspektrometri. 

I det här projektet optimerades antikroppskoppling och trypsinklyvning så att metoden kunde 

användas för analys av flera kliniskt relevanta plasmaproteiner. Den optimerade metoden 

användes sedan för utvärdering av 95 antikroppar och 24 av dem kunde senare användas för 

kvantifiering av 20 proteiner i plasma. Dessutom kunde även några av de analyserade 

proteinerna, som tidigare inte hade någon känd referenskoncentration i plasma, analyseras 

och kategoriseras som proteiner med låg koncentration.  

 

 

 

Translated by Björn Forsström 
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ELISA – enzyme-linked immunosorbent assay 

FA – formic acid 

HPA – Human Protein Atlas 

IAA – iodoacetamide 

Ig – immunoglobulin 

IL6 – interleukin-6 

LC – liquid chromatography 

LC-MS – liquid chromatography-mass spectrometry 
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QPIC – QPrEST-peptide immunocapture 
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RIA – radioimmunoassay 
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SDC – sodium deoxycholate 

SILAC – stable isotope labelling by amino acids in cell culture  

SIM – single ion monitoring 

SISCAPA – stable isotope standards and capture by anti-peptide antibody  

SWATH-MS – sequential windowed acquisition of all theoretical fragment ion mass spectra 
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1 Literature background 

1.1  Plasma 

Blood plasma, the fluid part of blood that contains all soluble protein components, is the main 

clinical specimen and although being the most complex proteome sample, millions of tubes 

are collected yearly (1). Proteins are responsible for most catalytic and structural functions in 

the organism, so measuring these gives a rather easy way to find molecular malfunctions 

associated with disease (2). Plasma contains almost the whole human proteome since besides 

plasma proteins, which act in plasma, e.g. several types of immunoglobulins (Ig), there are 

different receptor ligands like hormones and cytokines, also tissue leakage products that are 

released into plasma after cell damage or death. Additionally, aberrant proteins, e.g. cancer 

markers, and foreign proteins from other organisms like parasites or microbes can be found in 

plasma (1).  

 

Proteins can also have multiple forms and splice variants, making the plasma proteome even 

more complex (1). Some other body fluids like urine and cerebrospinal fluid contain some of 

the proteins found in plasma and some organ specific proteins, but these are either more 

difficult to obtain due to invasiveness (cerebrospinal fluid) or they need fast and complicated 

sample preparation (urine). Besides being easily obtainable, plasma shows human phenotype 

exactly at the time of collection in contrast with genomic DNA that only shows probabilistic 

risks (2). 

 

In addition to the considerable complexity, plasma proteins have a huge dynamic range (1, 3). 

The most abundant protein, albumin, has a concentration around 50 mg/ml. A group of the 

least abundant plasma proteins are interleukins where the normal concentration can be even 

less than 5 pg/ml. This results in a difference factor of at least 10
10

. Additionally, 10-15 of the 

highest abundant proteins including albumin constitute more than 95% of the plasma 

proteome mass, but only represent 0.1% diversity (Figure 1). Although there are different 

opinions about whether the low abundant ones are more important, especially since many 

biomarkers are in the lower concentration range, all proteins in plasma have their own 

clinical significance. 
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Figure 1 The dynamic range of protein concentrations in human plasma (4). Only a few higher abundant 

proteins make up more than 90% of the total plasma protein mass. 

 

1.2  Main methods for analysing plasma 

Plasma has been analysed with very different methods over time (1). It started out with 

plasma fractionation, moved on to enzyme activities, then came polyclonal and later 

monoclonal antibodies, eventually two-dimensional gel electrophoresis gave way to mass 

spectrometry (MS) and protein arrays. In proteomics it is often expected that MS-based 

approaches are the standard for proteomics analysis (5), but in the clinical protein analysis it 

is different. In 2008 80% of protein analytes in plasma were measured by immunoassays, the 

remaining measured by enzyme assays or functional coagulation assays (2). By 2016 the 

situation has not changed, immunoassays are still the golden standard in clinical protein 

analysis (6). 

 

1.2.1  Immunoassays 

One of the most important immunoassays in clinical analysis is enzyme-linked immuno-

sorbent assay (ELISA), but previously radioimmunoassay (RIA) was used (7, 8). RIA is a 

competitive assay where unlabelled sample, for example serum competes with radioactively 

labelled antigen to bind the specific antibody that is bound on a solid support. First the 

labelled antigen binds the antibody and then the sample is added that will release some of the 

labelled antigen. The released amount of antigen is measured and it is proportional to the 

unlabelled antigen: the more there is of the antigen in the sample, the more of the labelled one 

is released. Although RIA is simple and has very high sensitivity, it has several drawbacks, 
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for example the concerns about the safety of the personnel and the radioactive waste. 

Additionally, the use of radioactive compounds needs special laboratory facilities.  

 

ELISA was developed based on the RIA, but instead of radioactive labelling the antigen was 

labelled with a suitable enzyme (9, 10). This solved the waste and safety problems with RIA 

and moreover, the enzyme-antigen conjugates can be stabilised and thus stored for a longer 

time. Also the sensitivity is comparable with the sensitivity of RIA. By 2016 several different 

modifications of ELISA have been developed and they all still depend on specific interaction 

between antibody and antigen, whereas one of them is fixed on a solid support depending on 

whether antigens or antibodies will be quantified (11). Enzyme-conjugated reagents are used 

to amplify and visualize the antigen-antibody interactions and finally a chromogenic substrate 

of the enzyme is used to give rise to a colour change. Instead of enzymes, biotin could be 

used for labelling and then the biotinylated antibodies or antigens are recognized by enzyme-

conjugated streptavidin that binds biotin with high affinity. 

 

Besides ELISA there are several other immunoassays, for example immunohistochemistry 

and flow cytometry (12), but these are used to analyse tissues and cells respectively, not 

soluble proteins. Multiplexed immunoassays can be in two different formats: planar and 

bead-based arrays (12, 13). In planar microarrays, affinity reagents are immobilized on glass 

slides in distinct microspots while bead-based arrays use microspheres as the solid support. 

Within the planar arrays the microspots can be either antibodies or samples and the choice is 

made based on whether protein or sample multiplexing is more important. In suspension bead 

arrays the different antibodies are covalently coupled to individually colour-coded magnetic 

beads and combined to allow for multiplex analysis. After incubation with a biotinylated 

sample and a streptavidin conjugated fluorophore, a flow cytometer is used to detect the bead 

identity and analyte intensity. 

 

The immunoassays can be either single- or dual-binder assays, depending on whether one or 

more antibodies binds the same target (12). Dual-binder assays are for example the most 

common sandwich assay and proximity ligation assay. Even ELISA has been developed into 

a sandwich assay where the antibody is immobilised in the wells of microtiter plates (11). 

Then the sample with the antigen is added and another, secondary antibody, which is 

biotinylated and binds to another epitope of the antigen, enables the visualisation of the 

interaction. Although dual-binder assays provide improved selectivity and sensitivity, their 
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development is more time-consuming than single-binder assays and they have smaller 

multiplexing capacity. 

 

Immunoassays have rather good analytical sensitivity, reproducibility, a wide assay dynamic 

range (pg/ml to ng/ml) and throughput capacity, but they come with several limitations (6, 

12–14). Firstly, the quantification can easily be affected by cross-reactivity, interfering 

antibodies and other confounding factors. Secondly, the generation of antibodies and assay 

development takes time (often over a year) and money ($100 000-$2 million per biomarker), 

is laborious and has high failure rate. Additionally, multiplexing can be difficult with 

immunoassays and is restricted due to antibody specificity. Although multiplexed assays have 

been in development for years, most commercial assays are only for research. Importantly, 

most immunoassays are not capable of distinguishing between isoforms and different post-

translational modifications (PTMs) that form a big part of proteome complexity. For these 

and other reasons, better methods and assays are developed for example with improved read-

out systems that do not depend on fluorescence (12). Another way of improving 

immunoassays and overcoming the low specificity problem is to combine protein or peptide 

capture by antibodies with mass spectrometry. 

 

1.2.2  Mass spectrometry 

Mass spectrometry can overcome most of the limitations of immunoassays and has already 

been used in clinics for years for the quantification of small molecules (6, 13, 15). MS can 

quantify proteins without depending on antibodies, especially when using targeted methods 

like multiple reaction monitoring (MRM). Moreover, MS gives the possibility to analyse 

multiple targets in a single analysis and to resolve the proteins on sequence level, making it 

capable of differentiating between PTMs and resulting in better selectivity than 

immunoassays. On the other hand it lacks the sensitivity, robustness, reproducibility and 

throughput that are needed for the instrument to become routinely used in the analysis of 

complex samples, such as plasma, urine and cerebrospinal fluid. Luckily, the technological 

advances have made the MS-based targeted protein assays into an attractive alternative to the 

immunoassays for multiplex protein analysis. 

 

There are two main MS strategies that have been used: shotgun and targeted proteomics (16). 

Although both of these first digest the proteins into peptides and then separate these by liquid 

chromatography (LC), the differences arise in the MS method used. In shotgun or discovery 
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proteomics the MS instrument is operated in data-dependent acquisition mode which means 

that ions are selected for fragmentation (MS2) based on the survey (MS1) scan. In targeted 

proteomics the ions for fragmentation are pre-specified by the user and it does not depend on 

MS1 scan. There is another method that is called SWATH-MS (sequential windowed 

acquisition of all theoretical fragment ion mass spectra) where data-independent acquisition 

is used, but instead of specific mass-to-charge (m/z) values, predetermined isolation windows 

are used in a cyclic manner throughout the LC time range.  

 

Shotgun proteomics has been the most effective method for qualitative studies to discover the 

most proteins in the sample (17). However, plasma and other bodily fluids have too complex 

proteomes and wide abundance range that limit both the reproducibility and sensitivity of this 

approach. Even in SWATH-MS the isolation windows are too big and a lot of ions are 

analysed at the same time. For these reasons targeted methods are often used. Multiple 

reaction monitoring, also known as selected reaction monitoring (SRM), is a MS-based 

targeted proteomics method that is really specific and sensitive towards the selected analyte 

(12, 13, 17, 18). It uses a triple quadrupole MS to select and analyse a specific analyte, where 

the first quadrupole selects the desired parent ion that is fragmented in the second quadrupole 

and the third picks the fragment to be measured. Although the new assay development for 

MRM is rather simple and with low cost, finding truly unique peptides and transitions 

without interference in complex samples like plasma can be limiting. To overcome this 

problem, often several peptides per protein and several transitions per peptide are analysed, 

but this increases the analysis time. 

 

When using targeted methods on very complex samples, it should be done on high 

performance instruments that can cope with the wide dynamic range, massive biochemical 

background and have high sensitivity to detect the lower abundant proteins (17). High 

resolution/accurate mass analysis performed for example on orbitrap-based instrument could 

be a good alternative approach, but the limited ion capacity limits the dynamic range that can 

be analysed. The solution is to combine two different mass analysers, for example quadrupole 

as the mass filter and orbitrap or time-of-flight as the mass analyser, e.g a Q-Exactive or 

Q-TOF respectively. With the Q-Exactive, there are two very suitable targeted proteomics 

methods: selected ion monitoring (SIM) and parallel reaction monitoring (PRM). 
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Selected ion monitoring allows very sensitive detection and only analyses one precursor ion 

of interest at a time (17, 19, 20). In quadrupole such as in Q-Exactive the selection of ions is 

achieved by fixing the voltages so that only the ions with the chosen m/z ratio can pass. The 

narrower the chosen m/z range, the higher the specificity. SIM is very suitable for quantifying 

low abundant components thanks to the trapping capability and high acquisition rate.  

 

If the analysis of the peptides on MS2 level is needed, for example for peptide identification, 

parallel reaction monitoring should be used. In PRM all transitions from one precursor ion 

are analysed together (17). To achieve this, the targeted precursor ions are sent to a higher 

energy collisional dissociation cell where they are fragmented right away. All the fragments 

from this one precursor are then collected, sent to the orbitrap and monitored in parallel. This 

enables quantifying low abundant components and increased signal-to-noise ratio. 

Experiments with rather simple samples on Q-Exactive have shown that it has really good 

intrinsic sensitivity and dynamic range. More importantly, PRM does not require previous 

knowledge about MS/MS fragmentation patterns, making the method development much 

easier than in MRM. 

 

Liquid chromatography-mass spectrometry 

Although the sample could be injected directly into the MS, some kind of sample preparation 

has to be used since biological samples contain a mixture of components that fill up the ion 

source and affect the limit of detection (6, 21, 22). Mostly online liquid chromatography (LC) 

is used as the last step for prefractionation of complex samples so that they become less 

complex. Different chromatography columns could be used, but not all are very well 

compatible with MS. Mostly reverse-phase liquid chromatography (RP-LC) is used, because 

organic solvents that are used as the mobile phase for RP-LC can improve the ionisation 

efficiency. Also nanoflow chromatography has become the preferred method since it has 

better separation and sensitivity.  

 

Besides the chosen column type and mobile phase, flow rate, column and gradient length 

affect both the sensitivity and throughput of the MS (21, 23). The maximum flow rate is 

limited by the ion source, but often lower flow rates are used to obtain higher sensitivity and 

resolution. However, lower flow rates need longer gradient times and thus decrease the MS 

throughput. On the other hand if the sample is very complex, longer columns with longer 

gradients are needed to improve the peptide separation capability.  
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Quantification 

In addition to detecting proteins/peptides in the mass spectrometer, quantification is needed 

to address many biological questions. There are label-free methods, but some quantification 

methods are based on spike-in of proteins or peptides containing stable isotopes, which are 

labelled either by chemical addition, enzymatic or metabolic isotope labelling (24). Using 

stable isotopes creates a mass shifted version of the original peptide and then the endogenous 

peptides can be quantified by the “heavy” to “light” ratio. One of the methods to incorporate 

the isotopes is stable isotope labelling by amino acids in cell culture (SILAC).  

 

The quantification can either be relative or absolute (24, 25). In relative quantification 

samples where one is either heavy- or light-labelled are usually compared with each other. 

Absolute quantification on the other hand requires spiking in known amounts of labelled 

standard. There are several strategies for absolute quantification where the labelled 

counterparts are either proteins or peptides that are spiked in during different times in the 

sample preparation. The main limitation of many of these methods is that since the labelled 

standards are spiked in right before the sample analysis, it does not count for the loss of 

proteins during sample preparation like digestion and there is no way to know the exact 

protein amount. Absolute SILAC on the other hand depends on metabolically labelled full-

length protein standards that are added as early as possible, even already to the lysed cell 

culture. Since the standard and the endogenous protein behave exactly the same during the 

sample preparation, the real amount of protein can be calculated. The problem with absolute 

SILAC is that producing full-length proteins is not that easy and is often limited only to 

soluble proteins. Moreover, the standard requires thorough characterisation and validation, 

since the folding and different isoforms might affect the behaviour of the standard during the 

sample preparation (15). However, the absolute SILAC method can be advanced by using 

protein epitope signature tags (PrESTs) (24) that are produced in a high-throughput manner 

by the Human Protein Atlas project instead of the full length proteins. 

 

Over-coming the dynamic range problem 

The mass spectrometer is able to measure the proteins almost at any concentration range 

found in plasma, but the problem is that the competition for ionisation favours higher 

abundant proteins in each sample fraction and that some proteins give more highly ionisable 

peptides than others (13, 26). To measure more proteins, some kind of separation methods 

besides the online LC have to be used that are robust, specific and reproducible (3, 15). The 
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usual practice is to deplete the highest abundant proteins, mainly albumin with affinity-based 

methods (4). Immunodepletion followed by strong cation exchange chromatography 

fractionation can lower the sensitivity of MRM from 0.1-1 μg/ml range down to low ng/ml 

range (13, 27). Despite better sensitivity immunodepletion raises the problem that maybe the 

least abundant proteins are also depleted either by binding to the column or to the higher 

abundant proteins like albumin (4, 15). Furthermore, the depletion is not sufficient to actually 

be able to measure all proteins in plasma. Another problem is that the more pre-fractionation 

steps there are, the more the throughput is decreased and analysis time increased (28). 

 

Another option to detect lower abundant proteins in plasma or any other complex sample is to 

use enrichment (13, 15, 29). There have been two main methods: either protein enrichment 

with antibody capture or peptide enrichment with anti-peptide antibody capture, known as 

stable isotope standards and capture by anti-peptide antibody (SISCAPA). Instead of 

antibodies the affinity reagent could be another protein, peptide, aptamer or any biomolecule, 

but these are less used (26). 

 

1.2.3  Immunocapture-mass spectrometry 

Two different reasons have been discussed why antibody-based affinity proteomics should be 

combined with mass spectrometry and opposite – how MS can benefit from using antibodies 

in the sample preparation. From the first perspective it was the reason that most of the 

antibodies do not show high enough specificity, so that instead of trying to find a secondary 

antibody, mass spectrometer provides the needed specificity. From the other side the mass 

spectrometer is not capable of measuring the whole dynamic range of complex bodily fluids 

and affinity enrichment is a way to measure the lower abundant proteins. Moreover, the low 

specificity of antibodies to differentiate between proteins with and without PTMs is even an 

advantage, because after capturing them together, the MS is able to measure and distinguish 

these in the same run (6, 12). 

 

Stable isotope standards and capture by anti-peptide antibody method was developed already 

in 2004 by N. Leigh Anderson and others (12, 30). First the sample is digested with trypsin, 

and then known amounts of corresponding heavy isotope-labelled peptide standards are 

spiked in. The sample with both heavy and light peptides is enriched by using immobilised 

antibodies generated against the proteotypic peptides. The peptides are eluted into a small 

volume of sample that is less complex than the original sample and finally the eluate is 
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analysed with MRM. SISCAPA increases the MS sensitivity even to pg/ml if larger plasma 

volumes are used. In addition it increases the MS sample throughput and eliminates 

interference from endogenous immunoglobulins seen in protein immunoassays, however a 

big limitation with SISCAPA is that it requires long development times to produce specific 

antibodies and standards (31). Furthermore, the standards are spiked in after the digestion so 

the efficiency of digestion cannot be known and quantification becomes inaccurate.  

 

Instead of peptide capture, the enrichment could be done on protein level (12). There are 

several advantages over SISCAPA, for example it allows increasing the plasma volume for 

measuring really low abundant proteins without increasing the cost of digestion and it does 

not require anti-peptide antibody development. Additionally, protein level enrichment is 

needed to analyse protein interactions (29). As discussed before the problems with capturing 

proteins arise when quantification becomes important since labelled full-length protein 

standards are not that easily producible and thorough characterisation is needed. Moreover, 

peptide samples are easier to handle than protein samples, since protein degradation, 

unfolding and solubility issues are not a problem (15). 

 

1.3  Resources of the Human Protein Atlas project 

As discussed before one of the biggest problems with antibodies is their generation, 

identification and validation. Often the aim has been to generate monoclonal antibodies 

against some specific peptides that have shown good results in MS analysis, but this process 

is really costly and laborious (25). However, more than a million antibodies have already 

been generated against human proteins and most of these are polyclonal. Human Protein 

Atlas (HPA) project that has contributed to the huge resource of antibodies was started with 

the initiative to produce antibodies to all human proteins (32). Based on the recent numbers, 

the project has generated 25 039 validated antibodies corresponding to 17 005 protein-

encoding genes. 

 

The HPA antibodies are generated by using protein epitope signature tags (PrESTs) as the 

antigens for immunisation in New Zealand White rabbits (25). The PrEST sequences have 

been chosen by applying four important rules: 

 it cannot be in the transmembrane region since it would be difficult to express in 

Escherichia coli (E. coli) and problems occur with refolding and purification; 
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 it cannot be the signal peptide since these are often cleaved off from proteins during 

translocation; 

 it should preferably be 50-150 amino acids long; 

 it has to be as unique as possible to avoid cross-reactivity (33). 

 

The same PrESTs can also be used for quantification in mass spectrometry both as heavy and 

light standards (15, 24, 25, 34). The PrESTs can be used as light standards for example in cell 

cultures that are grown in medium containing heavy isotopes to determine cell copy numbers. 

However, PrESTs can be expressed in an E. coli strain auxotrophic for lysine and arginine, so 

that heavy isotope-labelled PrESTs, termed QPrESTs, can be produced if heavy lysine and 

arginine are added to the growth medium. Most QPrESTs contain at least two unique tryptic 

peptides making the quantification even more reliable. 

 

1.4  QPrEST-peptide immunocapture 

By combining the HPA polyclonal antibodies (pAb-s) for immunocapture with PrEST-based 

SILAC, Edfors et al. developed QPrEST-peptide immunocapture (QPIC) method, previously 

known as immuno-SILAC, for multiplex analysis of protein targets (25). First, accurately 

quantified QPrESTs are added to a sample such as cell lysate or plasma in known amounts 

(Figure 2). The sample, containing both heavy and light proteins, is then digested 

enzymatically and the peptides are captured by antibodies immobilised on Protein A-coated 

magnetic beads. After overnight enrichment the peptides are eluted from the beads with 

formic acid and analysed with LC-MS/MS. Finally, the quantification is done by comparing 

heavy and light peptide peak areas detected by the mass spectrometer. Although the HPA 

antibodies are generated against protein fragments, it has been shown with the QPIC method 

that they can be used for immunocapture of peptides. It is due to the fact that the epitopes of 

the antibodies are mostly relatively short linear epitopes where the conformation of the 

antigen is less important and only the sequence matters. Additionally, the HPA antibodies 

have been shown to capture full length proteins from cell lysate with similar success rate as in 

QPIC (around 50%) (29). 
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Figure 2 The principle of QPrEST-peptide immunocapture method (25) 

 

The QPIC method has several advantages over other similar immunoproteomics methods like 

SISCAPA (15, 25). The digestion of QPrESTs often generates multiple peptides that increase 

the certainty of quantification. Furthermore, miscleaved peptides (peptides that contain at 

least one possible cleavage site) can be used as additional standards in the MS analysis. 

Luckily, since the antibodies are generated towards PrESTs that are larger fragments than just 

peptides the antibodies are often capable of capturing several peptides from one protein or 

QPrEST, including the miscleaved peptides. Moreover, the addition of fragments before 

digestion increases the quantification accuracy, since the endogenous protein and standard are 

expected to behave identically throughout the sample preparation. Finally, the generation and 

quantification of QPrESTs can be done easily and does not involve peptide synthesis. The 

only limitation of the method is that not all of the HPA antibodies can capture the full protein 

or its peptides.  

 

1.5  Antibody immobilisation 

Although there are some examples of monoclonal antibodies or recombinant antibody 

fragments, mainly polyclonal antibodies are used for the immunoenrichment (35). Polyclonal 

antibodies have several advantages like relatively low cost and short production time, but on 

the other hand the yield of different immunizations can vary and there is batch-to-batch 

variability making these antibodies a rather limited resource. Monoclonal antibodies are more 

renewable resource once the hybridoma is generated, but this requires more time, money and 

skill (36).  

 

Antibodies can be denatured and renatured without loss of activity and this gives the 

possibility to reuse the antibodies multiple times after their regeneration by acidic wash (35). 

This also lowers the assay cost per sample and increases the number of analysed samples. To 

be able to reuse the antibodies they have to be immobilised and linked on a solid surface. 

There are several options for doing this. In the QPIC method the antibodies were just 
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immobilised on protein A beads, but without cross-linking the antibodies cannot be used 

repeatedly. Moreover, cross-linking decreases the amount of contaminating immunoglobulins 

in the final eluate (37). 

 

Protein A is a 509 amino acid long protein that interacts with the constant (Fc) domain of 

several immunoglobulins from different species (38). It contains four or five 58 amino acid 

long IgG-binding units. Protein A has been shown to have an additional binding with 

immunoglobulin through the variable (Fab) fragment, but this has not been proven for rabbit 

immunoglobulins (39), which is an advantage since the HPA antibodies are rabbit immuno-

globulins. The huge advantage of using protein A is that it binds the antibody through the 

constant region giving it a known direction and leaving the antigen specific sites free (40). 

 

Antibodies can be covalently bound to protein A by using cross-linkers that contain reactive 

ends to bind with specific functional groups (37, 41). The most common methods for cross-

linking antibodies to protein A beads have been dimethyl pimelidate (DMP) and bis[sulfo-

succinimidyl] suberate (BS
3
). DMP is a diimido ester that reacts preferably with ε-amines of 

lysines and thus forms an amidine bond. BS
3
, an N-hydroxysulfosuccinimide ester, has 

additional reactivity with other nucleophlic groups like tyrosines and serines. Sousa et al. (37) 

concluded that although BS
3
 has generally lower non-specific binding of proteins, it causes 

overall lower binding of some proteins probably due to the additional reactivity. Moreover, 

BS
3
 is considerably more expensive than DMP. 

 

Besides protein A beads the Luminex bead system used in suspension bead arrays could be 

used for antibody immobilisation, however the beads do not have to be colour-coded since 

MS would still be used for the eluted peptide analysis. The beads used in Luminex system are 

carboxylated (42) meaning that a different cross-linking reagent has to be used. 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide HCl (EDC) can react with these carboxylic acid groups 

forming an active intermediate that attack primary amines and forms amide bond (41). 

N-hydroxysuccinimide (NHS) is often added to improve coupling efficiency. The antibody 

binding to Luminex beads does not have any known direction and it might happen that the 

antibodies bind through their variable fragment and closing the antigen specific sites. 
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1.6  The purpose of the thesis 

QPrEST-peptide immunocapture is a method that takes advantage of the vast resources 

generated in the Human Protein Atlas project and combines the best of both affinity 

proteomics (sensitivity) and mass spectrometry (specificity). The method has been shown to 

work fairly well in cell lysates for capturing peptides and full-length proteins, but it should 

work equally well in plasma. The aim of the thesis is to optimise some of the assay conditions 

for plasma and then to see which of the proteins measured in the clinics today can be 

analysed more efficiently with the optimised method. 

 

The strategy for reaching the purpose of this thesis has been divided into several parts: 

 adapt the assay conditions that seem to be limiting for the analysis of plasma 

 screen through a list of polyclonal antibodies that are generated towards clinically 

relevant proteins and test if the antibodies are able to capture the QPrEST peptides 

from a simplified plasma background that is digested bovine serum albumin; 

 test the promising antibodies in real plasma background; 

 find the suitable plasma volumes and QPrEST spike-in amounts to be able to quantify 

the plasma proteins. 
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2 Materials and methods 

2.1  Materials 

The heavy-labelled PrEST standards and antibodies were obtained within the Human Protein 

Atlas Project. The plasma was bought from seralab (BioreclamationIVT) and Sigma Aldrich. 

 

2.2  Preparation of antigen sample 

The antigen sample contains QPrESTs and plasma that were either digested separately and 

then combined or digested together. The QPrESTs were diluted in 1 M NH4HCO3 to a final 

NH4HCO3 concentration of 50 mM. The plasma was diluted 6 times with urea buffer (8 M 

urea, 300 mM Tris, pH 8) to denature the proteins. The sample (either QPrESTs, plasma or 

both) was reduced with dithiothreitol (DTT) in a final concentration of 20 mM and incubated 

30 min at 56 °C. The sample was then alkylated with iodoacetamide (IAA) with a final 

concentration of 50 mM and incubated 20 min at room temperature in dark. The plasma 

samples were then diluted 3 times with 100 mM Tris, pH 8. Trypsin was added in enzyme to 

substrate ratio 1:10 (non-modified trypsin (TRL3, Worthington) for bigger plasma volumes) 

or 1:50 (dimethylated trypsin (T6567, Sigma-Aldrich) for QPrEST samples) and incubated 

overnight in ThermoMixer (300 rpm, Eppendorf) at 37 °C. The next morning the enzymatic 

reaction was quenched with 10% formic acid (FA) to a final concentration of 0.5%.  

 

In some of the experiments the proteins were denatured with methanol (MeOH) instead of 

urea and then 100% MeOH was added to plasma to a final concentration of 60%. The 

reduction and alkylation were done as previously and before trypsin addition the MeOH was 

diluted with 50 mM NH4HCO3 into a 20% solution.  

 

The antigen sample was also prepared by using sodium deoxycholate (SDC) as the 

denaturing reagent. Firstly, 10% SDC and 1 M DTT were added to plasma and QPrEST 

sample to a final concentration of 1% and 10 mM respectively and then the sample was 

boiled for 10 min in ThermoMixer (500 rpm). After that 0.5 M IAA was added to a final 

concentration of 50 mM and after the addition of non-modified trypsin in 1:10 ratio, the 

sample was incubated for 1 h in ThermoMixer (500 rpm) at 37 °C. The enzymatic digestion 

was quenched by the addition of 1% trifluoroacetic acid to a final concentration of 0.5%. 

SDC was allowed to precipitate for 30 min and then centrifuged at 13 200 rpm for 5 min. 
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After digestions where urea was used the samples were desalinated and based on the protein 

amount different columns with different protocols were used. Smaller protein amounts (less 

than 10 μg) were desalinated by using Strong Cation Exchange StageTips. First the 

membrane was activated with 50 μl 100% MeOH and then equilibrated twice with 50 μl 

washing buffer (30% MeOH, 0.1% FA). The sample was acidified with 10% FA until pH < 3 

and applied to the StageTip. The membrane was washed twice with 30 μl of washing buffer. 

The sample was eluted with 20 μl of elution buffer (30% MeOH, 1.65% NH4OH) that was 

added twice. The eluate was transferred to a clean vial and vacuum dried for 30 minutes and 

then stored in -20 °C until enrichment or MS-analysis.  

 

Bigger plasma volumes were desalinated on Sep-Pak tC18 Vac 1cc (50 mg) Cartridge 

columns (Waters, for 1-3 mg of protein) or on Supelco DSC-18 1 g columns (Sigma-Aldrich, 

for 60 mg of protein). First the column was activated with 1-2 ml (depending on the column 

size) of 100% acetonitrile (ACN) and then equilibrated twice with 1-2 ml of washing buffer 

(0.6% acetic acid). The sample was acidified with 10% FA until pH < 3 and loaded onto the 

column. The flow-through was collected and loaded onto the column to maximise binding. 

The membrane was washed twice with 1-2 ml of washing buffer and then the sample was 

eluted with 250-1000 μl of elution buffer (80% ACN, 0.6% acetic acid) that was added twice. 

The eluate was vacuum dried for 1.5-3 hours and then stored in -20 °C until enrichment.  

 

2.3  Antibody immobilisation and cross-linking 

Protein A Dynabeads (ThermoFisher Scientific) were resuspended in the vial and transferred 

to a Protein LoBind tube (Eppendorf). 5 μl of 30 mg/ml bead stock was used per 1 μg of 

antibody. The beads were washed twice with 500 μl of phosphate buffered saline with Chaps 

(PBSC) (1x PBS, 0.03% (w/v) Chaps). Antibodies were first pooled, diluted in PBSC and 

then added to the beads. The mixture was incubated 30 min on an Intelli-Mixer (Elmi) 

(45 rpm). If cross-linking of the antibodies was not performed, the beads were washed once 

with 500 μl of PBSC and then used for enrichment. 

 

For cross-linking of the antibodies the beads were washed with 500 μl 0.2 M triethanolamine 

(pH 8.2) instead of PBSC and then resuspended in 500 μl cross-linking solution (fresh 

20 mM DMP (Sigma-Aldrich) in 0.2 M triethanolamine) followed by 30 min incubation at 

room temperature on the mixer (45 rpm). The cross-linking reaction was stopped by bead 
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resuspension in 500 μl 50 mM Tris (pH 7.5) and 15 min incubation on the mixer. The 

solution was then washed twice with 500 μl PBSC. Not cross-linked antibodies were eluted 

with 0.1 M glycine-HCl (pH 2.5) and incubated 5 min. The beads were finally resuspended in 

storage buffer (1x PBS, 0.05% NaAz, 0.03% Chaps) and stored in +4 °C until used. 

 

Some antibodies were also immobilised on carboxylated beads (Luminex-Corp) according to 

the protocol of Schwenk et al. (42).  

 

2.4  Affinity enrichment of peptides 

Immobilised antibodies (100-250 ng/pAb) were resuspended and then washed twice with 

500 μl PBSC. If the beads had been used before, the beads were regenerated between the 

washes by adding 200 μl of 0.1 M glycine-HCl (pH 2.5) and incubating for 5 min. Next the 

digested antigen sample was prepared. For initial screenings the antigen sample was either a 

QPrEST pool (1.5 pmol/QPrEST) with diluted bovine serum albumin (BSA) digest (final 

protein concentration 0.35 mg/ml) in PBSC or a plasma digest (final protein concentration 

0.3 mg/ml) with spiked in QPrESTs (1.5 pmol/QPrEST). For protein concentration and 

QPrEST spike-in tests the antigen sample contained plasma digest (corresponding to 0.1 – 

1000 μl of raw plasma) with QPrESTs (0.2-100 000 fmol/μl of plasma/QPrEST) spiked in 

before digestion. 

 

The samples digested by using urea were either diluted with PBSC to a final urea 

concentration less than 1 M (approximately 0.8 M) or desalinated as described before and 

diluted in PBSC and all the samples were neutralised (pH around 7) with 10 M NaOH. The 

antigen sample was added to the beads and incubated overnight (16-18 hours) on an Intelli-

Mixer (60 rpm) at room temperature. The sample was washed twice with 400 μl PBSC and 

twice with 100 μl 50 mM NH4HCO3. The peptides were eluted with different elution buffers: 

0.5% FA with 10% ACN, 0.5% FA or 0.1 M glycine-HCl (pH 2.5). If the antibodies were not 

cross-linked to the beads the eluted antibodies were heat inactivated for 5 min. The eluate 

was transferred to a clean HPLC-vial and vacuum dried for 30 minutes. The dry sample was 

stored in -20 °C until LC-MS analysis. After elution the beads were washed with 400 μl 

PBSC and then stored in 200 μl storage buffer.  
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2.5  Liquid chromatography and mass spectrometry 

For LC-MS/MS analysis the peptides were first dissolved in 12 μl of buffer A (3% ACN, 

0.1% FA) and 10 μl of this sample was injected into a Dionex ultimate 3000 nano-LC system. 

First the peptides were trapped on an Acclaim PepMap 100 trap column, and thereafter 

separated using a 15 cm PepMap 800 C18 column using a gradient of 6%-40% over 15 or 

37 min gradient with a flow rate of 0.4 μl/min. Q Exacitve HF (ThermoFisher Scientific) 

instrument was used for the MS analysis. For the antibody screening a shot-gun method was 

used, where five precursor ions with highest intensity were picked for fragmentation. The MS 

spectra were recorded at 60 000 resolution at 200 m/z and MS/MS spectra at 30 000 

resolution. When the captured peptides were identified, targeted methods were used. Each 

full-scan was followed by 2-5 parallel reaction monitoring scans were either light and heavy 

peptide ions were isolated together or only light peptide ions were picked for fragmentation. 

The resolution for full scan was 120 000 and for PRM 60 000 or 120 000.  

 

The acquired data were analysed by Skyline (43), where peak integrations were reviewed 

manually. During the screening only heavy peptides were analysed. The peaks were 

considered as correct, if there was sufficient MS/MS data and the mass error did not exceed 

±5 ppm. Additionally, subsequent analyses of similar samples were used to confirm the found 

peptides. Afterwards, the analysis of both heavy and light peptides gave the final 

confirmation, if both were seen within the same retention time.  
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3 Results 

3.1  Method adaptation for plasma samples 

The QPIC method has been proven to work well in cell cultures, but for the method to work 

with plasma samples some adaptation of the protocol had to be done. For that 14 polyclonal 

antibodies corresponding to 14 different proteins and QPrESTs were chosen. These 

antibodies were chosen just because the antibodies had the highest concentration, meaning 

not all the available resources would be used. The chosen antibodies have been generated 

towards PrESTs that correspond to proteins with very different plasma abundance. 

 

3.1.1  Selection of beads 

Firstly, it was important to know what kind of beads would be more suitable for the 

enrichments and for that two different bead types were tested: protein A beads and non-

coloured Luminex beads. Protein A beads were tried with and without cross-linking. To test 

which beads worked better, the same amount of antibodies (100 ng/pAb) was immobilised on 

the beads and then used for enrichment of QPrEST peptides (1.5 pmol/QPrEST) from 

digested BSA background (0.35 mg/ml). The antibodies just immobilised on protein A beads 

without cross-linking were also used in plasma background (0.3 mg/ml). 

 

Although some promising results were received when antibodies without cross-linking to 

protein A beads were used in BSA background, no results were seen if the beads were used in 

plasma background. However, this kind of results were expected since protein A beads are 

able to bind all different kind of IgG antibodies and due to the very high concentration of 

human IgG in plasma, it competes with the rabbit IgG already bound on the bead. 

 

When comparing the number and the signal intensity of captured peptides by antibodies 

cross-linked on protein A or Luminex beads, then it was seen that protein A beads gave better 

results based on the MS1 spectra (Figure 3). Out of 13 peptides that gave very good results 

with both beads, 10 had considerably higher intensities when captured with antibodies on 

protein A beads. The average ratio (protein A beads to Luminex beads) between total MS1 

peak areas was 7.1 for these 10 heavy peptides. Furthermore, there were a few peptides that 

were captured by antibodies on protein A beads, but not with antibodies on Luminex beads. 



26 

 

 

Figure 3 Comparison of peptide peak intensities and total MS1 peak areas between protein A and Luminex 

beads. The peaks represented here are the total peaks of MS1 and are the sum of M+0, M+1 and M+2 isotope 

peaks. Three peptides from three different QPrESTs captured from BSA background are compared between 

protein A and Luminex beads. The y-axis represents the intensity of the signal and is the same within each 

peptide, but different between peptides.  

 

3.1.2  Reuse of the beads 

The antibodies used in this project are polyclonal antibodies and as mentioned before 

although these are easy to produce, they are a limited resource and batch-to-batch variation is 

rather big. To understand if the antibodies cross-linked on protein A beads could be used 

repeatedly, two experiments were done. Firstly, 0.1 M glycine was used to regenerate the 

beads/elute all peptides from previous enrichment and it was followed by a normal elution 

step with 0.5% FA and that eluate was analysed in MS. As hoped no peptides were detected, 

meaning either the elution in previous enrichment or the glycine regeneration removed all the 

peptides.  

 

As the second test the beads with antibodies were used multiple times exactly on the same 

antigen sample that contained 1.5 pmol of each QPrEST from the same pool of QPrESTs 

(except the first experiment where the antigen sample was prepared separately, the first from 

left in Figure 4), but in either BSA or plasma background. The beads were all cross-linked 

together in one pool and then divided into three different tubes (each contained 

125 ng/antibody) to minimize the variance. The results were evaluated as before based on the 

MS1 spectra (Figure 4). 
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Although there are rather big signal intensity and peak area differences, it is due to the fact 

that half of the experiments are done in plasma background that seems to suppress the signal 

considerably. In the case of the example peptide on Figure 4 and some other peptides, it 

seems that in BSA background the beads might work even better when they have already 

been used before. For the enrichments in plasma background there is no big loss in signal 

intensity or the peak area value, especially if only used twice. But this experiment shows that 

the beads can be used multiple times and this was tested throughout further experiments, 

where antibodies on beads were used eight times and still gave similar results. The only 

problem is that with every enrichment and washing step some of the beads are lost, and this 

might become the limiting factor for using the beads over 10 times.  

 

 

Figure 4 Results of the experiments to analyse bead reuse possibilities. The spectra here are the MS1 total 

spectra (M+0, M+1, M+2) of the same QPrEST peptide in different experiments. The bead pool replicates mean 

that the antibodies were pooled and cross-linked to protein A beads together and then divided into three different 

tubes. The experiments were done in consecutive days, so that the same beads were regenerated and used again.  

 

3.1.3  Selection of elution buffer 

For finding the most suitable elution method three different buffers were tested: 0.5% FA 

with 10% ACN, 0.1 M glycine-HCl pH 2.5 and 0.5% FA. The previously mentioned pool of 

14 antibodies was used to enrich QPrEST peptides in BSA background and then the same 
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volume of two different buffers (FA with ACN, glycine-HCl) was used for elution. As with 

the beads the results were compared on MS1 level.  

 

Based on the results, both of the elution buffers worked equally well (Figure 5). That was 

seen first from the MS1 peak signal intensities and then confirmed by the comparison of MS1 

total peak area. There were 11 suitable peptides captured and eluted and their average peak 

area ratio (FA with ACN to glycine-HCl) was 1.05 with only 0.74 difference between 

minimum and maximum values, showing that there is really no difference in the elution 

buffer efficiency. Similar results were received when the elution buffers were compared in 

plasma background and with already used beads. 

 

 

Figure 5 Comparison of QPrEST peptide peak signal intensities and total MS1 peak area between two different 

elution buffers. The peaks are the total of M+0, M+1 and M+2 isotope peaks. It can be seen that the elution 

buffers work with very similar efficiency: sometimes FA with ACN is better, sometimes glycine is better, but 

the differences are very small. 

 

When using FA with ACN as the elution buffer a lot of detergent peaks were seen in the LC 

chromatogram that were not seen with glycine elution. This led to a supposition that ACN 

might be the reagent causing detergents to be eluted from the beads. To confirm the 

hypothesis a test with just the beads (no antibodies) was done where 0-10% ACN in PBSC 

was used to wash the beads. Based on the results (data not shown here) that confirmed the 

speculation acetonitrile was removed from the elution buffer and added into an additional 

washing buffer in the cross-linking protocol before antibody immobilisation.  

 



29 

 

3.1.4  Optimizing the QPIC method for bigger plasma volumes 

Since the purpose of the thesis was to analyse clinically relevant plasma proteins many of 

which are very low abundant, the QPIC method had to be optimised for analysing plasma 

volumes up to 1 ml to be able to detect the endogenous peptides in the mass spectrometer. 

The first change was to start using non-modified trypsin instead of the dimethylated one due 

to economic reasons since already 20 μl of plasma requires over 20 μg of trypsin for the 

digestion. However, the biggest problem that arose was to keep the volume of the digestion 

as small as possible and for that three different denaturing reagents (8 M urea, 

100% methanol and 10% sodium deoxycholate) were tested. With urea it was tested whether 

desalination or sample dilution is better before the enrichment. For these experiments a new 

pool of nine antibodies was made that have shown ability to capture their respective proteins 

that are all medium abundant in plasma. 

 

Mostly high concentration of urea is used to denature the proteins before digestion, but 

Whiteaker et al. have used methanol for denaturation (14). To see if MeOH could be used in 

the QPIC method, two enrichments were done where urea or methanol was used during the 

antigen sample preparation. The results did not show that one is definitely better than the 

other one: some peptides had considerably higher intensities after using urea, others after 

using methanol (data not shown). The problem with methanol was that some peptides that 

had previously been captured very well and had shown good intensities were not captured 

this time.  

 

The high urea concentration needed for protein denaturation can affect the enrichment 

efficiency and thus has to be diluted or removed. Since the big plasma volumes need even 

bigger dilution volumes, desalination was considered as an alternative. The results of the 

desalination and dilution comparison were analysed on both MS1 and MS2 level (Figure 6). 

Out of 7 peptides captured in both experiments 6 peptides had higher signal intensities and 

total peak areas when desalination was used for removing urea. Two additional peptides were 

captured after desalinating the sample, but not after sample dilution. The average ratio 

(desalination to dilution) of total MS peak areas was 8.3 for four of the peptides that showed 

results in both experiments and where both heavy and light versions of the peptides were 

captured. 
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Figure 6 After using 8 M urea for protein denaturation, it was analysed whether sample desalination or dilution 

is better for removing high urea concentration. Here three best peptides are shown with both endogenous (red) 

and heavy (blue) version, whereas the peak is the total peak of MS1 and MS2 (only y-ions) spectra.  

 

As the last experiment, SDC was used as the denaturing agent since sodium deoxycholate 

does not require any sample dilution or desalination and for the enrichment the SDC is 

precipitated and only the supernatant is used. First the protocol was tested on 20 μl of plasma 

with relevant QPrEST spike-ins. The results were very good and for many of the peptides the 

signal intensities were better with SDC than with urea (data not shown here). Then the same 

protocol was used for digesting 1 ml of plasma, but after the addition of SDC, DTT and the 

heat treatment the sample formed a gel (not seen with smaller sample volumes) that could not 

be dissolved again. The protocol was also tested with 350 μl of plasma, but the same problem 

occurred.  

 

3.2  Screening of the antibodies 

A list of 95 antibodies (Appendix 1) generated towards 77 different PrESTs that correspond 

to 67 clinically relevant plasma proteins in very different abundance range from the highest 

abundant ones (albumin) to some of the lowest abundant proteins like interleukin-6 (IL6) 

(Figure 7) was used. The antibodies were divided into 6 different pools, so that antibodies 
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capturing the same proteins would be in different pools. This enabled to understand which of 

the sister antibodies were able to capture the peptides. All of the pools were used for 

capturing digested QPrEST peptides (1.5 pmol/QPrEST) first from a digested BSA 

background (protein concentration 0.35 mg/ml) and then from a digested plasma background 

(protein concentration 0.45 mg/ml).  

 

 

Figure 7 The abundance of proteins in plasma that the antibodies are generated towards. There are no specific 

borders between the abundance classes, but high abundant proteins have approximately μg/ml or higher 

concentration, medium and low abundant proteins have ng/ml and pg/ml concentrations respectively. The 

proteins in the unknown part are plasma proteins, but their specific plasma concentrations are unknown and 

could not be determined after a brief literature search. In this project these proteins were hypothesised to be 

somewhere between medium and low abundant proteins. 

 

The results in BSA background were as expected with almost 50% success rate, meaning that 

47 antibodies out of the 95 tested were able to capture at least one heavy peptide (Figure 8, 

Table 1). These 47 antibodies have been generated towards 38 PrESTs that correspond to 37 

unique proteins. When the antibodies were tested in some plasma background, then almost a 

third of the antibodies could not capture any of the peptides captured previously and 

additional 12 antibodies could not capture some of the peptides. The same 47 antibodies were 

later analysed in real plasma and in the end only 24 antibodies capturing 23 different peptides 

from 20 proteins could actually enrich both light and heavy version of the peptide at the same 

time and be used for possible protein quantification. However, some of the antibodies that 

could not capture any or some of the peptides from smaller plasma background could do it 

from real plasma that was not diluted.  
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Figure 8 Summary of the screening results based on antibodies. The green coloured parts represent the 

antibodies that have shown to capture peptides on different levels of sample complexity. Blue coloured parts are 

the antibodies that did not work at all or could not enrich peptide in a more complex background. 

 
Table 1 Summary of the screening results including the numbers of corresponding unique PrESTs, proteins and 

peptides. All 95 antibodies were tested in BSA and plasma background to capture heavy peptide. The 

percentages are calculated as ratio to previous step, not to the total number. For the last column only the 47 

antibodies from BSA background were tested. 

 
Total 

Can capture heavy 

peptides from BSA 

background 

Can capture heavy 

peptides from plasma 

background 

Can capture 

both heavy and 

light peptide 

Unique antibodies 95 47 (49%) 33 (70%) 24 (73%) 

that correspond to: 

 
  

   

  

Unique PrESTs 77 38 (49%) 25 (66%) 20 (80%) 

Unique proteins 67 37 (55%) 24 (65%) 20 (83%) 

Unique peptides   72   43 (60%) 23 (53%) 

 

In total the 47 working antibodies captured 86 heavy peptides (72 of which are unique) and 

on average each antibody captured 1.8 peptides (Figure 9 and Appendix 1). While half of the 

peptides could capture only one peptide, nearly a third could bind two peptides. For some of 

the antibodies the multiple peptides included miscleaved versions, but for many the peptides 

were different. The biggest number of captured peptides was six (antibody corresponding to 

PGAM5 protein), but four of these peptides were overlapping. 

 

 

Figure 9 Number of peptides captured per antibody that showed results from the BSA background. 
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3.3  Using the antibodies in real plasma  

All of the 47 antibodies that had been shown to capture at least one peptide from BSA 

background were analysed further to see if they can be used to quantify proteins in a suitable 

amount of plasma. For that the antibodies were pooled into four new pools, but now it was 

based on the abundance of the respective proteins in plasma. For each pool different amount 

of plasma (0.1 – 1000 μl) was digested with relevant QPrEST spike-ins. Since the 

quantification is more accurate if the ratio between heavy and light peptide is closer to 1:1, 

the QPrEST spike-in amounts were chosen for each protein either by searching for protein 

concentration values from literature or by using data from experiments done by others in the 

group. Based on the received results, the amounts of the QPrESTs were modified to achieve 

better ratio between heavy and light. 

 

Included in these 47 antibodies were 5 antibodies capturing high abundant proteins (Table 2) 

and for the analysis of these proteins 0.1 μl of plasma was digested with 0.5-1 pmol/QPrEST 

spike-in. The problem with these proteins is that since they are very abundant, spiking in 

enough QPrEST is difficult without out using a lot of the resources. Out of these 5 antibodies, 

2 antibodies corresponding to APOA1 and APOE proteins were capable of enriching both 

heavy and light peptide at the same time. The antibody corresponding to albumin could only 

enrich the endogenous peptides that are also probably captured due to unspecific binding to 

the beads, but if more of the respective QPrEST is spiked in, quantification might become 

possible.  

 

Table 2 Final results of the antibodies capturing high abundant proteins. The enrichment was done from sample 

corresponding to 0.1 μl of plasma and the captured peptides are based on this enrichment. 

 
Antibody Gene QPrEST Peptide 

Enrichment of 

both heavy and 

light peptide 

Suggested 

amount of 

QPrEST per 

1 μl of plasma 

1 HPA031025 ALB HPRR2760277 LVNEVTEFAK only light peptide 100 000 fmol 

    
TCVADESAENCDK only light peptide 

 
2 HPA046715 APOA1 HPRR3450265 VQPYLDDFQK yes 80 000 fmol 

    
VQPYLDDFQKK yes 

 
3 HPA001352 APOA4 HPRR260124 LAPLAEDVRGNLR no 

 

    
VEPYGENFNK no 

 
4 HPA068768 APOE HPRR4340126 VEQAVETEPEPELR yes 2000 fmol 

5 HPA018130 LPA HPRR2190035 WEYCNLTR no 
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Out of the 47 antibodies that showed positive results in digested BSA, 16 antibodies captured 

peptides corresponding to 12 different medium abundant proteins (Table 3). These antibodies 

were used to enrich the peptides from antigen sample corresponding to 20 μl of plasma. Out 

of these 16 antibodies, eight antibodies can be used for protein quantification of eight 

proteins if correct amounts of QPrESTs are used. 

 

Table 3 Final results of the antibodies capturing medium abundant proteins. The * marks the antibody that was 

out of stock, so further analysis of this antibody could not have been done. For these antibodies the enrichment 

was done from 20 μl of plasma and the captured peptides are based on these experiments. 

 
Antibody Gene QPrEST Peptide 

Enrichment of 

both heavy and 

light peptide 

Suggested 

amount of 

QPrEST per 

1 μl of plasma 

1 HPA006116 B2M HPRR1520004 IQVYSR yes 250 fmol 

2 HPA046415 BGLAP HPRR3560214 
YLYQWLGAPVPYP- 

                       -DPLEPR 
no   

3 HPA017369 CHGA HPRR300004 ILSILR no   

4 

5 

6 

HPA059738 

HPA011303 

HPA011950 

COL1A2 
HPRR4030210 

HPRR1770073 

VYCDFSTGETCIR no   

AQPENIPAKNWYR no   
HVWLGETINAGSQ- 

         -FEYNVEGVTSK 
no   

LLANYASQNITYHCK no   

7 

8 

HPA048502 

HPA015126 
EPO HPRR1950791 TITADTFR no   

9 HPA054698 F2 HPRR3790030 TATSEYQTFFNPR yes 1500 fmol 

10 HPA011740 FLT1 HPRR1370045 * * * 

11 HPA012053 FLT1 HPRR1370045 NVYTGEEILQKK no   

 
   EITIRDQEAPYLLR no   

 
   DQEAPYLLR yes 50 fmol 

 
   VTEEDEGVYHCK no   

12 HPA013357 IGFBP3 HPRR350077 FLNVLSPR yes 250 fmol 

13 HPA001238 MMP9 HPRR330062 QRQSTLVLFPGDLR no   

 
   QSTLVLFPGDLR yes 2.5 fmol 

 
   QLAEEYLYR no   

 
   TNLTDRQLAEEYLYR no   

14 HPA005550 PROC HPRR330194 EVFVHPNYSK yes 2.5 fmol 

15 HPA002740 TG HPRR350042 LEDIPVASLPDLHDIER yes 2.5 fmol 

16 HPA001815 VWF HPRR330186 VTVFPIGIGDRYDAAQLR yes 5 fmol 

    
ILAGPAGDSNVVK yes   

 
      ILAGPAGDSNVVKLQR no   
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15 antibodies that could capture heavy peptides were generated towards PrESTs that 

corresponded to 10 low abundant proteins (Table 4). These antibodies were used for 

enrichment from 1 ml of plasma to capture enough peptides so that these could be detected by 

MS. These proteins are the hardest to analyse without any enrichment, however only 6 of 

these antibodies capturing 3 proteins could be used for protein quantification. 

 

Table 4 Final results of the antibodies capturing low abundant proteins. The enrichments were done from 1 ml 

of plasma. 

 
Antibody Gene QPrEST Peptide 

Enrichment 

of both 

heavy and 

light peptide 

Suggested 

amount of 

QPrEST per 

1 μl of plasma 

1 HPA001557 AGT HPRR350062 TSPVDEKALQDQLVLVAAK no   

2 

3 

4 

HPA035438 

HPA064440 

HPA046846  

CRH  HPRR2990128 

SLDSPAALAER no   
SLDSPAALAERGAR no   
NALGGHQEAPER no   
NALGGHQEAPERER no   

5 HPA031976 EDN1 HPRR2570090 ALENLLPTK no   

6 HPA011910 GDF15 HPRR2000002 ASFPGPSELHSEDSR no   

        YEDLLTRLR no   

7 

8 

9 

HPA044648 

HPA001325 

HPA064428  

IL6 HPRR330007 

DVAAPHRQPLTSSER no   
YILDGISALR no   
YILDGISALRK no   
NLDAITTPDPTTNASLLTK yes 0.2 fmol 

10 HPA071163 INHBA HPRR4180529 SELLLSEK no   

        KSTWHVFPVSSSIQR no   

11 HPA003948 ITIH4 HPRR350046 LAILPASAPPATSNPDPAVSR no   

12 HPA069570 MAPT HPRR3420701 DVDESSPQDSPPSK no   

13 

14 

HPA030580 

HPA054960 
NPPB HPRR2830005 

LSELQVEQTSLEP- 

                  -LQESPRPTGVWK 
yes 0.5 fmol  

15 HPA048540 PTH HPRR3140904 SLGEADKADVNVLTK yes 0.2 fmol 

 

The rest of the antibodies that showed positive results in BSA background corresponded to 

plasma proteins, but their real plasma concentration was unknown and could not be found 

from the literature. It was hoped that the results of the enrichments could give an idea how 

abundant these proteins are and luckily, 4 of the antibodies towards 3 proteins were able to 

capture both the heavy and the light peptide from 20 μl of plasma, but it can be predicted that 

additional 4 antibodies towards 4 proteins could be used for protein quantification from 1 ml 

of plasma.  
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Table 5 Final results of the antibodies corresponding to proteins whose plasma concentration was not known. 

These results are based on enrichment from 20 μl of plasma. The yes* marks the peptides where only the heavy 

peptide was captured from 20 μl of plasma, and the light peptide should be seen from 1 ml of plasma.  

 
Antibody Gene QPrEST Peptide 

Enrichment 

of both heavy 

and light 

peptide 

Suggested 

amount of 

QPrEST per  

1 μl of plasma 

1 HPA066326 ARAF HPRR3870019 QQFYHSVQDLSGGSR yes* 5 fmol 

2 HPA002636 AURKA HPRR490008 SKQPLPSAPENNPEEELASK no   

 
   QWALEDFEIGRPLGK no   

3 HPA073750 CBLC HPRR2820052 DGFYLYPDGK yes 5 fmol 

 
   THNPDLTELGQAEPQQR no   

4 HPA066404 GAB1 HPRR2360049 SNTISTVDLNK yes* 5 fmol 

5 

6 

HPA064376 

HPA035410 
MAP3K3 HPRR3030080 

NQDDLDKAIDILDR no   

IKASQSAGDINTIYQPPEPR no   

ASQSAGDINTIYQPPEPR yes 5 fmol 

7 HPA068818 MCF2 HPRR4320383 ILLTNLEVPDTEGAVSSR no   

8 HPA016997 P4HA2 HPRR1810008 SAADAEGYLAHPVNAYK no   

 
   QFFPTDEDEIGAAK yes* 5 fmol 

9 HPA036978 PGAM5 HPRR2850620 KRNVESGEEELASK no   

 
   DRTLTPLGR yes* 5 fmol  

 
   TLTPLGR yes*   

 
   TLTPLGREQAELTGLR no   

 
   EQAELTGLR no   

 
   LASLGLK no   

10 HPA071067 PTPRR HPRR4190575 NQEIHLSPITLQPALSEAK no   

 
   VLNVVVDPQGR no   

 
   ATTATSVCPSPFK yes 5 fmol 

11 HPA002868 SDHB HPRR590024 DDFTEERLAK no   

 
   LQDPFSLYR no   

 

 

3.4  Protein quantification 

The proteins for which both the endogenous and corresponding heavy peptide could be 

captured were finally quantified in the commercial plasma (Table 6). The quantification was 

based on only MS1 spectra, since these were more stable and not always both heavy and the 

light peptide were fragmented. The measured protein concentrations were compared with 

reference values (Appendix 2) and although some values are very close, there are some 

proteins were the measured concentration differs from the reference significantly. There 

might be several reasons, for example the reference values are based on sick individuals or 

the QPrEST spike-in ratio was not close to 1:1. Moreover, these results are mostly based on 

one enrichment experiment and need more confirmation.  
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Table 6 The measured concentrations of proteins. The proteins are ordered based on their plasma abundance, 

whereas the darkest green represents high abundant proteins and the lightest green proteins, whose plasma 

concentration was not known. The proteins marked with *, could not be quantified, but it can be believed that it 

could be done if correct plasma volumes and QPrEST amounts are used. 

Antibody Gene QPrEST 
Protein 

concentration  

Protein reference 

concentration 

HPA046715 APOA1 HPRR3450265 12500 μg/ml 1350.0 - 1710.0 μg/ml 

HPA068768 APOE HPRR4340126 13 μg/ml 36.0 - 221.0 μg/ml 

HPA006116 B2M HPRR1520004 2 μg/ml 1.6 μg/ml 

HPA054698 F2 HPRR3790030 200 μg/ml 100 μg/ml  

HPA012053 FLT1 HPRR1370045 *  14.0 - 37.0 ng/ml 

HPA013357 IGFBP3 HPRR350077 5 μg/ml 0.7 - 10.0 μg/ml 

HPA001238 MMP9 HPRR330062 160 ng/ml 49.2 ng/ml 

HPA005550 PROC HPRR330194 430 ng/ml 730 ng/ml  

HPA002740 TG HPRR350042 700 ng/ml 12.6 +/- 6.4 ng/ml 

HPA001815 VWF HPRR330186 35 ng/ml 85.3 ng/ml 

HPA044648 

HPA001325 

HPA064428 

IL6 HPRR330007  * 2.8-8.8 pg/ml 

HPA030580 

HPA054960 
NPPB HPRR2830005  * 130 pg/ml 

HPA048540 PTH HPRR3140904 1006 pg/ml 49-55.5 pg/ml 

HPA066326 ARAF HPRR3870019 225 pg/ml -  

HPA073750 CBLC HPRR2820052  * -  

HPA066404 GAB1 HPRR2360049  * -  

HPA064376 

HPA035410 
MAP3K3 HPRR3030080 254 pg/ml -  

HPA016997 P4HA2 HPRR1810008 650 pg/ml -  

HPA036978 PGAM5 HPRR2850620  * -  

HPA071067 PTPRR HPRR4190575 1.6 ng/ml -  
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4 Discussion 

4.1 Method adaptation 

The purpose of the thesis was to test which plasma proteins measured in the clinics today 

could be analysed more efficiently by using the resources of the Human Protein Atlas project 

and the QPrEST-peptide immunocapture method. Since the method was developed by using 

cell cultures, firstly, some of the assay conditions had to be adapted and then the modified 

method was used to screen 95 antibodies if they could enrich the peptides. Those antibodies 

that worked were analysed further and finally used for some protein quantification. The final 

protocol of the whole method from antibody cross-linking and plasma digestion to data 

analysis has been added as Appendix 3.  

 

The most important step in the method optimisation was to find the right beads and the cross-

linking type to immobilise the antibodies on the beads and to be able to reuse them. In the 

original method only 50 ng per antibody was used and the antibodies were just immobilised 

on the protein A beads without any cross-linking (25). Here, the same idea was used, but 

although the antibodies could capture the QPrEST peptides from bovine serum albumin 

background, no enrichment was seen in plasma background. This is due to the fact that in 

plasma immunoglobulins are very abundant (1) and there is a competition between the human 

IgG from plasma and rabbit IgG used for the enrichment. Moreover, since one of the thesis’s 

purposes was to reuse the beads to decrease antibody consumption and that small antibody 

amounts could not be used, some kind of cross-linking had to be done.  

 

Two different kinds of beads, protein A and non-coloured Luminex beads, were compared. 

For protein A beads two different cross-linkers could be used, but dimethylpimelidate was 

tested since the cross-linking procedure involves less dangerous substances, it has better 

overall binding and is considerably less expensive than BS
3 

(37). As hypothesised before the 

protein A beads gave considerably better results than the Luminex beads and this was 

probably due to non-specific binding direction of the antibodies on Luminex beads, whereas 

protein A binds the antibodies through their constant region and leaves the variable region 

free for peptide binding (40). Moreover, protein A beads were easier to work with during the 

cross-linking and for these reasons protein A beads were chosen to be used further on. 
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Although it has been shown that antibodies could be reused several times, it was done on 

protein G beads (35) and so it was tested if the antibodies on protein A beads could be reused 

in the QPIC method. As hoped, there was almost no carry-over from the previous enrichment 

and the antibodies could capture the peptides with very good efficiency even after several 

uses. As mentioned earlier there is some loss of beads with every use and so the same beads 

could not be used over 10 times. However, this already gives very good decrease in antibody 

consumption.  

 

In the last enrichment step the peptides have to be eluted from the antibodies and different 

elution buffers have been used, for example acetonitrile with formic acid in the SISCAPA 

(30) and formic acid in the QPIC method (25). It was also found that glycine could be used 

for elution in an immunoenrichment process and so all these buffers were tested. As the 

results showed there was no considerable difference between glycine and formic acid with 

acetonitrile buffers, however glycine is not that compatible with mass spectrometer. This is 

why instead of using glycine as the elution buffer, it was used to regenerate already used 

beads and elute all peptides from previous enrichment. Acetonitrile was removed from the 

elution buffer and added into bead washing step before antibody immobilisation since it 

probably caused the occurrence of detergent peaks in the chromatogram. Moreover, no loss in 

signal intensity was seen if only formic acid was used for elution.  

 

The most problems in method adaptation arose when trying to analyse plasma between 

50-1000 μl. The first problem was that the dimethylated trypsin, which does not cleave itself, 

could not be used due to economic reasons and thus the non-modified trypsin with auto-

cleaving properties had to be used. However, it was not a big problem since the antibodies do 

not enrich the trypsin peptides and these will not suppress the signal of other peptides in the 

mass spectrometer, as it would be the case without any enrichment. The bigger problem was 

that although it is easiest to carry out the enrichment in a normal 1.5 ml Eppendorf tube, the 

volume of the sample increased during the digestion from 1 ml up to 25 ml, especially when 

urea, which had to be diluted before trypsin addition, was used. 

 

To keep the sample volume down, two other different denaturing reagents besides urea were 

tested: methanol and sodium deoxycholate. Methanol was not that good of an alternative 

since it did not keep the sample volume down enough and some of the peptides enriched 
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previously were not seen in the MS any more. SDC on the other hand was even better for 

digesting plasma volumes up to 20 μl than urea, since the SDC is precipitated after digestion, 

meaning no dilution or desalination is needed and in addition the peptides were captured with 

higher efficiency. However, SDC could not be used for digesting hundreds of microliters of 

plasma, since it formed a gel already before trypsin addition and thus no peptides could be 

made. This left the only possibility to use urea for denaturing the proteins before their 

digestion.  

 

The high concentration of urea has to be diluted several times before the digestion and 

enrichment, but performing the enrichment in 30 ml of sample is neither feasible nor 

practical. For this reason the samples had to be desalinated so that the urea buffer is changed 

to a more suitable buffer for enrichment. Moreover, the desalination gave better results than 

just diluting the sample before enrichment. The only problem is that it adds an additional step 

in the method and increases the time of sample preparation.  

 

4.2 Antibody screening and protein quantification 

The HPA antibodies generated towards protein epitope signature tags have been shown to 

enrich both peptides (25) and full proteins (29) from cell lysates with approximately 50% 

success rate. In this project similar success rate was achieved when antibodies were used to 

capture heavy peptides from a rather simple bovine serum albumin background. The most 

probable reason why more antibodies do not work is that their epitopes contain either lysine 

or arginine (25) and so with trypsin digestion the epitope is cleaved and epitope-antibody 

affinity decreased or lost completely. 

 

Although the preliminary success rate was similar with previous results, only 26% of 

screened antibodies could be used for protein quantification. The reasons for this are 

unknown, but probably the huge abundance range of plasma proteins might affect the 

antibody binding efficiency. However, almost half of the proteins that could be quantified are 

low to very low abundant (including the proteins without any previous concentration 

knowledge) and their analysis on MS would be impossible without previous enrichment. It 

was also very good that about half of the plasma proteins without known plasma abundance 

whose antibodies could capture the respective peptides could be quantified and it can be said 

that these are mostly low abundant proteins. 
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In the beginning of the project it was hoped that the protein analysis could be done in an 

automated or at least semi-automated way, but it was realized that the volumes needed in all 

the different steps are too big for the usual automated liquid handling platforms. This could 

complicate the use of this method in clinical laboratories where sample throughput is one of 

the main factors. However, it can be believed that the combination of immunocapture and 

mass spectrometry could significantly improve protein analysis, if more automated methods 

are developed.  

 

4.3 Conclusion 

The previously developed QPIC method was successfully adapted to be used in plasma and to 

measure plasma proteins. The biggest differences between the original protocol and the one 

optimized here were in the antibody immobilisation and plasma digestion. Out of 95 

antibodies tested, 47 could capture at least one heavy peptide from a simple background and 

eventually 24 antibodies targeting 20 proteins could be used for protein quantification from 

1 ml of raw plasma.  
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6 Appendices 

Appendix 1 The table of all antibodies used in this project 

A table of all 95 antibodies used in this project with their respective gene and protein names and QPrEST identification numbers. The light orange peptides mark the peptides 

that contain at least one miscleavage. Blue lines represent the antibodies that could not capture any heavy peptides from the simple digested BSA background. The * marks 

the antibody that was out of stock and thus could not be analysed in plasma. The peptides that can be used for protein quantification need suitable amount of plasma and 

correct QPrEST spike-in amounts. 

 
Antibody ENSG Gene Protein name 

Plasma 

abundance 
QPrEST 

Nr of 

captured 

peptides 

from BSA 

background 

QPrEST peptides captured from 

BSA background (0.35 mg/ml) 

Is the heavy 

peptide also 

captured 

from plasma 

background? 

Can the 

peptide be 

used for 

protein 

quantification? 

1 HPA001557 ENSG00000135744 AGT Angiotensinogen low HPRR350062 1 TSPVDEKALQDQLVLVAAK yes 
 

2 HPA031024 ENSG00000163631 ALB Albumin high HPRR2760279 0 - 
  

3 HPA031025 ENSG00000163631 ALB Albumin high HPRR2760277 2 LVNEVTEFAK 
  

        
TCVADESAENCDK 

  
4 HPA046715 ENSG00000118137 APOA1 Apolipoprotein A1 high HPRR3450265 2 VQPYLDDFQK 

 
yes 

        
VQPYLDDFQKK yes yes 

5 HPA001352 ENSG00000110244 APOA4 Apolipoprotein A4 high HPRR260124 2 LAPLAEDVRGNLR yes 
 

        
VEPYGENFNK yes 

 
6 HPA049793 ENSG00000084674 APOB Apolipoprotein B high HPRR3720311 0 - 

  
7 HPA068768 ENSG00000130203 APOE Apolipoprotein E high HPRR4340126 1 VEQAVETEPEPELR yes yes 

8 HPA055201 ENSG00000078061 ARAF 
Serine/threonine-protein 

kinase A-Raf 
unknown HPRR3870019 0 - 

  

9 HPA066326 ENSG00000078061 ARAF 
Serine/threonine-protein 

kinase A-Raf 
unknown HPRR3870019 1 QQFYHSVQDLSGGSR yes yes 

10 HPA002636 ENSG00000087586 AURKA Aurora kinase A unknown HPRR490008 2 SKQPLPSAPENNPEEELASK yes 
 

        
QWALEDFEIGRPLGK yes 

 
11 HPA006116 ENSG00000166710 B2M Beta-2-microglobulin medium HPRR1520004 1 IQVYSR 

 
yes 

12 HPA006361 ENSG00000166710 B2M Beta-2-microglobulin medium HPRR1520004 0 - 
  

13 HPA062105 ENSG00000002330 BAD 
Bcl2-associated agonist of 

cell death 
unknown HPRR4060005 0 - 
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Antibody ENSG Gene Protein name 

Plasma 

abundance 
QPrEST 

Nr of 

captured 

peptides 

from BSA 

background 

QPrEST peptides captured from 

BSA background (0.35 mg/ml) 

Is the heavy 

peptide also 

captured 

from plasma 

background? 

Can the 

peptide be 

used for 

protein 

quantification? 

14 HPA046415 ENSG00000242252 BGLAP Osteocalcin medium HPRR3560214 1 YLYQWLGAPVPYPDPLEPR yes 
 

15 HPA052116 ENSG00000173369 C1QB 
Complement C1q 

subcomponent subunit B 
high HPRR3780091 0 - 

  
16 HPA073750 ENSG00000142273 CBLC E3 ubiquitin-protein ligase 

CBL-C 

unknown HPRR2820052 2 DGFYLYPDGK yes yes 

       
THNPDLTELGQAEPQQR yes 

 
17 HPA002127 ENSG00000170458 CD14 

Monocyte differentiation 

antigen CD14 
high HPRR330212 0 - 

  

18 HPA064884 ENSG00000079385 CEACAM1 

Carcinoembryonic antigen-

related cell adhesion 

molecule 1 

unknown HPRR4160660 0 - 
  

19 HPA017369 ENSG00000100604 CHGA Chromogranin-A medium HPRR300004 1 ILSILR 
  

20 HPA008405 ENSG00000108821 COL1A1 Collagen alpha-2(I) chain medium HPRR1770039 0 - 
  

21 HPA011303 ENSG00000164692 COL1A2 
Collagen alpha-2(I) chain 

medium HPRR1770073 3 VYCDFSTGETCIR 
  

       
AQPENIPAKNWYR yes 

 
        

LLANYASQNITYHCK yes 
 

22 HPA011950 ENSG00000164692 COL1A2 
Collagen alpha-2(I) chain 

medium HPRR1770073 4 VYCDFSTGETCIR yes 
 

       
AQPENIPAKNWYR yes 

 
        

HVWLGETINAGSQFEYNVEGVTSK yes 
 

        
LLANYASQNITYHCK yes 

 
23 HPA059738 ENSG00000164692 COL1A2 

Collagen alpha-2(I) chain 
medium HPRR4030210 2 VYCDFSTGETCIR yes 

 
       

AQPENIPAKNWYR yes 
 

24 HPA068464 ENSG00000164692 COL1A2 Collagen alpha-2(I) chain medium HPRR4030210 0 - 
  

25 HPA035438 ENSG00000147571 CRH 
Corticotropin-releasing 

factor receptor 2 
low HPRR2990128 1 SLDSPAALAER yes 

 
26 HPA046846 ENSG00000147571 CRH Corticotropin-releasing 

factor receptor 2 

low HPRR2990128 2 NALGGHQEAPER yes 
 

       
NALGGHQEAPERER yes 

 
27 HPA064440 ENSG00000147571 CRH 

Corticotropin-releasing 

factor receptor 2 
low HPRR2990128 1 SLDSPAALAERGAR yes 

 
28 HPA027367 ENSG00000132693 CRP C-reactive protein medium HPRR2550723 0 - 

  
29 HPA031976 ENSG00000078401 EDN1 Endothelin-1 low HPRR2570090 1 ALENLLPTK 

  
30 HPA015126 ENSG00000130427 EPO Erythropoietin medium HPRR1950791 1 TITADTFR 

  
31 HPA027572 ENSG00000130427 EPO Erythropoietin medium HPRR2760194 0 - 
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Antibody ENSG Gene Protein name 

Plasma 

abundance 
QPrEST 

Nr of 

captured 

peptides 

from BSA 

background 

QPrEST peptides captured from 

BSA background (0.35 mg/ml) 

Is the heavy 

peptide also 

captured 

from plasma 

background? 

Can the 

peptide be 

used for 

protein 

quantification? 

32 HPA048502 ENSG00000130427 EPO Erythropoietin medium HPRR1950791 1 TITADTFR 
  

33 HPA054698 ENSG00000180210 F2 Prothrombin medium HPRR3790030 1 TATSEYQTFFNPR yes yes 

34 HPA001642 ENSG00000077942 FBLN1 Fibulin-1 high HPRR350141 0 - 
  

35 HPA001643 ENSG00000077942 FBLN1 Fibulin-1 high HPRR350142 0 - 
  

36 HPA051370 ENSG00000171560 FGA Fibrinogen alpha chain high HPRR3761208 0 - 
  

37 HPA001901 ENSG00000171564 FGB Fibrinogen beta chain high HPRR350021 0 - 
  

38 HPA011159 ENSG00000171557 FGG Fibrinogen gamma chain high HPRR1951754 0 - 
  

39 HPA027529 ENSG00000171557 FGG Fibrinogen gamma chain high HPRR1951754 0 - 
  

40 HPA074638 ENSG00000171557 FGG Fibrinogen gamma chain high HPRR4220446 0 - 
  

41 HPA011740 ENSG00000102755 FLT1 Vascular endothelial 

growth factor receptor 1 

medium HPRR1370045 2 NVYTGEEILQKK 
  

       
DQEAPYLLR yes * 

42 HPA012053 ENSG00000102755 FLT1 Vascular endothelial 

growth factor receptor 1 

medium HPRR1370045 4 NVYTGEEILQKK 
  

       
EITIRDQEAPYLLR yes 

 
        

DQEAPYLLR 
 

yes 

        
VTEEDEGVYHCK 

  
43 HPA014294 ENSG00000102755 FLT1 

Vascular endothelial 

growth factor receptor 2 
medium HPRR1370046 0 - 

  
44 HPA069830 ENSG00000125740 FOSB Protein fosB unknown HPRR3700277 0 - 

  
45 HPA043650 

ENSG00000167996; 

ENSG00000181867 

FTH1;    

FTMT 
Ferritin, mitochondrial high HPRR3290096 0 - 

  

46 HPA066404 ENSG00000109458 GAB1 
GRB2-associated-binding 

protein 1 
unknown HPRR2360049 1 SNTISTVDLNK 

 
yes 

47 HPA036760 ENSG00000115263 GCG Glucagon low HPRR2920187 0 - 
  

48 HPA011910 ENSG00000130513 GDF15 Growth/differentiation 

factor 15 

low HPRR2000002 2 ASFPGPSELHSEDSR yes 
 

       
YEDLLTRLR 

  
49 HPA030749 ENSG00000177885 GRB2 

Growth factor receptor-

bound protein 2 
unknown HPRR2760337 0 - 

  

50 HPA071855 
ENSG00000257017; 

ENSG00000261701 

HP;        

HPR 

Haptoglobin, Haptoglobin-

related protein 
unknown HPRR3530008 0 - 

  
51 HPA048946 ENSG00000017427 IGF1 Insulin-like growth factor I medium HPRR3720070 0 - 
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Antibody ENSG Gene Protein name 

Plasma 

abundance 
QPrEST 

Nr of 

captured 

peptides 

from BSA 

background 

QPrEST peptides captured from 

BSA background (0.35 mg/ml) 

Is the heavy 

peptide also 

captured 

from plasma 

background? 

Can the 

peptide be 

used for 

protein 

quantification? 

52 HPA050640 ENSG00000146678 IGFBP1 
Insulin-like growth factor-

binding protein 1 
medium HPRR3140870 0 - 

  

53 HPA013357 ENSG00000146674 IGFBP3 
Insulin-like growth factor-

binding protein 3 
medium HPRR350077 1 FLNVLSPR 

 
yes 

54 HPA064606 ENSG00000125538 IL1B Interleukin-1 beta low HPRR4200138 0 - 
  

55 HPA001325 ENSG00000136244 IL6 Interleukin 6 low HPRR330007 4 DVAAPHRQPLTSSER yes 
 

        
YILDGISALR 

  
        

YILDGISALRK 
  

        
NLDAITTPDPTTNASLLTK yes yes 

56 HPA044648 ENSG00000136244 IL6 Interleukin 6 low HPRR330007 1 NLDAITTPDPTTNASLLTK yes yes 
57 HPA060030 ENSG00000136244 IL6 Interleukin 6 low HPRR2760215 0 - 

  
58 HPA064428 ENSG00000136244 IL6 Interleukin 6 low HPRR330007 2 DVAAPHRQPLTSSER 

  
        

NLDAITTPDPTTNASLLTK yes yes 

59 HPA071163 ENSG00000122641 INHBA Inhibin beta A chain low HPRR4180529 2 SELLLSEK yes 
 

        
KSTWHVFPVSSSIQR yes 

 
60 HPA003948 ENSG00000055955 ITIH4 

Inter-alpha-trypsin 

inhibitor heavy chain H4 
low HPRR350046 1 LAILPASAPPATSNPDPAVSR 

  
61 HPA018130 ENSG00000198670 LPA Lipoprotein high HPRR2190035 1 WEYCNLTR 

  

62 HPA067854 
ENSG00000034152; 

ENSG00000108984 

MAP2K3;

MAP2K6 

Dual specificity mitogen-

activated protein kinase 

kinase 3 

unknown HPRR4320582 0 - 
  

63 HPA035410 ENSG00000198909 MAP3K3 Mitogen-activated protein 

kinase kinase kinase 3 

unknown HPRR3030080 2 IKASQSAGDINTIYQPPEPR yes 
 

       
ASQSAGDINTIYQPPEPR 

 
yes 

64 HPA064376 ENSG00000198909 MAP3K3 
Mitogen-activated protein 

kinase kinase kinase 3 

unknown HPRR3030080 3 NQDDLDKAIDILDR yes 
 

       
IKASQSAGDINTIYQPPEPR yes 

 
       

ASQSAGDINTIYQPPEPR yes yes 

65 HPA075582 ENSG00000166484 MAPK7 
Mitogen-activated protein 

kinase 7 
unknown HPRR2980047 0 - 

  

66 HPA056379 ENSG00000186868 MAPT 
Microtubule-associated 

protein tau 
low HPRR3420701 0 - 

  



50 

 

 
Antibody ENSG Gene Protein name 

Plasma 

abundance 
QPrEST 

Nr of 

captured 

peptides 

from BSA 

background 

QPrEST peptides captured from 

BSA background (0.35 mg/ml) 

Is the heavy 

peptide also 

captured 

from plasma 

background? 

Can the 

peptide be 

used for 

protein 

quantification? 

67 HPA069570 ENSG00000186868 MAPT 
Microtubule-associated 

protein tau 
low HPRR3420701 1 DVDESSPQDSPPSK 

  
68 HPA003123 ENSG00000198125 MB Myoglobin medium HPRR221208 0 - 

  
69 HPA068818 ENSG00000101977 MCF2 Proto-oncogene DBL unknown HPRR4320383 1 ILLTNLEVPDTEGAVSSR yes 

 
70 HPA001238 ENSG00000100985 MMP9 Matrix metalloproteinase-9 medium HPRR330062 4 QRQSTLVLFPGDLR yes 

 
      

QSTLVLFPGDLR yes yes 

       
TNLTDRQLAEEYLYR yes 

 
       

QLAEEYLYR 
  

71 HPA063909 ENSG00000100985 MMP9 Matrix metalloproteinase-9 medium HPRR4160805 0 - 
  

72 HPA030580 ENSG00000120937 NPPB Natriuretic peptides B low HPRR2830005 1 LSELQVEQTSLEPLQESPRPTGVWK yes yes 

73 HPA054960 ENSG00000120937 NPPB Natriuretic peptides B low HPRR2830005 1 LSELQVEQTSLEPLQESPRPTGVWK 
 

yes 
74 HPA064494 ENSG00000120937 NPPB Natriuretic peptides B low HPRR2830005 0 - 

  
75 HPA016997 ENSG00000072682 P4HA2 

Prolyl 4-hydroxylase 

subunit alpha-2 
unknown HPRR1810008 2 SAADAEGYLAHPVNAYK 

  

        
QFFPTDEDEIGAAK yes yes 

76 HPA001667 ENSG00000182752 PAPPA Pappalysin-1 low HPRR260200 0 - 
  

77 HPA057935 ENSG00000140992 PDPK1 
3-phosphoinositide-

dependent protein kinase 1 
unknown HPRR3030042 0 - 

  

78 HPA068961 ENSG00000140992 PDPK1 
3-phosphoinositide-

dependent protein kinase 1 
unknown HPRR3030042 0 - 

  
79 HPA036978 ENSG00000247077 PGAM5 Serine/threonine-protein 

phosphatase PGAM5, 

mitochondrial 

unknown HPRR2850620 6 KRNVESGEEELASK 
  

       
DRTLTPLGR 

 
yes 

       
TLTPLGR yes yes 

        
TLTPLGREQAELTGLR yes 

 
        

EQAELTGLR 
  

        
LASLGLK 

  

80 HPA068893 ENSG00000051382 PIK3CB 

Phosphatidylinositol 4,5-

bisphosphate 3-kinase 

catalytic subunit beta 

isoform 

unknown HPRR4200051 0 - 
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Antibody ENSG Gene Protein name 

Plasma 

abundance 
QPrEST 

Nr of 

captured 

peptides 

from BSA 

background 

QPrEST peptides captured from 

BSA background (0.35 mg/ml) 

Is the heavy 

peptide also 

captured 

from plasma 

background? 

Can the 

peptide be 

used for 

protein 

quantification? 

81 HPA005550 ENSG00000115718 PROC 
Vitamin K-dependent 

protein C 
medium HPRR330194 1 EVFVHPNYSK 

 
yes 

82 HPA048540 ENSG00000152266 PTH Parathyroid hormone low HPRR3140904 1 SLGEADKADVNVLTK yes yes 

83 HPA071067 ENSG00000153233 PTPRR Receptor-type tyrosine-

protein phosphatase R 

unknown HPRR4190575 3 NQEIHLSPITLQPALSEAK 
  

       
VLNVVVDPQGR yes 

 
        

ATTATSVCPSPFK yes yes 

84 HPA070761 ENSG00000117676 RPS6KA1 
Ribosomal protein S6 

kinase alpha-1 
unknown HPRR4180450 0 - 

  
85 HPA015277 ENSG00000160307 S100B Protein S100-B medium HPRR2190015 0 - 

  
86 HPA015768 ENSG00000160307 S100B Protein S100-B medium HPRR2190015 0 - 

  
87 HPA002868 ENSG00000117118 SDHB Succinate dehydrogenase 

[ubiquinone] iron-sulfur 

subunit, mitochondrial 

unknown HPRR590024 2 DDFTEERLAK 
  

       
LQDPFSLYR 

  
88 HPA001816 ENSG00000117601 SERPINC1 Antithrombin-III high HPRR330198 0 - 

  
89 HPA052255 ENSG00000184557 SOCS3 

Suppressor of cytokine 

signaling 3 
unknown HPRR2970117 0 - 

  

90 HPA068569 ENSG00000184557 SOCS3 
Suppressor of cytokine 

signaling 4 
unknown HPRR2970117 0 - 

  
91 HPA002740 ENSG00000042832 TG Thyroglobulin medium HPRR350042 1 LEDIPVASLPDLHDIER 

 
yes 

92 HPA015774 ENSG00000118194 TNNT2 Troponin T, cardiac muscle low HPRR2190019 0 - 
  

93 HPA017888 ENSG00000118194 TNNT2 Troponin T, cardiac muscle low HPRR2190018 0 - 
  

94 HPA001815 ENSG00000110799 VWF von Willebrand factor medium HPRR330186 3 VTVFPIGIGDRYDAAQLR yes yes 

        
ILAGPAGDSNVVK 

 
yes 

        
ILAGPAGDSNVVKLQR 

  
95 HPA002082 ENSG00000110799 VWF von Willebrand factor medium HPRR330185 0 - 
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Appendix 2 Protein reference concentrations in plasma 

Table of reference protein concentrations for the proteins that could be quantified by using the antibodies. The concentrations are mostly for the plasma of healthy 

individuals, meaning in case of diseases these numbers can vary considerably. The plasma abundance values were given by the compiler of the antibody list and do not have 

any real scientific values.  

Gene Protein name 
Plasma 

abundance 

Protein concentration 

in plasma 
Reference 

APOA1 Apolipoprotein A1 high 1305.0 +/- 210.0 μg/ml Lamarche et al. (1996) Circulation 

   
1350.0 - 1710.0 μg/ml Chasman et al. (2008) Circulation: Cardiovascular Genetics 

APOE Apolipoprotein E high 36.0 - 221.0 μg/ml 
Cohn et al. (1996) Arteriosclerosis, Thrombosis, and Vascular 

Biology 

B2M Beta-2-microglobulin medium 1.6 μg/ml Greipp et al. (1988) Blood 

   
5.4 +/- 7.5 μg/ml Bataille et al. (1992) Blood 

F2 Prothrombin medium 100 μg/ml Plasma Proteome Database 

FLT1 Vascular endothelial growth factor receptor 1 medium 14.0 - 37.0 ng/ml Blann et al. (2002) Clinical Science 

IGFBP3 Insulin-like growth factor-binding protein 3 medium 0.7 - 10.0 μg/ml 
synlab Eesti OÜ Laboriteatmik. Referentsväärtuste tabel. 

(http://synlab.ee/arstile/laboriteatmik/referentsvaartused/) 

MMP9 Matrix metalloproteinase-9 medium 49.2 ng/ml Blankenberg et al. (2003) Circulation 

   
82.0 - 375.1 ng/ml Dandona et al. (2003) Diabetes Care 

PROC Vitamin K-dependent protein C medium 65 - 755 ng/ml Plasma Proteome Database 

TG Thyroglobulin medium 12.6 +/- 6.4 ng/ml 
Miyakawa et al. (1988) The Journal of Clinical Endocrinology & 

Metabolism 

   
5.0 - 35.0 ng/ml Gons et al. (1983) Acta endocrinologica 

VWF von Willebrand factor medium 85.3 ng/ml 
Marasini et al. (1992) International Journal of Microcirculation, 

Clinical and Experimental 

IL6 Interleukin 6 low 2.8-8.8 pg/ml 
Kopp et al. (2003) Arteriosclerosis, Thrombosis, and Vascular 

Biology 

NPPB Natriuretic peptides B low 130 pg/ml Berger et al. (2002) Circulation 

   
20 - 108 pg/ml Newton-Cheh et al. (2009) Nature Genetics 

PTH Parathyroid hormone low 49-55.5 pg/ml 
Dawson-Hughes et al. (1997) The American Journal of Clinical 

Nutrition 
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ARAF Serine/threonine-protein kinase A-Raf unknown - 
 

CBLC E3 ubiquitin-protein ligase CBL-C unknown - 
 

GAB1 GRB2-associated-binding protein 1 unknown - 
 

MAP3K3 Mitogen-activated protein kinase kinase kinase 3 unknown - 
 

P4HA2 Prolyl 4-hydroxylase subunit alpha-2 unknown - 
 

PGAM5 
Serine/threonine-protein phosphatase PGAM5, 

mitochondrial 
unknown - 

 

PTPRR Receptor-type tyrosine-protein phosphatase R unknown - 
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Appendix 3 The suggested protocol for the analysis of plasma proteins 

Antibody immobilisation and cross-linking 

Needed material and buffers: 

1. Protein A Dynabeads, 5 μl of 30 mg/ml stock is needed per μg of antibody 

2. Washing buffer (PBSC) 

a. 1x PBS with 0.03% (w/v) Chaps 

3. Washing buffer 2 (WB2) 

a. 0.5% formic acid (FA) and 10% acetonitrile (ACN) in MilliQ 

4. 0.2 M triethanolamine, pH 8.2 

5. Cross-linking solution (20 mM dimethylpimelidate (DMP) in triethanolamine) 

a. Dissolve 0.0052 g of DMP in 1 ml of 0.2 M triethanolamine 

6. 50 mM Tris, pH 7.5 

7. Elution buffer (0.1 M glycine-HCl, pH 2.5) 

8. Bead storage buffer (PBSC with 0.05% NaAz) 

Procedure: 

1. Pool 1 μg/antibody and dilute these into 500 μl with PBSC. 

2. Resuspend the beads in the vial and transfer these to Eppendorf LoBind tube. 

3. Wash the beads with 500 μl of PBSC. 

4. Wash the beads with 250 μl of WB2 and incubate 5 minutes at room temperature. 

5. Wash the beads with 500 μl of PBSC. 

6. Add pooled antibodies and incubate 30 minutes on a rotor-mixer (program F4, 

45 rpm). 

7. Wash the beads with 500 μl of 0.2 M triethanolamine. 

8. Prepare the cross-linking solution and resuspend the beads in 500 μl of that solution. 

9. Incubate for 30 minutes at room temperature on rotormixer (program F4, 45 rpm). 

10. Resuspend the beads in 500 μl of 50 mM Tris and incubate for 15 minutes at room 

temperature on rotormixer (same settings) to stop the cross-linking reaction. 

11. Wash the beads twice in 500 μl of PBSC. 

12. Add 500 μl of elution buffer and incubate for 5 minutes at room temperature. 

13. Resuspend the beads in 500 μl of bead storage buffer and store at 4 °C until needed. 
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Plasma and QPrEST digestion 

Needed buffers: 

1. 1 M Urea in 1x PBS 

2. Urea buffer (8 M urea in Tris) 

a. Dissolve 0.48 g Urea (Sigma) in 300 μl of 1 M Tris 

b. Fill up to 1 ml with MilliQ water 

3. 100 mM Tris, pH 8 

4. 1 M DTT 

a. Dissolve 0.0077 g DTT in 50 μl of MilliQ water 

5. 50 mM NH4HCO3 (Ambic) 

6. 1 M IAA 

a. Dissolve 0.04624 g of IAA in 250 μl of 50 mM Ambic 

b. Keep in dark until used 

7. 10% formic acid (FA) 

Procedure 

1. Pool suitable amount of right QPrESTs in 1 M Urea, 1x PBS, final volume 10-50 μl. 

2. Add relevant amount of plasma to a tube: 

a. 0.1 μl for high abundant protein analysis 

b. 20 μl for medium abundant protein analysis 

c. 1000 μl for low abundant protein analysis 

3. Add 8 M Urea buffer to a final concentration of 6.7 M (Five times the volume of 

plasma) 

4. Add the pooled QPrEST sample. 

5. Add 1 M DTT to a final concentration of 20 mM. 

6. Incubate for 30 minutes at 56 °C. 

7. Add 1 M IAA to a final concentration of 50 mM. 

8. Incubate for 20 minutes at room temperature in dark. 

9. Dilute the sample with 100 mM Tris to a final Urea concentration of 1.5 M. (20 times 

the  volume of plasma) 

10. Add trypsin 1:10 ratio (enzyme:substrate). Consider that plasma contains 

approximately 60 μg/μl of protein. For 1 ml of plasma, 6 mg of trypsin is needed. 

11. Incubate overnight at 37 °C, 300 rpm. 

12. Quench the enzymatic reaction with 10% FA to final concentration of at least 0.5%. 
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Antigen sample desalination for 20 and 1000 μl plasma digestions 

Needed material and buffers 

1. C-18 columns with liners 

a. Sep-Pak tC18 Vac Cartridge columns (Waters) for 20 μl samples 

b. or 3 Supelco DSC-18 columns (Sigma-Aldrich) for 1000 μl samples 

2. 10% FA 

3. 100% ACN 

4. Washing buffer (0.6% acetic acid in MilliQ water) 

5. Elution buffer (80% ACN, 0.6% acetic acid in MilliQ water) 

Procedure: 

1. Activate the column with 1-2 ml of 100% ACN. 

2. Equilibrate the column twice with 1-2 ml of desalination washing buffer. 

3. Acidify the digested plasma sample with 10% FA until pH < 3 (final volume 

maximum 30 ml). 

4. Load the sample on the column in two steps and collect the flow-through in one tube. 

5. Load the flow-through on the same column to maximize binding. 

6. Wash the column twice with 1-2 ml of washing buffer. 

7. Elute the peptides twice with 0.25-1 ml of elution buffer. 

8. Vacuum dry the eluate and store in -20 °C until used for enrichment. 

 

Enrichment 

Needed buffers: 

1. PBSC 

2. Bead regeneration buffer (0.1 M glycine-HCl, pH 2.5) 

3. 10 M NaOH 

4. 50 mM Ambic 

5. Elution buffer (0.5% FA in MilliQ) 

6. Bead storage buffer 

Procedure 

1. Wash the previously cross-linked beads (take 250 ng/pAb) with 500 μl of PBSC. 

2. If beads have been used previously, elute the peptides with 50 μl of bead regeneration 

buffer and incubate for 5 minutes at room temperature. 

3. Wash the beads with 500 μl of PBSC. 
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4. Dissolve the dried antigen sample in PBSC, final volume 1000 μl. 

5. Check the pH of the sample that has to be approximately 7.5. If needed modify the pH 

with 10 M NaOH. 

6. Add the antigen sample to the beads and incubate overnight at room temperature on a 

rotormixer (program F5, 60 rpm). 

7. Remove the supernatant and store it in -20 °C if wanted for further analysis. 

8. Wash the beads twice with 400 μl of PBSC. 

9. Wash the beads twice with 100 μl of 50 mM Ambic. 

10. Elute the peptides from the beads with 40 μl of elution buffer and incubate for 

5 minutes at room temperature. 

11. Transfer the eluate to a clean HPLC-vial and vacuum dry the sample for 30 minutes. 

12. Resuspend the beads in 400 μl of PBSC and then store these in 200 μl of bead storage 

buffer. 

13. Store the dry eluate at -20 °C until analysed by LC-MS. 

 

LC-MS 

Needed buffer: 

1. Buffer A (3% ACN, 0.1% FA in MilliQ) 

Procedure: 

1. Dissolve the eluate in 12 μl of Buffer A and inject 10 μl of it. 

2. Use a gradient of 6%-40% over 15 minutes with a flow rate of 0.4 μl/min. 

3. Use targeted method on the MS where each full-scan should be followed by 5 parallel 

reaction monitoring scans where only light peptides are analysed with resolutions 

120 000 and 60 000 at 200 m/z respectively. 

4. Analyse the data in Skyline or in any other program for analysing MS data. 
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