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Abstract  

Integrins constitute a group of dimer proteins where some are associated with cancer and 

metastasis, making them potential biomarkers. Detection of integrins can be challenging due to 

the high complexity of biological samples and often only low amounts of sample is available. 

Utilizing the high specificity between an antibody (AB) and the peptide it binds to (epitope), a 

peptide from a digested target protein can be extracted before analysis. In this work, a mass 

spectrometry (MS)-based method was developed for online detection of integrin derived 

peptides. Integrin analytes were Ŭ3ɓ1 and ŬVɓ5, which are both associated with cancer and 

metastasis, and ŬVɓ1 was included as a negative control. Sensitivity and specificity was 

ensured using commercially available ABs (available for the integrin chains ŬV, ɓ1 and ɓ5) for 

entrapment of an epitope-containing integrin peptide, followed by detection using nano-liquid 

chromatography (LC)-MS. The approach was successful regarding the ŬV chain, enabling 

detection in cell samples from brain cancer. The approach was not successful for the other 

integrin chains, due to either inefficient AB-trapping or other sample-preparation related issues. 

The implication is that an online AB monolithic column can be used for selective sample clean 

up for the detection of peptides from integrins. However, sample preparation steps, such as 

digestion, are crucial and a method that works for one integrin chain does not necessarily work 

for a different chain.   
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*   Definition made by the author. 

Term Definitions 

Activity (in biochemistry)1 ñThe natural or normal functioning of an 

enzyme, hormone, inhibitor or other agentò 

Affinity 1   ñChemical attraction; the tendency of a 

chemical substance to combine with, bind to, 

or dissolve in other chemical substances.ò 

Gradient elution2 ñChromatography in which the composition of 

the mobile phase is progressively changed to 

increase the eluent strength of the solvent.ò 

In silico1  ñMade to occur by means of a computer.ò 

In situ*  Procedure performed on site. 

In vivo1  ñOccurring or made to occur within a living 

organism.ò 

Inhibitor1  ñAny substance that inhibits an enzymatic 

reaction.ò  

Ligand3 ñSmall molecule or macromolecule that 

recognizes and binds to specific site on 

macromolecule.ò  
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Offline*    Procedure performed manually and separately 

from the analysis system.  

Online*    Procedure performed in automated fashion, 

directly coupled to the analysis system. 

Protease1 ñEnzyme that catalyses the hydrolysis of 

peptide bonds in a protein.ò 

Residue3 ñThe basic building block of a polymer (é). 

In proteins, the residues are the amino acidsò 

Sensitivity4 ñThe slope of a calibration curve.ò 

Signature peptide*   Amino acid sequence which is found in no 

other protein. 

Selectivity (in analytical chemistry)2 ñCapability of an analytical method to 

distinguish analyte from other species in the 

sample.ò  

Specificity (in biochemistry)1 ñThe degree to which an association between 

two molecular units may be considered 

unique.ò 
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1 Introduction  

1.1 Cancer and metastasis 

An important part of a cellôs division process is the replication of its genetic information, the 

deoxyribonucleic acid (DNA). If this process, or the process of DNA repair, is unsuccessful, it 

can lead to a mutation in the new cell. If a cell accumulates several genetic mutations, it can 

start an abnormal and uncontrolled division that results in a localized growth, called a tumour. 

The increase in tumour cells, which leads to tumour growth, is called proliferation. When the 

tumour cells possess the ability to invade surrounding tissue normally inhabited by other cells, 

the tumour is said to be malignant, or cancerous. This tumour will disturb the normal function 

of the tissue it invades [1]. A difference between cancerous cells and healthy cells is their 

protein expression. Proteins that aid in e.g. cell death are underexpressed in cancerous cells 

compared to healthy ones. Proteins that contribute to e.g. cell survival, proliferation or 

migration are overexpressed in cancer cells [2, 3]. When cancerous cells migrate away from the 

primary tumour site and create a new tumour, this is called metastasis. This secondary tumour 

is then made up of cells from the primary tumour, and not cells from where this tumour is 

located [4, 5]. Metastasis is found to be the cause of most cancer related deaths [6-8]. Starting 

cancer treatment early can constrain the tumours chance of spreading. This is an important 

reason a higher chance of survival is associated with early detection of the cancer [9-11]. 

Detection of cancerous tumour and metastasis can be done through biomarkers, which are 

biomolecules that can distinguish cancer cells from healthy cells.    

 Biomarkers  

A biomarker is a molecule found in body fluids or tissues that can be used to detect or measure 

a biological processes, disease or progress of a treatment [12]. There is a large interest in 

biomarkers for diagnosing, predicting and understanding both cancer and metastasis [13-15]. 

By development of accurate and sensitive methods for detection of biomarkers associated with 

cancer, the disease be diagnosed earlier, increasing the chance of survival. Such methods should 

be robust and inexpensive to make them trustworthy and viable options for hospitals [9, 16]. 

Figure 1 illustrates how biomarkers are used. Blood [17], urine [18] or tissue [19, 20] are 
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examples of sample matrices, where different compounds that can be used as biomarkers are 

found, for example proteins (e.g. for diagnosing prostate cancer [21] or breast cancer [22]).   

 

Figure 1: An example of how a biomarker is used. A healthy person has a certain amount of Protein X (A), while 

an increase in the amount of Protein X will cause a person to be ill with disease Z (B). If the difference in Protein 

X can be measured or detected from a blood sample, it can be used as a biomarker for disease Z.  

1.2 Proteins  

Proteins are biological polymers encoded by DNA, and are made up of one or more chains of 

amino acid residues. There are 20 different natural amino acids. Each amino acid can be denoted 

using a 3-letter code or a single letter code [23], which is given in Appendix 7.1. How the 

amino acids are located in a sequence determines how a protein will fold in physiological 

conditions. The amino acids are held together via peptide bonds (Figure 2), creating a repetitive 

protein backbone. It is the different side chains on the amino acid residues that generate the 

great variability of protein structures found in the human body. Side chains can be non-polar or 

polar, acidic or basic. Different functions in the human body rely on different proteins and a 

cellôs composition of proteins will affect its behaviour [1].  

 

Figure 2: Peptide bond formation. The circle indicates the peptide bond between two amino acid residues. R and 

Rô represents arbitrary side chains.  
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 Membrane proteins 

There is a variety of proteins found in the plasma membrane (PM) of the cell. The PM is a lipid 

bilayer that encloses the cell from its exterior surroundings, the extracellular space. This space 

is filled with extracellular molecules, making the extracellular matrix (ECM). Molecules in the 

PM supervises the exchange of molecules and signals between a cell and another cell, or 

between a cell and the ECM, and it allows growth and movement of a cell. Some of the proteins 

found in the PM are transmembrane, meaning they extend across the entirety of the membrane 

[1]. Figure 3 illustrates such a protein. The domain of the protein within the hydrophobic PM 

will also be hydrophobic. A common feature for membrane proteins is that their extracellular 

domains are glycosylated, meaning they carry one or more sugar groups. This is a type of post-

translational modification, which affects a how a protein will fold, its stability and function 

[24]. 

 

Figure 3: A transmembrane protein. An example of how a transmembrane protein is located within the lipid 

bilayer that make up the PM. Image made from Protein data bank (PDB) ID 1BGY [25]   using Pymol software. 

Adapted from [26]  

Membrane proteins are important for communication in between cells, and between a cell and 

the ECM [24]. For this reason, some membrane proteins have a role in proliferation and 

metastasis, and therefore are proteins that can be expressed differently between cancerous and 

healthy cells. An important group of transmembrane proteins is integrins, which connects the 

ECM to the cell [1]. 
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 Integrins 

Integrins are glycosylated transmembrane proteins [27] found in many different cells [28]. They 

are heterodimeric proteins, consisting of one Ŭ- and one ɓ-chain non-covalently bonded. There 

are 18 Ŭ-chains and 8 ɓ-chains, which are made up of about 1000 and 800 amino acids each, 

respectively. The two chains combine to make up 24 different integrins in humans, which are 

shown in Figure 4. These 24 have various binding properties and distribution, but overlaps in 

traits do occur between different integrins [28].  

 

Figure 4: The 24 integrins found in humans. The different combinations of one Ŭ and one ɓ chains making up 

the 24 integrins found in humans. Adapted from [28] . 

Integrins are signal receptors that bind to ligands in the ECM and are involved in a variety of 

cell processes like cellular communication, proliferation, migration and survival. Integrins have 

two conformations, called the ñactiveò (or ñopenò) and the ñinactiveò (or ñbentò) conformations 

(Figure 5).  In the inactive conformation, the extracellular domain is bent, with the extracellular 

ligand binding site directed towards the PM. An integrin goes into its active conformation 

through ligand binding, at either its intracellular- or extracellular domain  [28].  Most of an 

integrin (about 93% of its total amino acids) is located in the extracellular space, 3% is in the 

PM and 4% is intracellular [29, 30].  
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Figure 5: An integrin in the PM. A: the active, outstretched conformation. B: the bended, inactive conformation. 

Adapted from [28] .      

Integrins can through their role in cellular processes be a contributor to the progression and 

metastasis of cancer [31]. It follows that some integrins show different expression between 

healthy cells and cancerous cells [32], and some have also been found to be indicators of 

potential metastasis sites (Table 1). It should be noted that this is not a comprehensive list, and 

the role of integrins in cancers is still being researched. 

Table 1: Examples of integrins related to various types of cancer, and if this integrin is associated to metastasis 

of the cancer to a particular site in the body.  

Integrin  Cancer type Associated 

metastasis site 

Ŭ3ɓ1 

 

Expressed in most tumour 

cells [33] 

 

Ŭ6ɓ4 Breast Lung [34] 

Ŭ9ɓ1 Colon [33]   

ŬVɓ3 

Melanoma [33] Lymph node [35] 

Breast  Bone [36, 37] 

Prostate Bone [38] 

Pancreatic Lymph node [39]  

Glioblastoma multiforme 

(GBM) (brain cancer) [40] 

 

ŬVɓ5 GBM [40] Liver [34] 

Breast [41]  

Lung cancer [42] Bone [37] 

ŬVɓ6 Cervical [43]  

Colon [44]  

Prostate [45]  
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Hence, integrins are targets in cancer-drugs and therapies [46, 47], and have the potential to 

work as biomarkers for cancers and metastasis.  

1.3 Proteomics  

Proteomics is the study of the proteome, which is the proteins expressed in a cell, tissue or 

biological system at a given time [48]. When the focus is on one or more specific proteins in 

the system (e.g. integrins), the term ñtargeted proteomicsò is used [49]. The purpose of a 

targeted proteomic study can be examining the proteins interactions or function in a system or 

the proteinsôs role as a biomarker (e.g. [21]). Various analysis techniques are used in 

proteomics, and the two most common methods are western blot (WB) and mass spectrometry 

(MS)ïbased proteomics. MS can be used for both targeted and untargeted proteomic studies. 

WB, like many other targeted proteomic techniques, use antibodies (ABs) to interact with a 

target protein.  

 Antibodies 

ABs, also called immunoglobulins (Ig), are proteins produced by cells of the immune system 

as a response and defence mechanism to a foreign substance. The AB recognizes and binds to 

specific target molecules, called antigens. Antigens can be various molecules, e.g. proteins. The 

binding between the AB and the antigen can be a marker for destruction or block the antigens 

functionality. The most abundant, and simplest, AB is a Y-shaped molecule, called 

immunoglobulin G (IgG) [50]. In Figure 6 the basic structure of an IgG is shown. It is made 

up of two ñheavyò polypeptide chains and two ñlightò polypeptide chains. The largest part of 

the AB is constant between all ABs, whilst the region at the outer ends vary greatly. It is at 

these two regions the AB will create a specific binding site to the antigen [24]. This site is called 

the ñparatopeò, whilst the site of the antigen that binds is called the ñepitopeò [51]. Hydrogen 

bonding, electrostatic- and hydrophobic interactions all contribute when an AB and an antigen 

bind [52].   
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Figure 6: An IgG AB. An AB is made up of four polypeptide chains, two identical heavy chains that each are 

covalently bonded through a disulfide bridge to identical light chains. It has a constant region, which is identical 

between IgGs, and a variable region. It is in this last region where an epitope will bind, and the amino acid 

sequence in this part of an AB varies between ABs. Adapted from [24] .      

Some ABs recognizes linear epitopes, others a conformational epitope. A linear epitope is a 

group of sequential amino acids, usually between 5-15 amino acids long. A conformational 

epitope will consist of amino acids that are close together in space from how the protein is 

folded in physiologically conditions [51]. Polyclonal ABs are ABs that recognise multiple 

epitopes on a specific antigen, whilst monoclonal antibodies (mABs) will only bind to one 

specific epitope of an antigen. This trait comes from the fact that mABs are produced by clones 

of one unique parent cell [53], while polyclonal ABs are secreted by different cell lineages. 

Both types of ABs are utilized in various fields like therapy, diagnostics and in the study of 

proteins (e.g. WB).   

 Western blot 

WB is a semi-quantitative technique for targeted proteomics that utilizes the binding between 

an AB and a target protein for detection. Denatured proteins in a sample are first separated from 

one another through gel electrophoresis before binding to ABs [54]. In targeted proteomics, 

selectivity is important. In western blot, selectivity is achieved by first a separation of the 

proteins in a sample based on size and then the high specificity of binding between a target 

protein and an AB. 
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Gel electrophoresis, immunolabeling and visualization  

Gel electrophoresis (GE) is the separation of molecules by an electric field applied to a gel. 

Charged molecules in this gel will move through 

the gel and the speed at which they move is 

dependent on their size and charge. This 

movement creates bands of proteins through the 

gel. These bands can be transferred, or ñblottedò 

to a membrane. ABs specific to any protein of 

interest is then introduced onto the membrane 

and bind to their target protein (Figure 7). This 

AB is referred to as the primary AB. For 

detection, a secondary AB which can bind to the 

primary AB and carry a substrate able to produce 

a detectable signal (e.g by creating a 

chemiluminescent signal) can be used [55]. This 

is called WB.  

 Antibody specificity 

WB, and other AB based proteomic methods, relies on the AB being specific towards its 

intended protein and that no other protein will bind to it. However, cross reactivity does occur 

and ABs made in separate batches can show a difference in performance and specificity. This 

has led to what has been referred to as a ñreproducibility crisisò [56]. So despite WBs ability to 

provide good sensitivity, the inaccuracy that can arise from potential cross reactivity of ABs 

can create a need for a more reliable analytical method. The reliability issues [57, 58] and the 

challenge for automation of WB can give need for different analysis techniques. An alternative 

method, which does not rely on AB specificity, is fully quantitative and more easily automated, 

is MS-based proteomics [59].  

 

 

 

Figure 7: The concept of WB. The target 

protein is transferred to a membrane after 

GE, and a primary AB will attach. A 

secondary AB, specific for the primary AB 

attaches and holds a group that is able to 

create a detectable signal.   
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1.4 Mass Spectrometry 

In an MS, ions are identified by their mass-to-charge ratios (m/z). First, gaseous ions from an 

ion source enters the ion optics where electrodes guide them into a mass analyser (MA). Here, 

the ions are separated based on their m/z values. Different MS-instruments obtain this separation 

through different methods. Examples of MS-instruments are; time-of-flight, quadrupole, ion 

trap and Orbitrap [60]. The detected m/z values give rise to a mass spectrum, which gives the 

intensity of the ion signal against the measured m/z-value.   

An important aspect of an MS is the mass accuracy, which is how close a measured value lies 

to the true value. Another important feature of MS is how well it can distinguish between close 

m/z values. Mass resolution is given in Equation 1, and is defined by IUPAC as ñthe observed 

m/z value divided by the smallest difference ȹm/z for two ions that can be separatedò. 

Ὑ
Ⱦ

Ў Ⱦ
      (1) 

Mass resolving power is, as given by IUPAC ña measure of the ability of a mass spectrometer 

to provide a specified value of mass resolutionò [61].  

Protein samples are complex with many different compounds that can be close in mass. Because 

of this, together with the low amounts often available from biological samples, proteomics will 

benefit from a MS with a high resolution. A high resolution instrument often used in proteomics 

is a hybrid instrument combining a linear ion trap (quadrupole) and an orbital ion trap (Orbitrap) 

[62, 63]. Such an instrument is in this work is called a Q-Orbitrap (commercially it is known as 

the Q Exactive Hybrid Quadrupole-Orbitrap  MS).  

 The Orbitrap  

In the Q-Orbitrap (Figure 8), ions from an ion source are transported into a quadrupole MA via 

ion optics. The quadrupole is made up of four parallel electrode rods. Two rods opposite one 

another creates a ñpairò that will have the same potential. A direct current (DC) and alternating 

current (AC) is applied between one pair, whilst an opposite DC and AC is applied between the 

other, creating an oscillating electric field. For specific values of AC and DC, only ions of a 

particular m/z value will obtain a stable trajectories through the rods [64]. So at a given point 

in time, only ions of one m/z value passes through the quadrupole and all other ions in the MA 
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at that time are lost. Over a time window, the quadrupole is set to pass through a range of masses 

(mass range). From the quadrupole, the ions are sent to an ion-trap, which consists of four 

electrodes with a radio frequency field. The electrodes are curved in the shape of a ñcò, giving 

rise to its name; the C-trap. The ions are tapped by the radio frequency field, and relaxed through 

collision with nitrogen gas, before they are injected into the Orbitrap. The purpose of the C-trap 

is to inject the ions into the Orbitrap in one small packet with appropriate kinetic energy [63]. 

In MS mode, they are sent directly into the Orbitrap MA from the C-trap for separation and 

detection. With tandem MS (MS/MS) mode they are fragmented in a collision cell prior to 

detection. 

The orbital ion trap (Orbitrap) is the second MA, in which the ions are separated and detected. 

It is a high resolution MA where ions are trapped by an electrostatic field between a central and 

an outer electrode. This field causes the ions to orbit around and along the axis (axial oscillation) 

of the central electrode. Ions are detected via an image current. This is an opposing current, 

which is induced in the outer electrode when ions oscillate from one half of the Orbitrap to the 

other. The current is due to attraction between the ions and electrons in the outer electrodes. 

Axial oscillation is dependant to the m/z value of the ion, so ions with different m/z values will 

induce image current with different frequencies. The observed signal will be the sum of all 

current frequencies from all the different m/z values in the Orbitrap. Through a Fourier 

transformation, this detected signal is decomposed into its component frequencies. A mass 

spectrum can be generated from these frequencies since, as mentioned, the axial oscillation 

frequency is m/z dependant [60, 65].  
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Figure 8: The central parts of the Q-Orbitrap. Ions from an ion source are guided into the quadrupole through 

an ion beam guide. The m/z values allowed through the quadrupole are guided to a C-trap. From here, they are 

either injected into the Orbitrap directly, or fragmented in the collision cell and sent back into the C-trap and the 

fragment ions are injected into the Orbitrap for separation and detection. Adapted from [60] .    

 Tandem mass spectrometry 

MS/MS is a process in which a specific m/z value, a precursor ion, is ñselectedò and  fragmented 

into several product ions that is detected [61], this can be achieved by coupling two MAs in 

series (e.g. a quadrupole and an Orbitrap). The selectivity achieved from an MS/MS method 

can lead to an increase in the sensitivity, as fewer ions that can create background noise will be 

detected [66]. When operating the Q-Orbitrap in MS/MS mode, the ions are transferred from 

the C-trap to a higher-energy collisional dissociation (HCD) cell where the ions are fragmented 

via collisions with nitrogen gas. The fragments are sent back to the C-trap and injected into the 

Orbitrap for detection [67].  

MS measures ions in the gas phase. It is therefore necessary to implement an interface (an ion 

source) to convert the analytes in a liquid biological sample into gaseous ions before entering 

the MS. In proteomics, the electrospray ionization (ESI) interface is often used.   

 Electrospray ionization  

ESI is a soft ionization technique, meaning little fragmentation of the ions occurs before they 

enter the MS. It is used when the analytes are polar and can be ionized by adjusting the pH in 

the solvent [68-70]. Usually in MS, the detected signal will be proportional to mass flow 
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(number of molecules per unit time) i.e. MS is a mass sensitive detector. However, when using 

ESI the MS acts as a concentration sensitive detector [71]. 

In ESI, the liquid sample enters a capillary where a high voltage (e.g. 2-3 kV) is applied at the 

end. By having the analytes charged when they enter the capillary this voltage will cause a 

gathering of ions at the end of the outlet creating a Taylor cone. In ñpositive modeò this is 

achieved by the applied voltage and the analytes both being positively charged.  A highly 

charged jet will emerge from the cone tip, and break up into droplets due to repulsion between 

charges [68]. In Figure 9 the mechanism of formation of gaseous ions in the ESI is shown. 

There are two different theories regarding this formation; the charged residue model (CRM) 

regarding macromolecules [72] and the ion evaporation model (IEM) for small compounds 

[73]. In the CRM model, the droplets will undergo fission that continues until only droplets 

with one ion remains. Solvent evaporation will cause the ion to become gaseous. In the IEM 

model, a single ion droplet will be sent out from a larger droplet due to repulsive forces between 

the ions, and then become gaseous due to solvent evaporation. The MS inlet acts as the counter 

electrode to the capillary outlet, and the charged ions will be attracted towards it, thereby 

entering the MS.  

 

Figure 9: The electrospray ionization source in positive mode. A high voltage is applied to create an electric 

potential between the spray capillary and the MS inlet. The eluent containing the MP and protonated analytes 

forms a Taylor cone at the end of the capillary due to this potential. Adapted from [74] . 

An issue connected with ESI is ion suppression; a suppression of an analytes signal due to the 

sample matrix negatively affecting the efficiency of ionization. It arises when other species in 

a sample and the compound of interest compete for the ionization after exiting the spray 

capillary [75]. A way of minimizing ion suppression is using nano-ESI, which was introduced 

as a means of dealing with the often low analyte concentrations available in biosamples [69]. 
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In this technique, a lower flow rate (nL min-1) and smaller ID of the electrospray capillary (µm 

scale) are used compared to that of standard ESI. These two modifications reduce the 

dimensions of the Taylor cone and the droplets it produces. When the droplet size is reduced, 

the efficiency of desorption increases. Thereby increasing the ionization efficiency, giving less 

ion suppression. This means that more analyte can reach the entrance to the MS, increasing the 

sensitivity, which is beneficial when working with protein analytes in biological samples [76].  

 Mass spectrometry based proteomics 

The MS is frequently used in proteomics as it is able to provide great selectivity and sensitivity, 

particularly due to the ability to perform MS/MS  [77, 78].  There are two different methods for 

approaching analysis in MS-based proteomics; top-down and bottom-up. In top-down, intact 

proteins are brought into the MS where they are fragmented and analyzed. For the more 

common method, bottom-up, the proteins are broken down via proteolytic digestion into 

peptides prior to fragmentation in the MS and the peptide is the precursor ion in MS/MS [79].  

Proteolytic digestion 

Proteolysis is the digestion of a protein into smaller peptide chains through hydrolysis of its 

peptide bonds. This is a process catalysed by a proteolytic enzyme, a protease. Different 

proteases will have a different specificities, meaning they will cleave peptide bonds following 

specific amino acids [80]. The reasons for bottom-up (Figure 10) being the more common of 

the two methods is firstly, the obtainable signal intensity. A peptide will have fewer ionizable 

groups than a protein, limiting the number of charges (z) it can obtain compared to a protein. 

Each new z value from a given mass is detected as a separate signal in the MS. So, a higher 

number of possible z values (e.g. 20) can give an increased number of signals, which then will 

be of lower intensity than if a given mass only has a few possible z value (e.g. 2). Also, the 

many possible modifications of proteins creates more complex MS spectra. Lastly, the MS will 

obtain sequence information of a shorter peptide more efficiently than from a whole protein 

[70].    



14 

 

 
Figure 10: Bottom-up MS-based proteomics workflow. Through proteolytic digestion, a protein is broken down 

to its constituent peptides. These are introduced into an LC-MS system. Further fragmentation of the peptides and 

comparison of theoretical fragmentation spectra via computer programs of peptides can lead to protein 

identification. Adapted from [81] . See Section 1.5 for further explanation of LC.  

Digestion of proteins can be done in-gel, in-solution or in a reactor. The ideal digestion 

conditions will not be the same for different proteins. Hence, there is no optimal, universal 

digestion procedure [82] and it is also important that reagents used in the digestion step do not 

interfere with the subsequent MS analysis. 

Extraction  

Prior to proteolytic digestion proteins have to be extracted from the cells (including the PM and 

intracellular membranes), which is achieved by opening the cell membranes by disrupting the 

membrane molecules. This disruption can be done through sonification or, using enzymes or 

chemicals. Extraction (and digestion) of membrane proteins can be challenging because they 

often have large hydrophobic domains (the area found in the PM), and these will easily 

precipitate at the conditions used for tryptic digestion [83]. For this reason, detergents can be 

added. These are molecules with both hydrophilic and hydrophobic groups. One part of the 

detergent can bind to the hydrophobic chains of the proteins and extract them from the 

membrane, while still being soluble due to their hydrophilic domain. The detergent sodium 

dodecyl sulfate (SDS, Figure 11A) is an ionic detergent and is considered to be the most 

efficient at solubilizing membrane proteins. Because of how this detergents interact with 

proteins, it can sterically hinder proteolytic digestion [84]. Also, the ionic nature of such a 

detergent, makes them problematic for MS experiments, as the detergent can supress the analyte 

signal. Hence, non-ionic detergents (Figure 11B) are more applicable for MS-based 
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proteomics. In addition, they do not interact with the protein in a way that sterically hinder 

proteolytic enzymes [84, 85].  

 

Figure 11: Two different detergents. A: SDS, an ionic detergent. B: octyl ɓ-D-glucopyranoside, a non-ionic 

detergent. 

Denaturation, reduction and alkylation  

It is important that the protease has access to the cleavage site, so first, the protein is denatured 

i.e. unfolded. For in-gel digestion approaches the proteins are subjected to heat before a GE, 

whilst for in-solution digestion, a chaotropic agent is usually added. This chaotropic agent 

stabilize the unfolded protein by weakening the hydrophobic effect, an important factor in 

protein folding [86]. Another step performed to ensure that the protease can access the cleavage 

site, is a reduction to break disulfide bridges (a covalent bond between the thiol (-SH) group on 

two cysteine side-chains) that arise in a reducing environment. In the reducing process, the 

disufide bridge is reduced to form the free thiol groups of the cysteine side-chains [87].  

Figure 12 il lustrates the reduction process with dithiothreitol (DTT). In order to avoid re-

oxidation of the reduced thiol groups, the SH-groups are alkylated using e.g. idoacetamide 

(IAM). This forms a thioether, which is less reactive than the thiol group [88].  Figure 13 shows 

the reaction mechanism for the alkylation of the thiol group with IAM .  
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Figure 12: Reduction of a disulfide bridge. The reaction takes place via DTT, a reducing agent and results in 

free thiol groups on the protein. Adapted from [89] .   

 

Figure 13: Alkylation of a thiol group with IAM . This reaction ensures that the disulfide bridge reforms between 

cysteine residues. Adapted from [90] .  

 

Digestion 

Trypsin is usually the protease of choice in bottom-up proteomics. It cleaves a protein at the 

carboxyl-terminus (C-terminus) of arginine (Arg or R) and lysine (Lys or K), both basic 

residues. This is illustrated in Figure 14. However, miscleavages do occur and whilst some are 

predictable e.g. if R or K is followed by a proline [91], random miscleavages also do occur [92]. 

The activity of trypsin is greatest at a pH between 7 and 9 [93].  

 

Figure 14: Hydrolysis of a peptide bond with trypsin.  Rô represents a random amino acid residue except for 

proline. 

Trypsin is used in MS-based proteomics for several reasons. Its cleavage specificity usually 

gives peptides with no more than 20 amino acids. This puts the resulting peptides within the 

preferred mass range of the MS for efficient fragmentation in MS/MS. Its high efficiency 
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minimizes the potential complexity of peptide samples, giving few unexpected missed 

cleavages between the individual proteins, and the resulting peptides will have basic C-terminus 

residue. This basic residue ensures that the peptide is charged, and detectable with MS [91, 92]. 

In MS-based proteomics, the peptides are identified through database searches of the obtained 

MS/MS spectra.    

 Peptide identification 

Two different modes of MS/MS are used in proteomics; data-dependent acquisition (DDA) 

mode and parallel reaction monitoring (PRM). In DDA mode, a full scan is performed first and 

a fixed number of the most abundant ions (giving the highest intensity) is ñchosenò 

automatically as precursor ions and are fragmented and detected. This gives data-dependant 

MS/MS (dd/MS/MS) [61]. With PRM, the precursor ions are defined in the method and only 

these ions are fragmented and detected [94]. Hence, PRM is a targeted MS/MS method, whilst 

DDA creates an untargeted MS/MS mode. 

When using the HCD-cell for fragmentation mainly the peptide bond in the backbone is broken. 

The peptide backbone can fragment at three different places, and the nomenclature for the 

possible resulting fragments can be seen in Figure 15 [95-97]. HCD-fragmentation usually 

results in b-ions or y-ions, depending on if the charge is retained on the C-terminus or amino 

terminus (N-terminus) side [70, 98]. Through computer programs these fragments can be used 

to find the amino acid sequence of the precursor peptide, and from such information from 

multiple peptides, a protein can be identified.  

 

Figure 15: Fragmentation of a peptide. The fragments am, bm, or cm are named sequentially from the initial N-

terminus, where ñmò denote the number of amino acids side chains the fragment contain. Fragments xn-m, yn-m, 

or zn-m are named sequentially from the initial C-terminus. ñnò is the total number of residues in the protein so 

ñn-mò gives the total of side chains in these fragments. 
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Bioinformatics 

MS-based proteomic studies generate large amounts of data, and interpretation of mass spectra 

is done through various available data processing tools [99]. Different computer programs exist 

to interpret fragmentation spectra for protein identification. One of these are SEQUEST [100], 

and the process is illustrated in Figure 16. First, a list of peptides that would result from 

digestion of given proteins is created, using a given protease, in silico. Secondly, the SEQUEST 

algorithm then compares the theoretical MS/MS spectrum of a peptide to an experimentally 

obtained fragment spectrum. The program will then give a correlation score for each identified 

peptide. This correlation gives an indication of how well the experimental and theoretical 

fragmentation spectra for a peptide correlate, where 0 implies no correlation. A total score is 

also provided, reflecting how well all the MS/MS data of the peptides fits a given protein, where 

0 is the lowest score [101, 102]. The program also gives a coverage factor which tells how much 

of the entire protein was identified.  

 

Figure 16: Proteomic data processing. After an in silico digestion and fragmentation of target proteins this can 

be used to identify experimentally analyzed peptides. Shown here is how the fragmentation spectrum of one 

experimentally acquired peptide and an in silico acquired peptide may compare.  How well the two fragmentation 

spectra overlap give rise to a correlation score. By assessing the correlation scores for all the peptides the 

database search could find fragments from, a total score is given. A coverage factor that tells how much of the 

protein the search was able to ñfindò is also provided. 

In comprehensive studies, the obtained spectra are searched against those of the proteins found 

in a certain organism from a database. For targeted, the specific proteins amino acids sequence 

can be given to the program through a given FASTA-file, a text based file format for 


















































































































































































