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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 integnmise challenging due to

the high complexityf biological sampleand oftenonly low amountsof sample isavailable

Utilizing the high specificitybetween an antibody (AB) and the peptide it binds to (epitope), a
peptide from a digested target proteande extracted before analydis.this work,a mass
spectrometry (MSpasedmethodwas developedor online detection ofintegrin derived

peptides | ntegrin analUyfwhich avecbote assddabed with oadcer and
metastasis, and Vb1 was included as a negative cont
ensured usingommercially availablédBs( avai | abl e for thd bb)edorn
entapment of arepitopecontainingintegrin peptie, followed by detectiorusing nandiquid
chromatography(LC)-MS. The approach was successful regardinge UV chai n, e
detection in cell samples from brain cancBne approach was notiscessful for the other

integrin chainsdue to either inefficient ABrapping or other samplgreparation related issues.

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

up for the detection of peptides fromtegrins.However, sample preparation steps, such as
digestion, are crucial and a method that works for one integrin dbasinot necessariyork

for a different chain.
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Term Definitions

Activity (in biochemistry$ nThe natur al or nor mal
enzyme, hormone, inhibitoc

Affinity i Gemical attraction; the tendency of a

chemical substance to combine with, bind to,
or dissolve in other chemical substanoes

Gradient elutioh iChromatography in which
the mobile phase is progressively changed to
increase the eluent strer

In silico AMade to occuwomplieg Omeans
In situ* Proedure performed on site
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recognizes and binds to specific site on
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Offline*

Online*

Protease

Residué

Sensitivityt

Signature peptide

Selectivity (in analytical lkemistry§

Specificity (in biochemistry)

Procedure performed manually and separately
from the analysis system.

Procedure performed in automated fashion,
directly coupled to the analysis system.

fEnzyme thatcatalyses the hydrolysiof
peptide bonds in a proteino

AThe basic building bl ocl
In proteins,the esi dues are the a

AThe sl ope of a calibrati

Amino acid sequence which is found in no
other protein

ACapability o f an anal'y
distinguish analyte from other species in the
sampl e. 0

AThe degree to which an
two molecular units may be considered
uni que. 0

XI



Table of contents

A [ 1 o o [F o 1o o SRS PPPPRURPP 1
1.1 Cancer and MELASIASIS . ......uuuuuuuiiie e eeeeerittiiara s e e e e e e e e e s eeaesas s s e e e e eeeeaeeeeeeeeeneens 1
1T BIOMAIKEIS . .coiiiiiiiii e e e e e e e enere e e 1
I o (0] (=1 ] £ PP PPPPPPP 2
1.2.1  Membrane ProteINS......cuuiiiiiiieee ettt neee e 3
|0 1 (=T o | 1] ST PP PP U PPUP R RPPRPPP 4
IR R o (0] (=T 0] 1o PRSPPI 6
13,1 ANDOAIES.....uuiiiiiiiiiiiiiiie e 6
1.3.2  WESEEIN DIOL.....uiiiiiiiiiiiiiieee e nnee s 7
1.3.3  ANtiDOAY SPECITICILY....ueiiiiiiiiiiiie ittt e e e e e 8
1.4 MaSS SPECIIOMEILY. . cuuuiiiiiieiiiii ettt e et e et e e et s annnr e e s e e e e e e e eaa e e ees s 9
141 The OrDItra......eeeiiiiiiiiiiiiiii e nees s 9
1.42  Tandem mass SPECITOMELLY........cceiiiiiiiiiiiieree e e e s eneneeeeereeeees 11
1.4.3  ElectroSpray I0NIZAtiON..........cuuiiiiiiiiiiii e 11
1.44  Mass spectrometry based ProteOMICS.........uuuuiiiiieeieeeeeiiiiiiaee e e e e e eeeeees 13
1.4.5  ProteolyliC digeStON.........uuuiiiiiiiiiiiiiiieeeiiiie ettt eeee e e e e e e e e 13
1.4.6  Peptide identifiCation............oooiiiiiiiiiiiic e 17
1.5  Chromatography......cooo oo r e 19
1.5.1 Reversed phase liquid chromatography.............cooooiiiien e, 20
1.5.2  Liquid chromatography COIUMNS.........coooiiiiiiiiiiiii e 20
1.5.3  Nancliquid chromatography........cooeeeeiiiiiiiiiice e 21
1.5.4  PreCOlUMNS. ...t e e e e e e e e e e e e e e e aneee e es 23
1.6 Targeted biological sample preparatiQn.................ceeiivieeeiiiiiiiiieiiiiieeeee e 23
1.6.1  Immunobased iSOIatioN..........cccuuiiiiiiiiiiieeeiiiiie e 24
1.6.2  Monoliths as carrier of antibodies............ccccvviiiiiieemriiiee e 24
1.6.3  Online entrapment of PEPLIAES........cooviiiiiiiiiiiie e 26

2 AIM OF STUAY ... e e e et e e e e e s e eaaaa 28
3 EXPEIMENTAL ... .t e e e et ———— e aaaaan 29
3.1 CREMICAIS. ..ottt aannes 29
3.1.1  Proteins and rEAgeNLS........ccouiiiiiiiiiiiiemme ettt s 29
312 SOIULIONS. ..ottt e e aeena e e e e e e e e e e et e e e et b b bnnne e e e eees 30

Xl



ICTRC T 0[] 4T o] o] £=T o F=T = L1 (o] o NSRS 33
3.3.1  Preparation of monolithic COIUMNS...............ouviiiiiiiie e 34
3.3.2  Preparation of preand analytical packed columns...........ccccceevviiiiieecennnns 35

3.4 Gel electrophoresis and western DLOL.............oevviiiiiieeciii 36
3.4.1  Gel eleCtrOpNOreSIS. ....cooviiiiieiiie e 36
342 WeSIeIN DIOt... .. e e 37

3.5 Protein digeStiON.....cooeei i it enenene 38
3.5.1  IN-SOIULION dIgESHION. .....uuiiiiiiiiiiiiiii e 38
3.5.2  Filter-aided sample preperation............ooooioiiooiime e e e 39
3.5.3 In-gel digestion of integrin standards..............cccceeeiiiiccmeeeveeiiiiiinnnneeee . 40

3.6 Glioblastoma CeIIS.......ccoee it 40

3.7 Liquid chromatography mass SPeCtrOMEeLrY...........cccouuviiiiimmmneieiiiiiiveieeeee 41
3.7.1  INSEIUMENTATION. ... ittt eeee e erens et eeeeeeeeeeeeaan 41
3.7.2  Mobile phases and gradi€ntS.........ccccccvvveiiiiiiecceiiieeee e 43
3.7.3  Trapping on the monolith and elution onto the-poumn...........................1 43
3.7.4  Mass spectmmetry SEttiNgS........oouviiiiiiiiiiiiieeee s enenr e 45
3.7.5  Data PrOCESSING......cciiiuuuiiiiiiintiinreiinnitiesssaeeeeeeeeeeessssssssseeeeeeeeaaasaaeeseesann 45
RESUILS @Nd JISCUSSION. .....uuuuiiiiiiiiiiiiieieeerttrrreeeeeereeeee e e e e e e s eeereeeeeeaeeaaaeeeaaeaaasssammnees 47

4.1 Choice of integrins, monolith and antibodies................cccccoiicccieiiiiiiciiee. 48
o 0 T 1 (=0 ] 1SRRI 48
4.1.2  Organic polymeibased monolith..........ccccccviiiiiiiiccc e, 48
4.1.3  ANUDOGIES......uiiiiiiiiiiiiiiii e 48

4.2 Digestion of integrin StandardsS..............ueeeeeiiiiieeriiiiieiiee e 50
421 Digestionof U3b1 .an.d.. Vb5 iiiiieeeeeennene, 50
422 Insolution dige.s.t.i.on..of. .. . 0OMb1l........ 52

4.3 Removal or deactivation Of trypPSin.........ccoooeiiiiiiiiiiiccc e 54
4.3.1 Filter-aided sample preparation to remove trypsin..........ccccevvvvvvvieeeneeenn. 55
4.3.2 Deactivation of trypsin using heat...............coovvvvviieemr e 56
4.3.3 Deactivation by addition of trypsin inhibitar.................ccccceeiicecvieeviiinnnnns 58

44 Further untargeted i.nwv.es.t.i.g.adt.i.o.n..=6ed
441 Untargeted detecti.on..af.t.er..t.r.a.p.m®0
442 Missed cleavages ameptide not from the epitope range.............ccoeeenne 62



443 Comparing UV detection wi.t.h..and.63ithouit

4.4.4 Uniqueness of ideffited Peplides.........coovviiiiiiiiiiiiiieee e 64
4.4.5  Antibody monolith column lifetime............oooiiiiiiiii e 65

45 Targeted detecti ouan..af.ter..t.r.appi.ng6onf 0OV
4.5.1  The @itopecontainiNg PEPLIAE. ......coviiiiiiii e 66
4.6 Application of methods to cellular sample.............ooovviiiiiiiccciiiieeen 69
4.6.1 Detection of epitopeontaining peptide in targeted made........................ 69
4.6.2  Evaluation of flushing efficiency with untargeted mode...............ccccceeuneee 70
ST @] Vo] 11153 [ o PSRRI 14
5.1 FULUIE WOTK ..ottt st e e e e e e e e s smnnn e e e as 75
I = (=] =] o PP EERPP 16
A S o] o 1= (6 | G PP PP PPPPPPPPPPPPR 87
4% R AN o 11 o = Td o 3 PRSPPI 87
7.2 Chromatography.....cccccceieeeiiiiieeeee e e emnnnnes 89
7.2.1  Core shdlparticles and effiCiENCY..........uuviiiiiiiiiiiiiieeee e, 90
7.3 MONOIITNS ... ereea bbbt r e et e e e e s ener et e e e e e e e e as 90
7.3.1  Ethylene dimethacrylate..............iiiiieeciiimee e 92
7.3.2  Monolith made iIRNOUSE............uuuiiiiiiiiiiiiiee e 92
7.4  Glioblastoma multiforme CellS...........ouvviiiiiiiiiii e 93
A 38 S O U {1 (1 o PP 93
7.42  Glioblastoma cells for hgel digestion.........ccccvvveeeeiiiiiiiccc 93
7.4.3  BIiCINChONIC @CIid ASSAY........ciiieeeeiiiiiiiiiiieee e e e e 93
7.5 Integrin standards for tgel digestion..............cccooviiiiiiiice e 95

76 Digestion of epitope..l.ange..of...i.nt.®8grin b

7.7 Comparison of digestion of human serum albumin and integrins.................. 97
7.8  Fragmentation PatternS.........coouoe i 98
7.8.1  Fragmentation after heat.............ccooviiiiiiiceer e 98
7.8.2  Fragmentation of B QWF GA S.V..R .o 98
7.9 Untargeted deteCliON...........uuuuiuiieiiiiireeeit e e e e s seens s e e e e e e e e e e e e eeeeaaan 99
7.9.1  No analytical COIUMNL........coiiii e Q9
7.9.2  With analytical COIUMN............oiiii e 101
793 Comparing bl detection with..andlOi t hout
4% L0 R - Vo = (=0 o [ (=T )£ o 103

XV



7.10.1 Identified peptides from injections of 100 ng integrin standard............. 103

7.10.2 Correlation scores for injection of 50 ng integrin standard..................... 103
7.10.3 Injection of 10 ng integrin standard..............ccuvvviiiieeeiiiiiiiieeeee e 104
711 Cell SAMPI@.. . e 105
0 I8 B = o = (o I 40T L= SRR 105
7.11.2  Untargeted MOUL. ......oooiii i e 106

XV






1 Introduction

1.1 Cancer and metastasis

An important partoh ¢ e | | Omoceds isvthie seplication of its genetitommation, the
deoxyribonucleic acid (DNA)If this processor the process dDNA repair, is unsuccessfuif

can lead to a mutation in the new cell. If a cell accumulates several genetic mutations, it can
start an abnormal and uncontrolled division tlesults in a localized growth, called a tumour.

The increase in tumour cells, which leads to tumour growtitaliedproliferation. When the
tumour cells possess the ability to invade surrounding tissue normally inhabited by other cells
the tumour is sdito be malignant, or canceroUsis tumourwill disturb thenormal function

of the tissue it invadefl]. A difference between cancerous cells and healthy celiseis

protein expression.rBteins that aid in e.g. cell death are underexpressed in cancerous cells
compared to healthy onesroReins that contribute to e.gell survival, proliferation or
migration are overexpressed in cancer ¢éll8]. When cancerous celisigrateaway from the
primary tumour site and create a new tumour, this is called metastasis. This secondary tumour
is then made upfccells from the primary tumougndnat cells from where this tumous
located[4, 5]. Metastasis is found to be the cause of most cancer related [fe8thStarting

cancer treatment early caonstrain the tumours chance of spreadiffgs is an important
reasona higher chance ofusvival is associated with early detection of the carj®etl].
Detection of cancerous tumour and metastasis can be done througirkgienwhich are

biomoleculeghatcandistinguish cancer cells from healthylsel

1.1.1 Biomarkers

A biomarker is a molecule found in body fluids or tisstiet can beisedto detect or measure

a biological processes, disease or progress of a treafrniThere is alarge interest in
biomarkers for diagreing, predicting andinderstandingpoth cancer anchetastasi$l3-15].

By development of accurate and sensitive methaddetection of biomarkers associated with

cancer, the disease be diagnosed earlier, increasing the chance of sueivaiethods should

be robust and iaxpensiveo make thentrustworthy andviable optiors for hospitals[9, 16].

Figureli | l ustrates how bijphd@}) kfelr&p atrlies Suyuaee2dd.] B



examples of sample matrices, where different

found, F er p geadafardiagaosing prostate canf&t] or breast cancg?2]).

(A)

Blood sample ( Analvsis  us®
Cg Fren =) Healthy

X
\,y I:> '

l:> Disease Z

N, - '

Figure 1. An example of how a biomarker is used healthy persn has a certain amount of ProteinX), while
an increase in the amount of Protein X will cause a person iibwigh disease Z (B). If the difference in Protein
X can be measured or detected from a blsahplejt can be used as a biomarker foisdase Z.

Protein X

1.2 Proteins

Proteins are biological polymers encoded by DNA, argimade up of one or more chaiof

amino acid residue3here are 20 differemiaturalamino acids. Each amino acid can be denoted
usinga 3-letter code or a single letter coff8], which isgivenin Appendix 7.1 How the

amino acidsare located in a sequenaietermines how a protein will fold in physiological
conditions. The amino acids are held together via peptide lfeigse 2), creatinga 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 canpelaoar

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

c e |l | Oosition af prgteins will affecits behaviouf1].
H,0
R o)
. o + H3l\] ) i .
HaN © HaN
o} R

Figure 2: Peptide bond formationThe circle indicates the peptide bond between two amino acid residues. R and
R6 represents arbitrary side chains.
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1.2.1 Membrane proteins

There is a variety of protesrfound in the plasma membrane (PM) of the cell. The PM is a lipid
bilayer thatencloses the cell from its exterior surroundirigs, extracellular space. This space

is filled with extracellular molecules, making the extracellular matrix (EGM)ecules n the

PM supervises the exchange of molecules and signals between a cell and another cell, o
between &ell and the ECMand itallowsgrowth and movememif a cell Some of the proteins

found in the PM are transmembrane, meaning they extend acrossitbiy ehthe membrane

[1]. Figure 3 illustrates sah a protein. The domain of the protein within the hydrophobic PM
will also be hydrophobicA common feature for membrane proteins is thatr extracellular
domains are glycosylated, meaning they carry one or more sugar groups. This is a type of post
translational modificationwhich affects a how a protein will fold, its stability and function
[24].

Lipid bilayer

Protein

Figure 3: A transmembrane proteinAn example of how a transmembrane protein is located within the lipid
bilayer that make up the PNmage made frorRProtein data bank (PDB) ID 1BG[25] using Pymol software.
Adapted fronj26]

Membrane proteins are important for communicaiiobetween cellsandbetween a cetnd

the ECM [24]. For this reasonsome membrane proteinkave a role in proliferation and
metastasis, antthereforeareproteins thatan beexpressed differgly betweerncancerous and
healthy cellsAn important group of transmembrane proteins is integrins, which connects the
ECMtothecell 1] .



1.2.2 Integrins

Integrins arglycosylated transmembrane protgi2g] found inmanydifferent cell§28]. They

are heterodi meric

ar e -cliBa iUn s -ctainsg whigh abe made up of about 1600800 aminoacids each,

respectively. The two chains combittemake up 24 different inggins in humans, whichre

p-ra o d e icha®m noboovalanglyibented.Migereo f o n

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

traits do occubetween different integrif28].

X -a3 /% =
P / \\/
La2 |
s | am©
el | all

PN
[ oV )

Gy 3/

CBs

Figure 4: The 24 integrins found in humansThe different combinati@of oneU

the 24 integrins found in human&dapted fronj28].

aonab

chains

maki ng

Integrins aresignal receptors that bind to ligands in @M and are involved in a variety of

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

t wo confor mat i on(erfiopemalnide d hte h(dr fibdrd)cdhiormatians

(Figure 5). In the inactive conformation, the extracellular domaimeist with the extracellular

ligand binding sitedirectedtowards the PMAnN integrin goes into its active conformation

through ligand binding, atitherits intracellular or extracellular domain28]. Most of an

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

PM and 4% is intracelluldR9, 30}



Y Ligand binding site

(B)

/ Extracellular

space
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space
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Figure 5: An integrin in the PM.A: the active, outstretched conformation. B: the bended, inactive conformation.
Adaped from[28].

Integrins carthrough their rolan cellular processes be a contributor to the progression and
metastasis of canc¢Bl]. It follows that somdntegrins show different expression between
healthy cells and cancerous cdl®2], and some have also been found to be indicators of
potential metastasis sit€Bable 1). It should be noted that this is not a comprehensive list, and
the role of integrins in cancers islidbieing researched.

Table 1. Examples ointegrinsrelated tovarious types of cancgand if this integrin is associated to metastasis
of the cancer to a particular site in the body.

Integrin Cancer type Associated
metastasis &
U3 b 1| Expressed in most tumo
cells[33]
U6 b 4| Breast Lung[34]
U9 b 1| Colon[33]
Melanomg33] Lymph nodd35]
Breast Bone[36, 37]
- Prostate Bone[38]
Uvbs3 Pancreatic Lymph nodd39]
Glioblastoma multiforme
(GBM) (brain cancerp40]
UV Db 5| GBMI[40] Liver [34]
Breast{41]
Lung cancef42] Bone[37]
UV b 6| Cervical[43]
Colon[44]
Prostatg45]




Hence,integrinsaretarges in cancerdrugs and therapigd6, 47] andhave the potential to

work as biomarkers for cancers and metastasis.

1.3 Proteomics

Proteomics is th studyof the proteome, which is the proteins expressed in a cell, tissue or
biological system at a given tinjé¢8]. When the focus is on one or more specific proteins in

the system (e.g. I ntegrins) ,[49L The putpese of afit ar ¢
targetedoroteomic study can be examining the proteins interactions or function in a system or

t he pr ol as abidmrke(e.g. [21]). Various analysis techniques are used in
proteomics, anthetwo mostcommon methods are western blot (WB) and mass spectrometry

(MS)i based proteomic#S 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.

1.3.1 Antibodies

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

as a response and defence mechanism to a fordagtasge. The AB recognizes and bitals

specific target moleculesalled antigens. Antigens canu@iousmoleculese.g. proteins. The
bindingbetween the AB and the antigean be a marker for destruction or block the antigens
functionality. The most lmundant, and simplest, AB is a-shaped molecule, called
immunoglobulin G (IgG)50]. In Figure 6 the basic structure of dgG is shown It is made

up of two fiheavyodo pol ypeptide chargestpatand t wc
the AB is constant between all ABs, whilst the region at the outer ends vary greatly. It is at
thesewo regions the AB will create a specific bindisigeto the antigei24]. This site is called

the Aparatopeo, whihlagt bti ma ssiitse ¢ghfIHydedden t ehret ifig
bonding,electrostatieand hydrophobic interactioral contribute when an AB and an antigen

bind[52].



Epitope binding sites
aratopes
- ,~ (paratopes) p—

H,N*
Variable
region

Constant —
region

Disulfide bonds

Light chain

OOO~

Heavy chain

00C COO

Figure 6: An IgG AB. An AB is made up of four polypeptide chains, two identical heavy ctieiteach are
covalently bonded through a disidé bridge to identical §ht 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 ABapted fronj24].

Some ABs recognes linear epitopes, others a conformational epitope. A linear epitope is a
group of sequential amino acids, usually betwedr mmino aciddong. A conformational
epitope will consist of amino acids that are close together in space from how the protein is
folded in physiologically condition§1]. Polyclonal ABs are ABs thatecognisemultiple
epitopeson a specific antigen, whilst monoclonal antibodies (mABs) will only bind te on
specific epitope of an antigen. This trait comes from the fact that mABs are produced by clones
of one unique parent cdb3], while polyclonalABs are secreted by different cell lineages
Both types ofABs are utilized in various fields like therapy, diagnostics and in the sifidy
proteins(e.g. WB)

1.3.2 Western blot

WB is a semiquantitative techniquior targeted proteomidbat utilizes the binding between
anAB and a target protein for detection. Denatiypeoteins in a sample are first separated from
one another through gel electrophoresis belboneing to ABs [54]. In targeted proteomics,
selectivity is important. In vesten blot, selectivityis achieved by first a separation of the
proteins in a sample based on size and thetigh specificity of binding between a target

proteinandan AB.



Gel electrgphoresis, immunolabeling andvisualization

Gel electrophoresi6GE) is the separation of molecules hy @lectric field applied to a gel.
Charged molecules in this gel will move through

the gel and the speed at which they move is

Signal . . .

* dependenton their size and charge. This
J\Sccondary AB movement creates bands of proteins through the

//\\5\' ge. Tese bands can be transf

: |
Pn{nalyA;) — to a membrane. ABs specific to any protein of

interest is then intracced onto the membrane

Nitrocellulose and bindto ther target protein(Figure 7). This
ne . .
Wem,b,ra — AB is referred to as the prary AB. For
detection, aecondary ABvhich canbind to the
Figure 7: The concept of WB The targe )
protein is transferred to a membraradter primary ABandcarry a substratable toproduce
GE, and a primary AB will attach.
secondary AB, specific for the prinyaAE
attaches and holds a group that is able
createa detectable signal

a detectable signal(e.g by creating a
chemiluminescent signal) can be u§ehbl. This
is called WB.

1.3.3 Antibody specificity

WB, and otherAB based proteomicmethods relies on the AB beingpecific towards its

intended protein and that no other protein will bind to it. However, cross reactiegspdour

and ABs made in separate batchesst@w a differencen performancend specificity This

has | ed to what has been r[ef®0 rcaspgiot @ sWBs fAa
provide good sensitivity, the inaccuracy t he
can create a need f or aT hneo rree |riealbiri @8jidriceyheai nsasl uyet
challenge for automation of WB can give need for different analysis technigjues.a | teer nat i
met hoddowlsi ealmt rely on AB specificity, is fu
i's -lMBSsed pi{ ®O94domi cs



1.4 Mass Spectrometry

In an MS, ions are identifiely their masgo-charge ratiosn(/2. First, gaseous ions from an
ion source enters the ion optics where electrodeteghiem into a mass analyser (MA). Here,
the ions are sm@rated based on thaivzvalues. Different MSnstruments obtain this separation
through different methods. Examples of MfStruments are; timef-flight, quadrupole, ion
trap and Orbitra60]. The detectedn/zvaluesgive rise to a mass spectrum, which gives the

intensity of the ion signal against the measuredvalue.

An important aspect ofreMS 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/zvalues Mass resolution is given in Equation 1
m/izval ue di vided by m/afeors ntanol eisotn sditfhfaetr ecnacne bge

: ¥
Y 57 (1)
Mass resolvig power is, as given by IUPARa measure of the ability

to provide a specifidd value of mass resol ut

Protein samplearecomplex with many differerdompoundshat can be close in mag&ecause

of this, together withthe low amounts often available from biological samples, proteomics will
benefit from a MS with a high resolutioA high resolution instrument often used in proteomics
is a hybrid instrument combining a linear ion trap (quadrupole)ga orbital ion trap (Orbitrap)
[62, 63] Such an instrument is in this waskcalled a QOrbitrap (commercially it is known as
the Q ExactiveHybrid Quadrupolerbitrap MS).

1.4.1 The Orbitrap

In theQ-Orbitrap(Figure 8), ions fromanion source are transported into a quadrupoleiéA

ion optics The quadrupolés made up of four parallel electrode rods. Two rods opposite one
another creates a 0 pdaentialdAdirebtaurrentyiDd) and diternateng t h e
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
particularm/zvalue will obtain a stable trajectories through the ff@d$. So at a given point

in time, only ions of onen/zvalue passethrough the quadrupole and all other ions in the MA



at that time are lost. Over a time window, the quadrupole is set to pass through a range of masses
(mass range)rrom the quadrupoleh¢ ions are sent to an iemap, which consists of four
electrodesvi t h a radio frequency field. The el ectr
rise to its name; the-@ap. The ions are tapped theradio frequency field, and relaxed through

collision with nitrogen gas, before they are injedted the OrbitrapThe purpose of the-G@ap

is to inject the ions into therBitrap in one small packet with appropriate kinetic en¢6gy.

In MS mode, hey are sent directly into therlitrap MA from the CGtrap for separation and
detection. With tandem MS (MS/MS) mode they argimnantedin a collision cellprior to

detection.

Theorbital ion trap (Orbitrap)s the second MA, in which the ioase separated amtbtected.

It is a high resolution MA where ions are trapped by an electrostatic field between a central and
anouter eleatode. This field causes the ions to orbit around and along the axis (axial oscillation)
of the central electrode. lons are detected via an image current. This is an opposing current,
which is induced in the outer electrode when ions oscillate frarhatiof the Qbitrap to the

other. The current is due to attraction between the ions and electrons in the outer electrodes.
Axial oscillation is dependant to time/zvalue of the ion, so ions with differemt/zvalues will

induce image current with differentefjuencies. The observed signal will be the sum of all
current frequencies from all the different/z values in the @itrap. Through a Fourier
transformation, this detected signaldecomposednto its component frequencies. rAass
spectrum can be genéegd from these frequenciesince as mentionedthe axial oscillation
frequency ism/zdependan}60, 65}
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Figure 8: The central parts of theQ-Orbitrap. lons fromanion source are guided intihve quadrupole through
an ion beam guide. The m/z values allowed through the quadrupole are guidedttapa Exom here, they are
either injected into the Orbitrap directly, or fragmented in the collision cell and sent back intettap &nd the
fragment ions are injected into the Orbitrap for separation and detection. Adapted&@m

1.4.2 Tandem mass spectrometry

MS/MS is a process in which aspecifidzv al ue, a precursor ion, i
into several product ions that is detecfédl], this can be achieved by couplingot MAs in
series(e.g. a quadrupole and an Orbitraphe selectivity adeved from an MS/MS method

can lead to an increase in the sensitjalyfewer ions that can create background noise will be
detected66]. When operating the -@rbitrapin MS/MS mode, the ions are transferred from
the Gtrap to a higheenergy collisional dissociation (HCBgIl where the ions are fragmented

via collisions with nitrogen gas. The fragments are sent baclk tG-ttap and injected into the
Orbitrap for detectiorn67].

MS measures ions in the gas phase. It is therefore necessaryémanpan interfacéanion
source)to convertthe analytes in a liquid biological samphto gaseous ions before entering

the MS. In proteomicghe electrospray ionization (EShterface is often used

1.4.3 Electrospray ionization

ESlis a soft ionizatia technique, meaninigtle fragmenation of theions occursbefore 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, thedetectd signal will be proportional to mass flow
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(number of molecules per unit timieg. MS is a mass sensitive detectdowever, when using

ESI the MS acts as a concentration sensitive detgttor

In ESI, theliquid sampleenters a capillary where a high voltageg(2-3 kV) is applied at the

end. By having the analytes charged when they enter the capillary this veilhgause a
gathering of ionsat the end of the outlet creating a Taylorcdnen A posi ti ve mode
achieved by the applied voltage and the analytes both being positheged. A highly
charged jet will emerge from the cone tip, and break up into droplets due to repulsion between
charged68]. In Figure 9 the mechanism of formation of gaseoussion the ESI is shown.
There are two different theories regarding this formatiba;aharged residue model (CRM)
regarding macromoleculd32] and the ion evaporation model (IEM) for small compounds
[73]. In the CRM model,the droplets will undergéission that continuesuntil only droplets

with one ion remains. Solvent evaporation will cause the ion to become gasetihedEM
model,asingle ion droplet will be sent out from a larger droplet due to repulsive forces between
the ions, and then become gasedue to solvent evaporation. The MS inlet acts as the counter
electrode to the capillary outlet, and the charged ions wilhttractedtowards it, thereby
enteringthe MS.

Spray chamber

Taylor
cone

Spray capilla; +
pray capillary - .
+ + 4+ @ * +
+ i R o +
+

+ + ¥
+ + o+
+

y

+
+++ ++
R +

+
"
["
4
+
4
[
+
Wi
%
+

Voltage
Applied

Figure 9: The electrospray ionization sourde positive modeA high voltage is applied to create an electric
potential between the spray capillary and the MS inlet. The eluent containing thedfr@onated analytes
forms a hylor cone at the end of the capillary due to this potenfidapted fronj74].

An issue conneetd with ESI is ion suppressioa;suppression of an analytes signal duthé
sample matrix negativelyffecting the efficiency of ionization. It arisavhen other species in
a sample and the compound of instreompetefor the ionization after exiting the spray
capillary[75]. A way of minimizing ion suppression is usingneESI, which was introduced

as a means afealing with theoftenlow analyte concentrations available in $ampled69].
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In thistechniquea lower flow rate (nL mirt) and smaller ID of the electrospray capillary (um
scale) are used compared to that atandard ESI. These two modifications reduce the
dimensions of the Taylor cone and the droplets it produces. When the droplet size is,reduced
the effciency of desorption increases. Theratgreasing the ionization efficiengcgiving less

ion suppresion This meanshatmore analyte can reach the entrance to the MS, increasing the

sensitivity, which is beneficial when working with protein analytes in biological sarffi&s

1.4.4 Mass spectrometry based proteomics

The MS is frequently used in proteomics as it is able to provide ggleativityandsensitivity,
particularly due to the ability to performMS/MS [77, 78] There are two different methods for
approaching analysis in Migased proteomics; tegpown and bottomup. In topdown, intact
proteins are brought into the MS where they are fragmentedanalyzed For the more
common methodpottomup, the proteins are broken down via proteolytic digestion into

peptides prior to fragmentation in the MS and the peptide is the precursor ionNMSNIS).

Proteolytic digestion

Proteolysis is the digestion afprotein into smaller peptide chains through hydrolysis of its
peptide bods. 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 acidf80]. The reasons fdsottomup (Figure 10) beingthe more common of

the twomethodss firstly, the obtainable signal intensity. A peptide will have fewerzalle
groups than a protein, limiting the number of charges (z) it can obtain comparedotein.

Each new z value from a given mass is detected as a separatarstheaMS So, a higher
number of possible z values (e.g. 20) can give an increased number of sipicighenwill

be of lower intensity than if a given mass only has a few possible z value (e.g. 2). Also, the
many possible modificatiorsf proteinscreates more complex MS spectiaastly, the MS will

obtain sequence information of a shorter peptide more efficiently than from a whole protein
[70].
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Figure 10: Bottomrup MS-based proteomics workflowrhroughproteolyticdigeston, a protein is broken down

to its constituent peptide$hese are introduced into an IS system. Further fragmentation of the pegxdiand
comparison of theoretical fragmentation spectra via computer programs of peptides can lead to protein
identification.Adapted fronj81] . SeeSectionl.5for further explanation of LC.

Digestion & proteins can be done-gel, in-solution or in a reactar The ideal digestion
conditions will not be the same for different proteidgnce,there is no optimal, universal
digestion procedurg82] and it is also important that reagents used in the digestion step do not

interfere with the subsequeliS analysis.

Extraction

Prior to proteolytic digestion proteins have to be exéérom the cellsifcluding thePM and
intracellular membrangswhich is achieved bgpening the cell membranes tigrupting the
membrane moleculed his disruptioncan be done through sonification asing enzymes or
chemicals Extraction (and dige&in) of membrane proteins can be challenging because they
often have large hydrophobic domains (the area found in the PM), and these will easily
precipitateat the conditions used for tryptic digestif88]. For this reason, detergemsn be
added. These are molecules with both hydidaphnd hydrophobigroups. @e 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 (SDSFigure 11A) is an ionic detergent and is considered to be the most
efficient at solubilizing membrane proteirBecause of howhis detergentsnteract with
proteins,it can stericdy hinder proteolytic digestiof84]. Also, the ionic naturef such a
detergentmakes them problematic for MS experimeatsthe detergent can supress the analyte

signal. Hence, noionic detergents Higure 11B) are more applicable ér MS-based
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proteomics In addition they do notinteractwith the protein in a way thatterically hinder
proteolytic enzymef84, 85]

A

Figure 11 Two different detergentsA: SDS, an ionic detergent. B: ¢ t yPiglucébpyranoside, a neionic
detergent.

Denaturation, reduction and alkylation

It is important that the proteaseshaccess to the cleavage site, so first, the protein is denatured
i.e. unfolded. For irgel digestion approaches the proteare subjected to hebefore a GE
whilst for in-solution digestion,a chaotropic agent is usually added. This chaotropic agent
stabilize the unfolded protein by weakening the hydrophobic efacimportant factor in
proteinfolding [86]. Another step performed to enstinatthe proteaseanaccess the cleavage
site,is a reduction to break disude bridgega covalent bond between the thiedil) group on

two cysteine sidehaing that arise in a reducing environment.the reducing process, the

disufide bridge is reduced to form the free thiol groups of the cysteinekalrs[87].

Figure 12 illustrates the reduction procesgth dithiothreitol (DTT). In order to avoid re
oxidation of the reduced thiol groups, the -§ibdups are alkylated usirgg. idoacetamide
(IAM). This forms a thioether, which is less reactive than the thiol gji@gip Figure 13shows

the reaction mechanism for the alkylation of the thiol gnaith IAM .
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Figure 12: Reduction of a disulfde bridge.The reaction takes place via DTT, a reducing agent and results in
free thiol groups on the protein. Adapted fr{ga].

O
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2

Figure 13: Alkylation of a thiol groupwith IAM . This reaction ensures that the disdé bridge reforms between
cysteine residuegdapted fronf90] .

Digestion

Trypsinis usually the protease of choice in bottam proteomics. It cleavesmotein at he
carboxyterminus (Gterminug of arginine Arg or R) and lysine I(ys or K), both basic
residuesThis is illustrated irFigure 14. However, miscleavages do occur and whilst some are
predictable e.g. if R or K is followed by a prolifgd], random miscleavage$so do occuf92].

The activity of trypsin is greatestapH between 7 and @3].

Arg or Lys o Arg or Lys
H O
\H i * HO —>» N OH HZN\HK
o H
R 0 o
Trypsin

Figure 14: Hydrolysis of a peptide bondith trypsin R &epresents aandomamino acid residue except for
proline

Trypsin is used in M$ased proteomics for several reasdtss cleavage specificitysually
givespeptides with no nore than 2Gamino acids. This puts the resulting peptides witha

preferred mass range of the M& efficient fragmentation in MS/MSIts high efficiency
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minimizes the potential complexity of peptide samples, giving few unexpected missed
cleavagebetween the individual proteinand the resulting pades will have basic @erminus
residue This basic residue ensures that the peptide is charged, and detectable {9ith 82%

In MS-based proteomics, the pemslare identifiedhroughdatabase searches of the obtained
MS/MS spectra.

1.4.5 Peptide identification

Two different modes of MS/M&re used in proteomicslatadependent acquisition (DDA)

mode and parallel reaction monitoring (PRM). In DDA mode, a full scperformed first and

a fixed numberof t he most abundant Il ons (giving thi
automatically as precursor ions and asgmentedand detectedThis gives datalependant

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

these ions arragmentedand detectefP4]. Hence PRM is a targeted MS/MS methaahilst

DDA createsan untargeted MS/MS mode

When usinghe HCD-cell for fragmentation mainly the peptide bandhe backbone is broken

The peptide backbone can fragment at three different places, and the nomenclature for the
possible resulting fragments can be seefRigure 15 [95-97]. HCD-fragmentation usually
results in bions or yions depending on if the charge retained on th€-terminusor amino
terminus (Nterminug side[70, 98] Through computer programs these fragments can be used
to find the amino acid sequence bktprecursor peptide, and from suoformation from

multiple peptides, arotein can be identified.

...............

Figure 15: Fragmentation of a peptideThe fragmentsa b, or G, are named sequeatly from the initial N
terminus where fAmo denote the number of aminomaw ds si de
or z,m are named sequeatly from the initial Gterminus 0O is the total number of r

i n
iAMo gives the total of side chains in these fragment
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Bioinformatics

MS-based proteomic studies generate large amounts of data, and intenpitatass spectra
is done through various available data processing [@8]sDifferent computer programs exist
to interpret fragmentation spectra for protein identificat@ne of these alSEQUEST[100],
and the process is illustrated Fagure 16. First a list of peptides that would result from
digestion of given proteins creategusing a given proteagda silico. Secondly,he SEQUEST
algorithm then compas the theoretical MS/MSpectrumof a peptideto an experimentally
obtained fragment spectruifhe program will then giva correlation score for each identified
peptide. This correlation gives an indicatioh how well the experimental and theoretical
fragmentation spectra for a peptide correlate, where 0 implies no correfatiotal score is
also provided, reflectingow wellall the MS/MS dataf the peptidefits a given protein, where
0 is the lowest scoff@01, 102] The program alsgivesa coverage factor which tells how much

of the entire protein was identified.

Figure 16: Proteomicdata processingAfter an in silico digestion and fragmentation of target proteins this can
be used to identify experimentally analyzed pepti@eawn herds how the fragmentation spectruofi one
experimentally acquired peptide and an in silico acquiregatide may compare. How well the two fragmentation
spectra overlap give rise to a correlation score. &sessing theorrelation scores for all the peptides the
database search could find fragments from, a total score is giveaverage factor that tedlhow much of the
protein the searsabopmaded abl e to Afindo

In comprehensivetudiesthe obtained spectra are searched ag#ionse ofthe proteins found
in a certain organism from a database. For targeted, the specific proteins amisequatce

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