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1. Introduction 

Today, mass spectrometry is indispensable for identifying and characterizing 
proteins and peptides in life science research. In this thesis, methods have 
been developed for quantitative and structural analysis of proteins and pep-
tides with Fourier transform ion cyclotron resonance, (FTICR),1-3 mass spec-
trometry. 

Quantitative measurements of proteins in complex solutions such as body 
fluids e.g. cerebrospinal fluid, (CSF), and plasma are performed with the 
intent to monitor up- or down-regulations as a consequence of e.g. disease 
state. These changes can be studied with the use of global labeling methods. 
Two sets of global markers with different properties were used for quantita-
tive analysis in this thesis; S-Methyl Thioacetimidate, (SMTA), and S-
Methyl Thiopropionimidate, (SMTP),4, 5  and the isotopic variants of  1-
Nicotinoyloxy succinimide esters, the [H4]- and [D4]- markers.6

In Paper I, quantitative analysis of globally labeled tryptic protein mix-
tures, using the SMTA- and SMTP-markers, is performed with reversed-
phase High performance liquid chromatography,7, 8 (HPLC)-FTICR mass 
spectrometry. In Paper II the reproducibility of enzymatic digestion and de-
rivatization, are investigated on a tryptic protein digest of CSF. Two sets of 
markers for global labeling are used; the SMTA- and SMTP-markers and the 
[H4]- and [D4]- markers. The lower limit for which it is possible to determine 
up- or down-regulations of proteins and peptides with HPLC-FTICR mass 
spectrometry is determined.  

Proteins and peptides in body fluids are present in a wide dynamic range. 
Therefore, more abundant proteins can be depleted prior to analysis in order 
to increase the possibility for detecting low abundant proteins. In Paper III, 
two commercially available depletion kits are applied on plasma and CSF 
and evaluated with quantitative analysis using the SMTA- and SMTP-
markers.

Hydrogen/deuterium exchange, (HDX), in conjugation with mass spec-
trometry has been used for a decade for elucidating protein structures and 
dynamics.9-12 High-resolution information can be obtained by applying Col-
lision-induced dissociation, (CID),13, 14 and determining the average isotopic 
incorporation in the intermediate residue.15, 16

In this thesis, site-specific information are obtained by comparing the iso-
topic distributions of consecutive peptide fragment ions, see Paper IV-VII. 
In Paper IV, isotopic solution exchange processes of amide hydrogen at spe-
cific residues in linear peptides are investigated with CID-FTICR mass spec-
trometry. The exchange rates for amide hydrogens surrounded by side chains 
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of different sizes are determined and compared with theoretical exchange 
rates.  In Paper V, residues where the isotopic solution-phase exchange proc-
esses are difficult to monitor with CID-FTICR mass spectrometry are inves-
tigated. In Paper VI, different fragment types are used to follow the isotopic 
solution-phase exchange process at specific residues. Gas-phase exchange 
reactions with D2O and CID-fragments are performed in the hexapole area 
and evaluated with respect to fragment type and size. In Paper VII, two 
complementary fragmentation methods, Electron capture dissociation, 
(ECD),17, 18 and CID, are used to monitor the isotopic solution-phase ex-
change at a specific residue. 

1.1 Protein Structure and Activity   

The central dogma in biology states that the genetic information in a eu-
karyotic cell is transcribed from Deoxyribonucleic acid, DNA, to Ribonu-
cleic Acid, RNA, and from RNA into proteins through translation.19, 20 Dur-
ing translation the amino acids are forming peptide bonds through a dehydra-
tion reaction and are linked together to a polypeptide chain. Many proteins 
are large complexes which consist of several polypeptide chains.21

The native protein structure is not static. It can be seen as an equilibrium 
of un- and refolding-processes. The refolding occurs spontaneously and de-
pends on the primary sequence.22 Protein folding of some proteins is assisted 
by molecular chaperones which prevent the single subunits to associate until 
the proper partners appear.23

Proteins are involved in most cell functions. They can be involved in 
regulatory24, 25, transport26 and signaling26 processes. Enzymes and receptors 
are also proteins that perform crucial biochemical tasks.27-29 The vast variety 
of protein functions can be explained through the many different three-
dimensional forms proteins can adapt.

The protein activity can be altered through highly specific biochemical in-
teractions with other molecules. These interactions involve protein binding 
sites, which are small patches located on the protein surface.30, 31 These sites 
can be involved in protein-protein32, protein-ligand and protein-antibody33

interactions.

1.2 Protein Expression and Complex Solutions 

In the eukaryotic organism some proteins and peptides are expressed in all 
cells, whereas others are specific for a certain cell type.34 Often, these pro-
teins and peptides are responsible for some characteristic processes. For 
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example, pancreatic beta-cells are producing insulin, which will make other 
cells able to store glucose. Red blood cells contain hemoglobin, which trans-
ports oxygen in the body.  

The most common regulatory step of the protein expression is the tran-
scriptional control.35, 36 It is a dynamic process depending on factors such as 
cell cycle, stress and pharmacological treatment. Since the protein expres-
sion is a dynamic process, changes in the protein and peptide patterns have 
been correlated to different disease states. These proteins and peptides can 
thus act as biomarkers. 

 Within the human body fluids, e.g. blood, saliva, urine, and CSF, num-
bers of biomarkers are identified. Blood, (plasma and serum), are routinely 
analyzed in many clinical laboratories around the world. 

 In this thesis, CSF and plasma have been studied as potential sources for 
clinical markers. In plasma, the proteins can be divided into three groups. 
First, the abundant proteins which are secreted by the liver and intestines e.g. 
albumin and transthyretin. Second, the tissue leakage proteins, in this group 
important diagnostic markers are found. For example, cardiac troponines, 
creatine kinase or myoglobin are used in the diagnostics of myocardic infarc-
tion. The third group is the signaling molecules e.g. cytokines, which are 
locally generated as a response to infection or inflammation. Cytokines are 
also important diagnostic markers.37

 CSF is continuously secreted into the ventricles by the choroids plexus 
and circulates over the brain until it is absorbed by the arachnoid villi. It is 
estimated that the turnover rate is a replacement of the total volume, 150 mL, 
three to four times per day. Since the fluid is in contact with the brain some 
proteins and peptides as well as other low molecular species are continu-
ously excreted, and therefore to a certain extent reflect the biochemical 
status of the brain.38 Biomarkers for neurological diseases such as Alz-
heimer’s disease39, 40 and vascular dementia41 have been identified as well as 
for psychiatric disorders such as schizophrenia.42

One of the difficulties with the analysis of body fluids is the wide dy-
namic range of proteins and peptide concentrations. For instance half of the 
total protein content in CSF is human serum albumin, (HSA),43 whereas 
other biologically and clinically more interesting proteins are present in 
much lower concentrations.  
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1.3 Proteomic Research  

The systematic study of protein properties such as structure, function, inter-
actions with other proteins and comparison between systems in health and 
disease is defined as Proteomics.44, 45

A crucial step for the mass spectrometric analysis of fragile bimolecules 
was the development of the soft ionization techniques; Soft laser desorption, 
(SLD),46 Matrix-assisted laser desorption, (MALDI),47 and Electrospray 
ionization, (ESI).48 These techniques, allow the transfer of large bio-
molecules from solution into gas-phase without decomposition.  

Since the biological samples often are very diverse, the sample complex-
ity can be reduced by applying a separation step prior to mass analysis. For 
example in Capillary electrophoresis, (CE),49, 50 the separation is performed 
with respect to the analytes electrophoretic mobility. In Reversed-phase 
chromatography the different components are separated according to their 
hydrophobicity. 8, 51 These separations, desalts and pre-concentrates the sam-
ple prior to analysis. After separation, the amount of proteins that are ionized 
simultaneously are reduced and therefore the ion suppression is less promi-
nent.52

In eukaryotic cells, proteins are often modified after translation to in-
crease the protein diversity and alter the activity. There are more than two 
hundred different post-translational modifications, (PTMs), described in the 
literature.53 The most common PTMs are; glycosylation,54 phosphorylation55, 

56 and alkylation. By various mass spectrometric fragmentation techniques 
such as CID,57 ECD58 and Infra-red multi-photon dissociation, (IRMPD), the 
location of these PTMs can be determined.59, 60

The dynamic range of protein and peptide concentrations within complex 
samples can differ with ten orders of magnitude.37 In serum, albumin is pre-
sent at 40 mg/mL and cytokines in pg/mL.61 To address this problem, sam-
ples can be depleted of high abundant components prior to analysis.  

The protein activity, can also be altered through up- and down-regulations 
of the protein expression. These changes, can be quantified by derivatizing 
samples corresponding to two different states with different quantitative 
markers. The markers, have a similar chemical reactivity but slightly differ-
ent masses. After derivatization, the samples are mixed and analyzed. The 
signal intensity ratio between the light- and heavy-labeled peptides corre-
sponds to the relative concentration ratio between the two different states. 

Structural information can also be obtained by measuring the protein sol-
vent accessibility by letting labile hydrogens equilibrate with isotopes in the 
surrounding solution. Information about isotopic exchange processes at spe-
cific residues can be obtained by applying mass spectrometric fragmentation 
methods.
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2. Techniques 

2.1 Mass Spectrometry and Analysis of Complex Samples 

Many different mass spectrometric techniques have been developed during 
the past 100 years. Here, only a summary of the dynamical development will 
be given. For a comprehensive description of the mass spectrometry history, 
the reader is referred to e.g. the book “Measuring Mass” by Michael Gross.62

 The famous British scientist Sir J.J. Thomson, that discovered the elec-
tron 1897, is also the father of mass spectrometry.63 His basic concept, for a 
mass spectrometer is still the same: an ion source followed by a mass disper-
sive element and finally a detector. In his “parabola mass spectrograph” 
Thomson detected light ions like H+, H2

+, O+ and CO+.63, 64

The instrumentation was further developed by Thomson’s students Aston, 
that discovered many isotopes,65 and Dempster that developed an 180o mag-
netic focusing spectrometer with an electron impact ion source.66

The first commercial mass spectrometer was installed 1943 in an oil com-
pany and for many years the main users of mass spectrometry worked in the 
field of “petro-chemistry”. A turning point came 1974 when Ron Macfarlane 
showed that fission fragments from a radioactive source, 252-Cf, could be 
used to desorped and ionize thermally labile and non-volatile biomolecules 
like amino acids and peptides.67 Bovine insulin, which has a mass larger than 
5000 Da, was ionized using plasma desorption.68

The development in the 80-thies was intense with the introduction of sev-
eral new ionization techniques like Fast atom bombardment, (FAB),69

SLD,46 MALDI,47 and ESI.48, 70 These techniques, together with the time-of-
flight technique for mass analysis, made it possible to study biomolecules 
with masses up to 105-106 Da.

This thesis, is focused on a rather modern mass spectrometric technology; 
i.e. Fourier Transform Ion Cyclotron Resonance, that was introduced in 1974 
by Marshall and Comisarow.1 Some characteristic feature of the FTICR 
mass spectrometer are; ultra-high mass resolving power, mass accuracy in 
the sub ppm level, (even over a broad mass range), and sensitivity in the 
attomole region.2, 71

Mass spectrometry has become one of the most important techniques 
within proteomics during the last years. The most important parameter for 
protein identification is the mass measurement. Complex solutions, such as 
body fluids, contains numerous proteins in a broad concentration range. Dif-
ferent masses, mi, can also occur in various charge states, zj, therefore the 
ratio, mi/zj, sometimes becomes almost identical. However, coupling a sepa-
ration step prior to analysis reduces the amount of overlapping peaks as well 
as the ion suppression.
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HPLC-FTICR mass spectrometry results in a further improved sensitivity, 
with ion trapping the detection limit is in the femtomole to attomole level.72, 

73

 Coupling a CE-separation step74, 75 to the FTICR results in even higher 
separation efficiency, shorter analysis time, and lower sample consumption 
compared to HPLC-FTICR mass spectrometry. The drawback with coupling 
the CE to the FTICR is the limited acquisition speed in the FTICR. There-
fore, peaks are only present in few spectra which make it difficult to com-
bine this approach with quantitative analysis. Therefore, HPLC-FTICR mass 
spectrometry is more suitable for quantitative determination within complex 
solutions.

2.2 Protein Identification

A complex sample which is enzymatically digested and analysed with HPLC 
FTICR mass spectrometry results in a mass chromatogram with the compo-
nents separated according to their m/z-values and elution time. Another ap-
proach is to use MS/MS after digestion and generate sequence tags.76 Any 
identification of proteins in complex solutions is dependent on a proper cali-
bration of the mass chromatogram. 

 In this thesis, the identification was done by comparing the measured 
peptide masses with theoretical masses of the digested peptides.77 The accu-
rate masses the calibration was performed with internal calibrants of known 
and abundant proteins. In order to compensate for the varying total charge 
during an entire HPLC-FTICR experiment the calibration peaks were evenly 
distributed over time in the mass chromatogram.  

After calibration, an estimation of the relative mass measurement distribu-
tion of a certain protein can be performed. The error distribution for a true 
match is narrower compared to the false matches.78

 Another source of information that can be used to reduce the numbers of 
false matches is the distribution of the detected peptides in the protein se-
quence.78

2.3 Relative Quantification

The traditional protein separation method in proteomics involves two-
dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis, 
(2D-PAGE).79, 80 On the gel, proteins are separated according to their 
isoelectric point and size. The drawback with this method, is the difficulties 
to analyze biomolecules with very high or low isoelectric points or extreme 
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molecular weight (i.e. >250 kDa and <10 kDa).81,82 Hydrophobic bio-
molecules, e.g. membranproteins, are also difficult to analyze with 2D-
PAGE. The sensitivity of 2D-PAGE is limited to femtomole levels depend-
ant on the choice of staining. 

Quantitative analysis of proteins can be performed e.g. with 2D fluores-
cence difference gel electrophoesis, (2D-DIGE).83 Two different fluoropho-
res are used in 2D-DIGE; the 1-(5-carboxypentyl)-1'-propylindocarbo-
cyanine halide N-hydroxysuccinimidyl ester, (Cy3), and the 1-(5-carboxy-
pentyl)-1'-methylindodicarbocyanine halide N-hydroxysuccinimidyl ester, 
(Cy5). They are structurally similar, but have different flourophores, (Cy3, 

em=569 and Cy5, em= 645). Cy3 and Cy5 undergo a nucleophilic substitu-
tion with the lysine -amino group of the sample. When the labeled samples 
are mixed and analyzed on the same 2D-gel, the color of the spot is corre-
lated to the concentration ratio of the samples. The drawbacks with 2D-
DIGE are that more than one protein might be present in the same spot, and 
thus complicating the quantitative analysis. The technique is also time con-
suming, and the reproducibility of 2D-PAGE is hard to accomplish even for 
experienced users. 

Several methods for relative quantification in liquid separation based pro-
teomics have been presented during the last years. Quantitative analysis can 
be achieved by labeling two pools of proteins with different compounds 
which will result in a difference of the m/z- value between the two pools. 

The most widely spread method for mass spectrometric quantitative 
analysis is Isotope-coded affinity tags (ICAT).84, 85 Using this method only 
enzymatic digested peptides containing cysteines will be isolated and further 
analyzed. This reduces the sample complexity. The drawback is that only 
sequences containing cysteine residues can be analyzed, and one out of 
seven proteins do not contain cysteine residues.61 The first generation of 
ICAT-markers was either deuterated (D8) or undeuterated (D0). The new 
generation of ICAT markers, contains 13C or 12C to reduce the effect of iso-
topic shift in reversed phase separations, using C18 columns.86 Another ap-
proach to global labeling is the Mass-coded abundance tag, (MCAT). The 
MCAT-markers reacts with the C-terminal lysine residue of the tryptic pep-
tides.87 The lysine residue is converted through a guanidation reaction to a 
homoargine residue.88, 89 The drawback with this method is that the ioniza-
tion efficiency of the native and derivated sample is different. Therefore, it is 
difficult to correlate the intensity ratio with the concentration ratio.  

Yet another approach, is the Global internal standard technology, (GIST). 
The introduction of the labels takes place by using different isotopes, e.g. 
16O and 18O, during the enzymatic digestion. The difficulty with this ap-
proach, is that several isotopes might be incorporated during the tryptic di-
gestion, and that back-exchange can occure.90, 91 The use of ESI, results in 
multiply charged peptide ions.48 Therefore, only mass spectrometers that 
provide high resolution can be used in these studies, since the mass/charge 
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difference between two multiply charged labeled samples can be difficult to 
distinguish at low resolution.   

In studies on prokaryotic and simple eukaryotic species, the stabile iso-
topes can be introduced in vivo during cultivation. This approach is not pos-
sible to use for higher eukaryotic species. As an example, two cultures of 
Saccharomyces cerevisiae, a wild typ and mutant population, were grown on 
medium that contained the natural abundance of nitrogen, whereas the other 
medium was enriched with 15N. In that study, 42 abundant proteins were 
investigated. The quantitative analysis was initiated by separating the sample 
using HPLC and SDS-PAGE. Most of the investigated proteins, 39 out of 
42, displayed a change in the intensity ratio that could be explained by the 
experimental error, approximately 10%, of the measurement. Three, of the 
investigated proteins were down-regulated with approximately 40% as a 
response to the mutation.92

2.3.1 Quantitative Markers 

In this thesis, peptides obtained by enzymatic cleavage were globally labeled 
with two types of labels. The Quantification Using Expressed Sequence 
Tags, (QUEST),-markers are S-Methyl Thioacetimidate (SMTA) and S-
Methyl Thiopropionimidate (SMTP).5 These markers, will react with the N-
terminal amine group and the -amino group of the lysine residues.4 The 
labeling is regarded as global, since each enzymatic peptide contains at least 
one chemical group which is reactive. The amidation reaction, is efficient 
and fast.

                                   
     

                           a)                                  b)

Figure 1. a) the SMTA-marker and b) the SMTP-marker.

The derivatization, of a suitable chemical group, with a SMTA-marker 
will result in a mass shift of 41.030 Da. The SMTP-marker, contains an ad-
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ditional CH2-group, and a covalent modification adds 55.042 Da to the pep-
tide mass. 

Peptides labeled with the SMTP-marker, are more hydrophobic compared 
to the corresponding SMTA-labeled peptide. Consequently, using reversed 
phase HPLC, the SMTA-labeled peptide will elute faster compared to the 
corresponding SMTP-labeled peptide. The other two markers, used in this 
thesis, are isotopic variants of 1-Nicotinoyloxy succinimide esters; the [H4]- 
and [D4]-marker. These markers, will by a succinylation reaction covalently 
modify the N-terminal amine group. At pH 5, the  -amino group of the ly-
sine residue are protonated, and therefore non-reactive. The derivatization of 
a tryptic peptide, with the [H4]- or [D4]-marker, results in a mass shifts of 
106.029 Da or 110.034 Da, respectively.   

When separating the labeled [H4]- and [D4]-peptides, with reversed phase 
chromatography, the difference in elution time will depend on isotope effects 
during separation. Therefore, the difference in elution time between a [H4]- 
and [D4]-labeled peptide pair will be less prominent compared to the corre-
sponding SMTA- and SMTP-labeled peptide pair. 
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a)                                                   b)

Figure 2. The isotopic variants of 1-Nicotinoyloxy succinimide ester.  In a) the [H4]-
marker and in b) the [D4]-marker are depicted.  

2.3.2 Analysis of Quantitative Experiments 

In this thesis, the analysis of the mass chromatogram began with applying an 
algorithm that picked all the peaks above a certain threshold value. Another 
algorithm reduced the peak list into isotopic clusters. When performing 
quantitative analysis of a complex sample analyzed with HPLC-FTICR mass 
spectrometry, several thousands of peaks could be found in the mass chro-
matogram. 
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Lists, of tryptic peptide masses of specific proteins were adapted to the 
covalent modifications with the QUEST- or [H4]- and [D4]- markers. These 
new peak lists were used to identify labeled peptides from the mass chroma-
togram. Peptides corresponding to the same charge state and labeled with the 
same numbers of labels of either the light- or heavy-marker were matched. 
The intensity ratio between a matched peptide pair was used as a relative 
measurement of the concentration ratio between them. 

2.4 Structure Elucidation 

High-resolution information about the protein structure can be obtained by 
methods such as X-ray crystallography93 and multidimensional nuclear mag-
netic resonance, (NMR), spectroscopy.94 NMR spectroscopy, allows the 
investigation of dynamics and intermolecular interactions of proteins in solu-
tion and it has developed into an important technique for structure-based 
drug design.95, 96 The drawback for X-ray crystallography is that crystals 
suitable for analysis must be large, and thus requires a high initial protein 
concentration. Approximately 30%, of the total protein expression consists 
of membrane proteins which can not easily be crystallized. The membrane 
proteins are especially important for the life sciences, since the majority of 
all medical drugs interact through them. 

 Mass spectrometry in combination with Hydrogen/deuterium exchange, 
HDX, has been used for a decade to obtain information about protein fold-
ing,10, 97 protein-ligand interactions,11 effects of point mutations98 and struc-
tural changes upon adsorption on solid surfaces.99 In this thesis, mass spec-
trometry and hydrogen/deuterium in conjugation with physical fragmenta-
tion methods has been used to obtain site-specific information about isotopic 
exchange processes of amide hydrogens in peptides.  

2.5 Solution-Phase Hydrogen/Deuterium Exchange 

The theoretical equations, that describes the Hydrogen/Deuterium exchange, 
were written by Linderstrøm-Lang in the mid-1950s.100 During the 1960s, 
liquid scintillation technology was developed and the amount of isotopic 
exchange within a sample could be determined. Size exclusion chromatogra-
phy was introduced as a useful method during this time period. In the 1980s, 
the proteins were enzymatic digested and separated by HPLC prior to analy-
sis with liquid scintillation analysis. This improved the spatial information 
obtained with HDX. 
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In the same era the two-dimensional NMR spectroscopy was developed.94

The technique provides structural information from smaller proteins in solu-
tion at Ångström resolution.  

The first study combining solution-phase HDX with mass spectrometry 
was published in 1991. In that paper, Chait et al. described the conforma-
tional changes induced in ubiqutine by changing the solvent composition.9
During the last decade, mass spectrometry and HDX has proven to be an 
excellent analytical tool. Protein folding and unfolding has been studied with
exchange rates ranging from milliseconds to days. Conformational changes 
of the catalytic domain, induced by phosphorylation has been studied.101 The 
maturing viral capside, was investigated and the dynamic expansion of the 
different viral segments were followed during that process. 102 The chaperon 
Gro-EL interaction with a vast variety of unfolded proteins in E. coli was 
probed and the results were in agreement with in vitro studies of the folding 
mechanism.103 In the HDX experiments the resolution is linked to the frag-
mentation method.16, 104 Enzymatic cleavage will provide medium resolution 
since the incorporation in each peptide fragment is measured. 

2.5.1 Hydrogen/Deuterium Exchange Theory  

 Hydrogens bound to O, N, and S are exchanging continuously with isotopes 
the surrounding solution and are therefore called  labile hydrogens. 

The exchange rate, kex, of the amide hydrogen in unstructured peptides is 
described in Equation 1. The reaction is catalyzed by hydroxide and hy-
dronium ions in pH-dependent reactions and by water independently of 
pH.105 Reference values for the isotopic exchange at any amide hydrogen in a 
linear peptide were determined with polyalanine as a reference peptide.106

(1)WOHHex kOHkHkk

The isotopic exchange rate, as a function of pH, has its minimum at 2.7-
2.9. A further reduction of the exchange rate, by a factor of ten, can be ob-
tained by lowering the temperature from twenty degrees to zero degrees.  

In the absence of folded structures, the HDX rate of the amide hydrogens 
is dependant on the shielding and the inductive effects of the closest 
neighboring side chains.106, 107 The shielding effect is larger for the side 
chains which have the amide hydrogen to the left (L-peptide), compared to 
side chains which have the amide hydrogen to the right (R-peptide).108 La-
bile hydrogens situated on the side chains equilibrate instantly with the sur-
rounding solution.   
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In folded structures, the labile hydrogens are shielded form the solution, 
and therefore exchange more slowly. The protein secondary structure, can be 
investigated by monitoring the exchange rate of amide hydrogens along the 
peptide backbone. 109 Conformational changes, are manifested as changes in 
the solvent accessibility, and results in changes of the isotopic exchange rate.

2.5.2 High Resolution Hydrogen/Deuterium Exchange

The hydrogen deuterium exchange of individual amide hydrogens can be 
monitored by combining HDX and mass spectrometric fragmentation meth-
ods. Site-specific information from oxidized and reduced E.coli thioredoxin 
was obtained with HDX CID, and compared to results obtained with NMR. 
The study showed excellent correlation between the data obtained with the 
two methods.110

The advantage of using high resolution HDX mass spectrometry, is that 
large and more or less non-soluble proteins can be analyzed. For transmem-
brane peptides, site-specific information on peptide-membrane interactions 
were determined using a- and y-type fragment ions.111 The fibrillary forma-
tion within insulin, was investigated by Tito et al. using HDX.112 The study 
showed that the increased solvent accessibility of the C-terminal region, 
triggered the conversion from the soluble to the fibrillary form. The results 
were consistent with NMR studies. 

2.5.3 Experimental Conditions for Solution-Phase Exchange 

In this thesis, the isotopic solution-phase exchange was performed by let-
ting the peptides totally exchange all labile hydrogens in D2O overnight. By 
mixing the deuterated peptide-solution with a spraying solution, containing 
H2O, the labile hydrogens will immediately start to equilibrate. 

The , is the D/(D+H)-ratio in solution as shown in Equation 2. The kex, is 
the isotopic exchange rate of the amide hydrogen. The pD, is obtained by 
determining the distribution function for the amide hydrogen of interest, see 
Paper IV. If DHX only takes place in solution, the sequence specific ex-
change of single labile amide hydrogens should obey the equation. Any de-
viation from this equation is explained by gas-phase exchange. 

)2()(1 texk
D ep
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2.6 Gas-Phase Hydrogen/Deuterium Exchange 

The gas-phase proton affinity, (PA), kcal/mol of the protonated substrate and 
deuterated reagent are central parameters for gas-phase exchange reactions 
between simple ions. The general mechanism consists of three steps: the 
formation of the exchanging complex, the proton transfer, and the dissocia-
tion of the exchanging complex.113

For the exchange to occur, the energy gained by forming the exchanging 
complex must exceed the threshold for internal proton transfer. The thresh-
old mainly depends on the proton affinity difference between the two unpro-
tonated species. It has been reported, that HDX can not occur in the gas 
phase between species that differs by 20 kcal/mol while other studies have 
observed isotopic exchange between species that differs by 50 kcal/mol.114, 

115  An ion which easily donates a proton is more acidic and has a low PA-
value. Whereas a higher PA-value, is associated with ions that have more 
basic properties. 

2.6.1 Intra-Molecular Exchange 

Intra-molecular gas-phase exchange reactions are often referred to as scram-
bling. McLafferty et al. investigated cytochrome C activated with Sustained 
off-resonance irradiation, (SORI), and reported extensive scrambling.116

In several other studies, the scrambling was minimal or restricted to cer-
tain positions. These studies show that the scrambling is depending on nature 
of the pressure, the collision activation energy115 and the gas-phase structure 
of the ion.117 SORI is a very slow heating process and therefore increases the 
possibility of intra-molecular exchange before dissociation.118

2.6.2 Inter-Molecular Exchange  

Gas-phase exchange of labile hydrogens, requires the presence of two ex-
changing protons and a basic non-protonated site. Ab initio calculations 
show that the exchange between the N-terminus and D2O, occurs through 
what is referred to as a relay mechanism, see Figure 3. The inter-molecular 
exchange between the N-terminal of the protonated peptide and D2O is initi-
ated when a proton is shuttled from the site of protonation onto D2O. Simul-
taneously the transfer of a deuteron from D2O to a less basic site on the pep-
tide takes place.119, 120
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Figure 3. The inter-molecular exchange between the N-terminal and D2O is referred 
to as a relay mechanism.  

Kaltashov et al. proposed a model for gas-phase exchange reactions be-
tween peptide ions.117 The exchange process is initiated by a complex-
formation between the reactant gas and a protonated site. The hydrogen ex-
change occurs within that complex. Thereafter, the complex dissociates and 
intra-molecular exchange can occur. A high internal energy of the peptide 
ions will decrease the complex-formation rate, and will consequently lead to 
less incorporated isotopes in the gas-phase.115 The nature of the charge car-
rier also effect the inter-molecular exchange. Cyclic peptide molecules 
cationized with sodium, were to less extent involved in inter-molecular gas-
phase exchange compared to the protonated species.117

2.6.3 Experimental Set-up for Gas-Phase Studies 

Gas-phase experiments were performed to monitor the gas-phase reactivity 
of the CID-fragment ions.121 In order to get comparable results, a defined 
amount of ions have to react with D2O-molecules for a defined time period. 
Since the ion source is continuously producing ions, a mechanical shutter 
was used to determine amount of ions participating in the gas-phase reac-
tions, see Figure 4.

The mechanical shutter is of stainless steel, mounted in front of the capil-
lary inlet, and held at the same potential as the capillary front. The shutter 
can be manipulated trough a pulse-width modulated servo into two different 
positions in which one of them allows the ions to enter the mass spectrome-
ter.122 The system is controlled from the computer by the Bruker software.
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Electrospray Capillary                     V Hexapole

Skimmer                                               Gate

Electrospray Capillary                     V Hexapole

Skimmer                                               Gate

Figure 4. The peptide ions were accumulated in a hexapole by applying a potential 
on the gate. The reaction time was fixed for all experiments. The pressure in the 
hexapole area was varied between 1·10-5 mbar and 5·10-5 mbar by leaking in gase-
ous D2O. A shutter was mounted in front of the entrance to the mass spectrometer to 
control the amount of accumulated ions. 
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3. Mass Spectrometric Methods 

3.1 Fourier Transform Ion Cyclotron Resonance Mass 
Spectrometry

In a Fourier transform ion cyclotron resonance, (FTICR),1 mass spectrome-
ter, the ions to be studied are generated in an external ion source, e.g. using 
the electrospray ionization technique. The ions are then transferred and in-
jected into a Penning trap inside a magnet with a strong and homogeneous 
magnetic field.123, 124

 Due to the Lorenz force on the ions, they will rotate around the field lines 
with a cyclotron frequency, fc. The frequency is inversely proportional to the 
mass over charge, m/z, for the ion as shown in Equation 3. 

(3)
2m
zBfc                                    

By measuring the ion cyclotron frequency in a homogeneous magnetic 
field, the m/z-ratio can be determined and thereby the mass. The frequency 
can be measured more accurately than any other experimental parameter and 
the cyclotron frequency is independent of the initial kinetic energy of the 
ions. Therefore, the FTICR technique provides higher mass resolving power 
than any other type of mass measurement. 

 The role of the magnetic field is to keep the ions in a circular orbit in a 
plane perpendicular to the magnetic field. In order to confine the ions inside 
the cell a trapping potential is applied, see Figure 5a. As a consequence of 
the applied electrical field, the ions undergo harmonic oscillations parallel to 
the z-axis. The ions will also move in a circular-like path in the xy-plane. 
This motion is refereed to as the magnetron motion.  

To measure the cyclotron frequency, the ions are excited by applying a 
radio frequency, (RF), signal containing a broad band of frequencies to a 
pair of electrode plates in the cell.125 When a frequency equals the cyclotron 
frequency of a particular ion, they absorb energy and are coherently acceler-
ated into larger orbits, see Figure 5b.126

After the RF-signal has been turned off, the image current produced by 
the ions are recorded through a second pair off electrodes, see Figure 5c.127

In contrast to other mass analyzers, the FTICR detection is non-destructive. 
Collisional damping mainly causes the decay of the image current. There-
fore, the mass analysis takes place in ultra high vacuum.  
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Figure 5. The principals of FTICR mass spectrometry, in  a) Ion trapping for posi-
tive ions b) RF-excitation and c) Ion detection.

The image current is amplified and sampled as a function of time. By ap-
plying the Fast Fourier Transform, (FFT), technique,128 the time signal is 
converted to the corresponding frequency spectra and the m/z-values are 
determined from Equation 3.  

Of all mass spectrometric techniques available today, FTICR gives the 
highest mass resolving power and mass accuracy in the ppm region over a 
broad mass range.2, 71 The accurate mass determination affect the reliability 
of  protein identification, since it allows more precise settings using database 
identification, and thus reducing the risk of miss-matching.129

In this thesis, all measurements have been done using the Bruker Apex II 
FTICR mass spectrometer equipped with a passively shielded 9.4 Tesla su-
perconducting high field magnet. The 9.4 T magnet provides a high mag-
netic field and consequently improves FTICR-parameters such as; signal-to-
noise level, dynamical range, mass selectivity and resolution.130

For further reading several reviews by Marshall are recommended.3, 131, 132

3.2 Electrospray Ionization 

 Electrospray ionization, (ESI), produces multiply charged ions at atmos-
pheric pressure. The technique has had a tremendous impact on the devel-
opment of mass spectrometry during the last years, since it allows the analy-
sis of large, non-volatile biomolecules. 48, 70 

 In general, positive ionization electrospray can be used for the analysis of 
medium to high mass organic compounds, biological molecules such as pep-
tides, proteins and glycoproteins.133

The working principal of ESI is that a potential difference of about 3-4 
kV is applied between the electrospray needle and a counter electrode inside 
the mass spectrometer. The electrical field results in charge separation with 
the formation of a Taylor cone. When the droplet size reaches the Rayleigh 
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limit, droplets with excess charge will detach from the cone. These charged 
droplets experience the electrical field and are dragged towards the entrance 
of the mass spectrometer.  

There are two models for the ion formation in the electrospray process.134

In the charge residue model, (CRM), the evaporation of solvent molecules 
leads to an increased charge density that will cause larger droplets to divide 
into smaller droplets until a bare ion is produced. There is a consensus that 
large ion molecules are formed according to the CRM.135, 136 In the ion 
evaporation model, (IEM), where the increased charge density leads to that 
the columbic repulsion exceeds the surface tension and eventually single 
gas-phase ions are produced. The hydrophobicity of the analyte causes its 
affinity for the droplet surface and results in increased chargeability.137, 138

Therefore, labeling the analyte with markers containing hydrophobic com-
ponents, enhances the ionization.5

3.3 Collision-Induced Dissociation

Collision-induced dissociation, (CID),13, 139 can be applied in many mass 
spectrometers.140, 141 The main advantage of the method is its simplicity, in 
the high pressure area only one voltage has to be increased in order to obtain 
fragments. The potential difference between the nozzle and the skimmer will 
accelerate the ions into rest-gas molecules. When an ion with high transla-
tional energy undergoes inelastic collisions, a part of the translation energy 
is converted to internal energy.  

At dissociation, some energy is released as kinetic energy of the different 
fragment ions. A proper balance between the translation energy and the pres-
sure results in extensive fragmentation.142 The fragmentation could be initi-
ated with the migration of a proton to an amide nitrogen followed by a 
charge-directed fragmentation. This proposed fragmentation mechanism is 
called the mobile proton model.143

CID mainly leads to the dissociation of the peptide bond and the forma-
tion of b- and y-fragments.144 The nomenclature,145 for the fragment ions of 
proteins and peptides is shown in Figure 6. In the Hydrogen/deuterium ex-
change experiments, the site specific information was obtained by compar-
ing consecutive peptide ion fragments, e.g. fragments that only differ with 
one amino acid residue in mass. By following the continuous ladder of these 
fragments the sequence of the peptide can be deduced. 
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Figure 6. The a, b and c-fragments includes the N-terminal part of the peptide. The 
x, y and x-fragments contain the C-terminal. 

The b2+-ion formation starts with a charge directed attack by the N-
terminal carbonyl group to form a protonated oxalozone, see Figure 7a and 
b.146 If the internal energy is sufficiently high, the oxalozone ring structure 
opens up to form an acylic acylium ion, see Figure 7c. A part of the internal 
energy can be released by eliminating a CO-group, resulting in the a-ion
formation, see Figure 7d. The a-ion has a higher internal energy compared to 
the ground state b-ion.
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Figure 7. An energetic b-ion in b) can decompose into an a-ion in d ) through an 
acylic acylium ion in c). 
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Ab initio calculations show, that larger b-ions, n = 3, 4, also are proto-
nated oxalozone structures.147 In another study, the threshold energies for y1,
a1 and b2-ion formation were investigated on a model peptide.148 The lowest 
threshold values were obtained for the b2-ions, whereas the y1-ion formation 
was slightly less energetic compared to the a1-ion formation.  

3.4 Electron Capture Dissociation 

Electron Capture Dissociation, (ECD), was developed by Zubarev et al. in 
1998.17 In connection to the mass-analyzer cell, an electron gun with an indi-
rectly heated cathode is mounted. The ions are stored inside the cell, and 
electrons are emitted during a short pulse from the electron gun. ECD has 
also been implemented in a radio frequency ion trap.149

The most used model for this dissociation, is the hot hydrogen atom 
model.150 In this model, it is suggested that the interaction between the ion 
and electron first results in a neutralization and production of either an odd-
electron or a radical ion. The unstable odd-electron ion dissociates through 
an energetic, hot, hydrogen transfer to a backbone carbonyl group to form c
and z·-ions, see Figure 8.

Stronger bonds can dissociate in presence of weaker bonds e.g. disulfide 
bonds.18, 151 Therefore, it has been postulated that ECD is a non-ergodic 
process.17 According to the principal of non-ergodicity, the dissociation 
takes place prior to energy randomization in the ion. The mechanism of dis-
sociation as well as the postulated non-ergodic feature is under debate.152-155
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Figure 8. Pepetide fragments obtained with Electron Capture Dissociation.
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Endogenous peptides from mouse pancreatic islets were characterized 
with HPLC-ECD FTICR mass spectrometry.151 For some peptides, the se-
quence information obtained with ECD was complementary to what was 
obtained with CID. Analysis of low abundant peptides in a complex solu-
tions, during a limited time period, requires further improvements of the 
ECD efficiency. 

In contrast to IRMPD and CID, ECD preserves labile bonds and allows 
localization and characterization of PTMs. Modifications such as glycosyla-
tions156 and phosphorylations157 have been investigated with ECD. 

ECD takes place in the ultra-high vacuum region of the mass spectrome-
ter, see Figure 9. Therefore, in comparison with CID, the probability of in-
ter-molecular gas-phase exchange reactions is reduced. 

Capillary Skimmer  Hexapole Ion optics              Electron gun

Ion Gate

~ -4 kV

Vdelta

103 10-3 10-6                                                     10-9

Pressure (mbar)

Capillary Skimmer  Hexapole Ion optics              Electron gun

Ion Gate

~ -4 kV

Vdelta

103 10-3 10-6                                                     10-9
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Figure 9. The different pressure regimes in the FTICR mass spectrometer.  

3.5 Sample Introduction and Up-front Separation 

The FTICR mass spectrometer provides ultra-high resolution, high mass 
accuracy and sensitivity.2, 3 The sensitivity can further be improved by cou-
pling a separation step prior to mass analysis. This is not trivial to achieve, 
since ions are continuously produced at atmospheric pressure in an external 
ion source and the detection in the FTICR takes place at ultra-high vacuum.  

A solution to this problem, was to use differential pumping and an ion ac-
cumulation step prior to injection to the mass analyzer. A further improve-
ment was the use of micro-electro spray capillaries, with an inner diameter 
of 25-50 µm, resulting in flow rates of sub µL/min.72 This reduces the gas 
load, and preserves the ultra-high vacuum in the detection area of the FTICR 
mass spectrometer. Due to reduced space charge effects, improved ionization 
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efficiency, desalting and pre-concentration of the sample, 10-15 to 10-18 M 
detection limits have been reached with this approach.72, 73

HPLC FTICR mass spectrometry have been performed on tryptic protein 
digests of body fluids such as, CSF158, 159, plasma160 and amniotic fluid161.
Analyzing a tryptic protein digest of CSF with HPLC FTICR mass spec-
trometry results typically in 4000-7000 detected peptides.158 In a direct infu-
sion experiment of CSF with ESI FTICR mass spectrometry, approximately 
600 peptides were distinguished.162
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4. Results and Discussion 

4.1 Quantitative Analysis in Tryptic Protein Mixtures 

The initial experiments in Paper I, was performed to investigate the correla-
tion between the concentration ratio and intensity ratio with direct infusion 
ESI FTICR mass spectrometry. A trypic digest of bovine serum albumin, 
(BSA) was labeled with one of the two QUEST-markers; the S-Methyl 
Thioacetimidate, (SMTA)-marker, or the S-Methyl Thiopropionimidate, 
(SMTP)-marker. Through an amidination reaction, the primary amines at the 
N-terminal and the lysine residues are covalently modified by the QUEST-
markers. Samples were prepared with a SMTA/SMTP concentration ratio of 
1, 2 and 5. The identification was done with a MATLAB algorithm. The 
total intensities of peptides labeled with equal numbers of markers and con-
taining the same numbers of charges were compared to each other. Peptides 
which were not fully labeled were also included in the analysis. 

For the concentration ratio of 1, the intensity ratio was 0.97 ± 0.71, n = 
21, the concentration ratio of 2 resulted in an intensity ratio of 3.38 ± 2.84, n 
= 15. The concentration ratio of 5 gave an intensity ratio of 4.56 ± 3.67, n = 
6. For the concentration ratio of 1, the obtained median intensity of 0.97, was 
in excellent agreement with the theoretical value and obtained by comparing 
the total intensity of 21 identified labeled peptide pairs. The deviation for the 
other concentration ratios could be explained by the ion suppression due to 
the sample complexity and consequently less identified labeled peptide pairs.

In another study, quantitative MALDI-TOF mass spectrometry was per-
formed with SMTA- and SMTP-labeled tryptic protein digest of cytochrome 
c and hemoglobin.5 The average intensity ratios for smaller concentration 
ratios, (0.25, 0.5, 1, 2), were in good agreement with the theoretical value. 
The obtained intensity ratio corresponding to a concentration ratio of 4, de-
viated with ~ 30% from the theoretical value.  

 In order to reduce the ion suppression and to further increase the sensi-
tivity a HPLC-system was coupled to the FTICR mass spectrometer. The 
difference between the SMTA- and SMTP-marker is an additional CH2-
group. Therefore, SMTP-labeled peptides are more hydrophobic compared 
to the corresponding SMTA-labeled peptide. In average the SMTA-labeled 
peptide eluted 70 seconds prior to the corresponding SMTP-labeled peptide, 
see Figure 10. 
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Figure 10. A chromatogram with an identified SMTA- and SMTP-labeled peptide 
pair. The difference in elution time was approximately 70 seconds. 

The identification of the numbers of different pairs could be set at several 
levels of mass accuracy. In Table 1, the number of assigned labeled pairs, 
median intensity ratio and range are included. 

    Concentration ratio     Numbers of labels   Assigned Intensity ratio SMTA/SMTP
            SMTA/SMTP SMTA SMTP matches Median Range

    10 ppm
1 190 190 113 1.14 ( 0.04-16.27)

2 197 188 111 2.35 ( 0.16-28.22)

5 207 129 64 8.59 ( 1.75-173.7)

     5 ppm

1 134 166 84 0.95 ( 0.05-16.27)

2 125 140 70 2.14 ( 0.16-21.1)

5 130 89 40 7.18 ( 1.75-173.7)

Table 1. The median intensity ratio as well as the range of SMTA- and SMTP-
labeled BSA digest was determined with HPLC-FTICR mass spectrometry.  
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 The obtained median intensity rations are in good agreement with the 1:1 
and 2:1 concentration ratios. Using the algorithm at 5 ppm, the obtained 
intensity ratios were 0.95 and 2.14. These results were obtained by analyzing 
the total intensity ratio of 84 and 70 identified SMTA-and SMTP-labeled 
peptide pairs, respectively. For the 5:1 concentration ratio, the intensity ratio 
of the SMTA-and SMTP-labeled peptides was overestimated with approxi-
mately 40%. These results show that it may not be optimal to correctly quan-
tify large up- and down regulations. Anyhow, it can clearly show that a large 
alteration in ratio has taken place.

4.2 Quantitative Analysis in Body Fluids 

In quantitative analysis of complex samples several steps are applied prior 
to analysis. First, the biological material is enzymatically digested often with 
trypsine. Secondly, the two samples are labeled with different markers and 
subsequently mixed. All sample preparation is performed on the mixed sam-
ple. Therefore no selective effect on the ratio should be expected.  

In Paper II, the accuracy with which an up- or down-regulation in com-
plex solutions can be measured with HPLC-FTICR mass spectrometry was 
determined. The reproducibility of tryptic digestion and the error introduced 
with derivatization was investigated with quantitative analysis. Two types of 
global markers were used in the quantitative analysis; the SMTA- and 
SMTP-marker and the [H4]- and [D4]-marker. Compared to the QUEST-
markers the later are coeluting to a higher extent. 

The result of the study showed, that comparing samples which originated 
from different digest events with quantitative analysis of abundant proteins 
using the QUEST- and [H4]- and [D4]-markers, the experimental error was 
not more than 30%. Up- or down-regulations over 30%, should thus be pos-
sible to determine with HPLC-FTICR mass spectrometry.  

As stated previously, the dynamic range in complex solutions is broad 
and therefore low abundant proteins are suppressed in the ionization process. 
An attempt was made to include lower abundant proteins in the analysis. In 
some experiments, a few labeled peptide pairs were identified originating 
from e.g. prostaglandin H2-isomerase, whereas in other experiments no la-
beled peptide pairs could be assigned. To address this problem, the initial 
sample concentration could be increased. Another approach, would be to 
deplete the sample of abundant proteins prior to analysis.  

Quantitative analysis with ICAT in complex mixtures has been used to 
elucidate specific signaling pathways. Totally 1331 proteins from Pseudo-
monas areuinosa were identified. When limiting the access to magnesium, 
145 proteins were differently expressed. The change in relative abundance of 
72 of theses 145 proteins was 1.5- to 2.0-fold.163
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4.3 Quantitative Evaluation of Depletion Kits

In Paper III, two commercially available depletion kits were evaluate with 
quantitative HPLC-FTICR mass spectrometry, using the SMTA- and SMTP-
markers. The HSA-depletion kit and HSA/IgG-removal kit, were imple-
mented on plasma and CSF. These kits should remove HSA and HSA/IgG, 
respectively from complex body fluids and other biological matrixes. The 
efficiency and reproducibility of the kits, are presented by the average inten-
sities of some abundant components. The average intensity in depleted sam-
ples, were normalized to average intensities in native plasma and CSF, see 
Figure 11. 

a)

                         b) 

Figure 11. The effect of depletion using two types of kits is monitored by quantitative 
analysis using the SMTA- and SMTP-markers. In a) Plasma and b) CSF. The me-
dian values are given, the error bars show the range for three experiments. 
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In both plasma and CSF, the relative intensity of HSA is significantly de-
creased after applying the HSA/IgG-removal kit. Whereas the average inten-
sity for HSA in plasma after depletion with the HSA-depletion kit is close to 
unity. The HSA/IgG-removal kit, removes IgG efficiently in both plasma 
and CSF, since the average intensities for IgG are reduced, see Figure 11. 

HSA constitutes ~ 50% of the total protein content in plasma. If it would 
be at least partly removed, lower abundant proteins would be easier to ana-
lyze. Due to reduced ion suppression after depletion, an estimation of the 
numbers of identified proteins from the complex solutions was performed. 
These results show that significantly more protein could be detected after 
depletion, see Paper III. The concentration difference between the lowest 
abundant protein identified before and after applying the HSA/IgG-removal 
kit is approximately 10-fold, see Figure 12. 

Before depletion and after depletionBefore depletion and after depletion

Figure 12. Without any depletion,  the lowest abundant component in plasma identi-
fied was Apolipoprotein A-I. The concentration range for the undepleted plasma 
sample is represented by the smaller light gray box. After depletion with HSA/IgG-
removal kit, the larger darker gay box shows the concentration range of the identi-
fied proteins. The lowest abundant protein was C1q complement. Modified picture 
from Anderson et al.37

In a study by Ramström et al. the CSF proteome was compared between 
healthy donors and patients with amyotrophic lateral sclerosis using HPLC 
FTICR mass spectrometry.159 It was possible to monitor differences in pro-
tein patterns between the two groups. However, no biomarker could be iden-
tified. Many clinically interesting proteins and peptides are present in low 
concentrations. Therefore, applying a depletion step prior to analysis should 
affect the outcome of these kind of studies.  
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4.4 Hydrogen/Deuterium Exchange in Solution 

The HDX-process is correlated to the solvent accessibility of the labile am-
ide hydrogen on the peptide backbone. For amide hydrogens on linear pep-
tides, the isotopic exchange rate reflects the shielding effects of the two 
neighboring side chains. Amide hydrogens which are surrounded by large 
and bulky side chains have a relatively slow isotopic exchange rate since the 
solvent accessibility is reduced.  

In Paper IV, hexa-glycine and hexa-tyrosine was used to demonstrate the 
role of side chain shielding on the isotopic exchange rate. The site-specific 
exchange at Gly5, the fifth residue in hexa-glycine, was determined to 
0.63/min. The exchange rate at the Tyr4 residue in hexa-tyrosine was slower, 
0.11/min, due to the large and bulky side chains surrounding the labile amide 
hydrogen, see Figure 13. The exchange rate was determine by using Equa-
tion 2. Using the reference constants for the different side chains, as reported 
by Bay et al.,105 the exchange rate was calculated to 0.51/min for the Tyr4
residue and 0.09/min for the Gly5 residue. 
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Figure 13. Due to differences in solvent accessibility, the site-specific exchange rate 
for the Gly5 residue in hexa-glycine is faster compared to the Tyr4 residue in hexa-
tyrosine. The isotopic state of the amide hydrogen at the Tyr4 residue in hexa-
tyrosine is represented by . The isotopic state of the amide hydrogen at the Gly5
residue in hexa-glycine is shown by .

For alanine homopeptides, containing three to ten residues, the isotopic 
exchange rate was determined to 0.156 ± 0.005/min. This can be compared 
to the exchange rate of 0.159/min that was determined with NMR.105, 106 In 
Paper V, penta-phenyl alanine and penta-aspartic acid were investigated. For 
these peptides, the site-specific isotopic exchange process could not be 
monitored with CID HDX mass spectrometry. For alanine homopeptides, 
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containing more than three residues, the average deuterium content reflected 
the solution-phase exchange. The smaller alanine homopeptides, were de-
pleted of deuterium during the mass spectrometric analysis. These observa-
tions could be explained by different gas-phase structures and abilities to be 
involved in inter-molecular gas-phase exchange. In another study with gly-
cine homopeptides, it was shown that the isotopic gas-phase exchange was 
strongly reduced with increasing peptide length. They suggested, that longer 
peptides fold into -sheet configurations with hydrogen bonds to solvate the 
charge site.120 Consequently, these peptides are less involved in isotopic 
exchange reactions in the gas-phase.     

In Paper VI, site-specific investigations were performed on substance P  
and bombesin. The CID-fragmentation resulted in both a- and b-fragments. 
The isotopic state of the amide hydrogen at a specific residue could therefore 
be determined by two independent calculations. The result showed that the 
isotopic solution-phase exchange was more preserved during mass spectro-
metric analysis using consecutive a-fragments compared to the b-fragments 
for the alanine residue in bombesin, see Figure 14. The specific features of 
the fragmentation mechanism might suggest a possible explanation. Peptide 
ions are accelerated into nebulising gas and solvent molecules during CID. 
The collisions lead to an accumulation of the internal energy. The peptide 
bond, which is the weakest bond, will dissociate when the internal energy 
reaches the threshold energy for dissociation. The subpopulation with high-
est internal energy will form a-fragments. 146,148                    
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Figure 14. The isotopic solution phase exchange for the alanine residue in bombesin 
was more preserved during mass spectrometric analysis using the a-fragments in the 
calculation, , instead of the b-fragments, .
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 A high internal energy, both before and after fragmentation, results in 
difficulties in forming the exchanging gas-phase complex.117 Therefore, the 
a-fragments should form unstable exchanging complex with other molecules 
in the gas-phase. Consequently, it is suggested that the solution-phase ex-
change should be better preserved during mass spectrometric analysis using 
energetic fragments. Another explanation, is that the different types of ions 
adapt different gas-phase conformations and therefore are more or less sus-
ceptible to gas-phase exchange.164, 165

In Paper VII, two complementary fragmentation methods, ECD and CID,  
were used in combination with HDX mass spectrometry. To calculate the 
isotopic state at the intermediate residue, the isotopic distributions of two 
consecutive peptide ions need to be intense. In some cases, it was possible to 
use consecutive c-fragments to determine the isotopic state at the amide hy-
drogen position. The same exchange process was also was analyzed using b-
fragments obtained with CID. In Figure 15, the exchange process at the 
phenylalanine residue, Phe8, in substance P was monitored as a function of 
time using consecutive c-fragments. More deuterium was preserved during 
the analysis compared to the corresponding CID experiments, see Paper VII, 
and the exchange process was in better agreement with Equation 2. Using 
ECD, the probability of gas-phase exchange after fragmentation is reduced 
since the fragmentation takes place inside the analyzer cell. The vacuum is 
approximately 10-9 mbar during ECD. 
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Figure 15. The isotopic exchange at the phenylalanine, Phe8 residue, was studied 
using consecutive fragments obtained with ECD.  
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4.5 Hydrogen/Deuterium Exchange in Gas-Phase 

In Paper VI, the gas-phase exchange properties of CID fragment ions were 
investigated by trapping fragment ions in the hexapole area of the FTICR 
mass spectrometer. A mechanical shutter was used to control the amount of 
ions which was allowed to enter the hexapole.122 A peptide, penta-
phenylalanine, which has lost all the isotopic information during analysis in 
the solution experiments, was used to investigate the gas-phase reactivity of 
peptide CID-fragments. The fragmentation process resulted in a-, b- and y-
ion formation. The pressure in the accumulation hexapole was increased by 
leaking in D2O prior to the experiment. The different CID-fragments dis-
played different gas-phase reactivity. A plot of the relative mass incorpora-
tion in the fragment ion as a function of the pressure in the hexapole area can 
be seen in Figure 16. By externally performing the gas-phase reactions, the 
pressure around the analyzer cell is still ultra-high during the entire experi-
ment.
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Figure 16. The relative incorporation of deuterium into different CID fragments as a 
function of the pressure in the hexapole area. The relative deuterium incorporation 
into the a4 fragment can be seen in a), the incorporation into the b-fragments in b), 
= b4,  = b3,  = b2, and the incorporation into the y-fragments,  = y4,  = y3,
= y2, in c).
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The inter-molecular gas-phase exchange depends on the gas-phase struc-
ture,165 and the internal energy of the exchanging components. It has been 
shown that the internal energy for a- , b-, and y-fragments are as follows: a > 
y > b.148

The gas-phase experiments performed on penta-phenyl alanine are consis-
tent with these results since the more energetic a-fragment is less reactive in 
the gas-phase exchange compared to the b-fragment.146, 147 Within a frag-
ment type, the different gas-phase exchange profiles could be related to the 
individual gas-phase exchange structures. Larger fragments can more easily 
adopt compact gas-phase structures and are consequently less accessible for 
gas-phase exchange.120
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5. Conclusions 

5.1 Quantitative Analysis 

Complex samples were investigated with quantitative analysis using global 
labeling in conjugation with HPLC FTICR mass spectrometry. In a tryptic 
digest of BSA the median intensity ratio between two pools of SMTA- and 
SMTP-labeled peptides was determined. For smaller intensity ratios, (1:1, 
2:1), the experimental and theoretical values were in good agreement. For 
the larger concentration ratio 5:1, it could be established that an alteration 
has taken place but it could not be accurately quantified. To estimate the 
variation introduced with tryptic digestion and derivatization with global 
markers, quantitative analysis was performed on abundant proteins in CSF. 
Although, labeling peptides with the [H4]- and [D4]-markers were coeluting 
to a higher extent, compared to the corresponding SMTA- and SMTP-
labeled peptide pair, the introduced error was the same. The results estimates 
the lower limit for the up- or down-regulations that can be detected with 
quantitative HPLC FTICR mass spectrometry to 30%. Two depletion kits, 
the HSA/IgG-removal kit and the HSA-depletion kit, were evaluated with 
quantitative analysis using the SMTA- and SMTP-markers. After depletion, 
more low abundant proteins were identified. This is of great importance, 
when searching for biomarkers in complex solutions such as body fluids. 

5.2 Structural Analysis 

The isotopic solution-phase exchange at specific residues could be moni-
tored using CID FTICR mass spectrometry. The exchange rates of amide 
hydrogens at specific residues in homopeptides of glycine and tyrosine were 
in good agreement with theoretical values and reflected the different solvent 
accessibilities due to side-chain shielding. At some residues, the isotopic 
solution exchange could not be monitored with mass spectrometry. Gas-
phase studies showed that consecutive penta-phenylalanine CID-fragments 
had different gas-phase exchange properties. Therefore, the information 
about the solution-phase exchange at these residues was lost during analysis. 
It is crucial to be able to determine whether the absence of an exchange pro-
file can be explained by protection in the solution-phase or to gas-phase ex-
change during analysis. With an in-cell fragmentation method the solution 
phase exchange at a specific residue, which was lost with CID, could be 
monitored. HDX mass spectrometry is an important complement other 
methods in structural biology since it has several advantages such as speed, 
higher sensitivity and the ability to analyze larger molecules. 



42

6. Future Aspects 

Quantitative analysis of biomarkers in body fluids is central when relating 
the protein expression to disease. To understand the complexity of a disease 
state one must understand the dynamics of cellular activation, growth, and 
apoptosis. The identification of crucial proteins in proteins pathways gives 
the possibility to design medical strategies to slow down or stop the disease 
progress.

In order to succeed with this task, some issues have to be solved. Publicly 
accessible databases have to be constructed to identify the components in 
complex samples. To address the abundance problem, techniques to deplete 
samples of highly abundant and clinically non-interesting proteins have to be 
further developed. Better quality of the clinical samples to standardize clini-
cal measurement and to correlate the result with biological activity is also 
important. In comparison with a biopsy, CSF and plasma are body fluids 
which are relatively easy to withdraw from the patient. Therefore, discover-
ing biomarkers in these body fluids is of great clinical interest. 

The combination of HDX and mass spectrometry is emerging as a new 
technique in structural biology since it has several advantages compared to 
X-ray analysis and NMR. Mass spectrometry is not size limited, the sensitiv-
ity is higher, and the analysis is faster. HDX mass spectrometry can be used 
for studying structural changes, protein dynamics, large macromoleular com-
plexes, and multi-subunit proteins. By using specific CID-fragment types, or 
modifying the charge carrier, the gas-phase exchange is reduced and the 
solution-phase exchange is better preserved during the mass spectrometric 
analysis. Physical fragmentation at ultra-high vacuum is a specific feature of 
the FTICR mass spectrometer. This reduces the possibility of fragment ions 
to be involved in inter-molecular gas-phase exchange and is therefore bene-
ficial in high-resolution HDX mass spectrometry. 

 The global view of proteomics, envisions the possibility to describe the 
total flow of metabolic compounds in living organisms. In order to under-
stand the life processes at a detailed level, mass spectrometric methods for 
both quantitative and structural elucidation are required. The work in this 
thesis clearly shows the important role of FTICR mass spectrometry in these 
applications.
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8. Svensk sammanfattning 

Arbetet i den här avhandlingen visar betydelsen av FTICR-tekniken vid 
utvecklandet av kvantitativa och strukturbiologiska metoder inom proteomi-
ken. Termen proteomik innefattar studier av proteinstrukturer, 
proteininteraktioner samt jämförelsen av protein- och peptiduttryck mellan 
olika tillstånd. Varje cell innehåller tiotusentals olika proteiner i varierande 
koncentration. Vissa proteiner uttrycks i samband med vissa sjukdoms-
tillstånd. Dessa proteiner kan då ibland användas som biomarkörer. 
 I den här avhandlingen, har metoder för att detektera biomarkörer i cerebro-
spinal vätska och plasma utvecklats. Det är relativt enkelt för en patient att 
lämna dessa prover, tillskillnad från biopsier, och därför har dessa metoder 
större klinisk relevans vid explorativa studier. 

För att detektera och kvantifiera förändringar i proteinuttryck använder 
man sig av olika markörer som kovalent binder till specifika kemiska grup-
per hos proteiner och peptider. En inmärkning resulterar i en karakteristik 
ökning av massan som detekteras med Fouriertransform-
joncyklotronresonans, FTICR,  masspektrometern. I Paper I, har ett tryptiskt 
digerat av bovint serum albumin, märkts in med två kvantitativa markörer; 
SMTA och SMTP. De SMTA- och SMTP-inmärkta provet blandas i olika 
kvotförhållanden. Genom att koppla ett vätskeseparations system, HPLC, till 
FTICR-masspektrometern så ökar känsligheten ytterligare i analysen. Den 
kvantitativa analysen sker genom att man korrelerar intensitetskvoten med 
koncentrationskvoten. För koncentrationskvoter mellan 1 och 2 var intensi-
tetskvoten i mycket god överensstämmelse. I Paper II, undersöktes vilken 
den lägsta upp- eller ned-reglering av vanligt förekommande proteiner man 
kan detektera med kvantitativ HPLC-FTICR masspektrometri. De två set av 
kvantitativa markörerna som användes i denna studie var SMTA och SMTP 
samt [H4] och [D4]. Båda markörer gav ett liknande resultat för den lägsta 
gräns, i vårt fall ungefär 30%,  för vilken man kan studera upp- och ned-
regleringar av proteiner med HPLC-FTICR masspektrometri. Protein-
koncentrationerna kan skilja sig mycket åt i kroppsvätskor och därför är det 
svårare att detektera proteiner som är närvarande i låg koncentration jämfört 
med proteiner av hög koncentration. Det kan vara så att vissa biomarkörer 
inte kan detekteras eftersom andra proteiner finns i mycket högre koncentra-
tion. Därför försöker man selektera bort vissa utav de vanligaste proteinerna 
ur kroppsvätskan innan analysen. I Paper III, har två kommersiella selek-
tionskit evaluerats med hjälp av kvantitativ analys. Det ena kittet var anti-
kroppsbaserat, HSA/IgG-kitet,  och det andra, HSA- kittet, baserat på en för 
oss okänd mekanism. Mängden protein som fanns kvar efter selektionen med 
de båda kitten bestämdes med hjälp av kvantitativ HPLC-FTICR analys. Fler 
proteiner av lägre koncentration kunde identifi-eras efter det att de mest van-
ligt förekommande proteiner selekterats bort. Den här tillämpningen ökar 
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möjligheten att identifiera biomarkörer kroppsvätskor med HPLC-FTICR 
masspektrometri. 

I den här avhandlingen har även metoder för att studera proteinstrukturer 
utvecklats. Många biokemiska reaktioner induceras genom att bio-
molekylerna känner igen varandra, därför är formen hos biomolekyler för-
knippad med funktionen. Proteiner i lösning kan jämvikta med isotoper i den 
omgivande lösningen. Det är vissa väteatomer t.ex. amidväten på protein-
kedjan som kan bytas ut mot den tyngre isotopen deuterium. Då detta sker i 
lösning, kan man dra slutsatser om proteinstrukturen. De områden på protei-
net som har inkorporerat många isotoper på befinner sig på ytan av proteinet 
medan de inre delarna av proteinet är mer svårtillgängliga och har därför 
inkorporerat färre isotoper. Väte/deuterium utbytet, HDX, hos proteiner i 
lösning brukar kombineras med tryptisk digerering och resulterar i en upp-
lösning på 10-15 aminosyror. Denna teknik har använts för att studera prote-
in-protein interaktionen, proteindynamik och strukturför-ändringar inducera-
de av punktmutationer. 

I Paper IV-VII, har vi genom att kombinera masspektrometriska fragmen-
teringsmetoder som kollisions-inducerad-dissociation, CID, och jon-
elektron-infångningsdissociation, ECD, med HDX-tekniken, möjligheten att 
studera isotop utbyten på aminosyrainvå. Den höga upplösningen gör det 
möjligt att i detalj studera protein strukturen aminosyra för aminosyra. I Pa-
per IV, studerades specifika utbytes processer i peptider med olika stora 
sidokedjor. HDX-tekniken är så känslig att vi kan mäta skillnader i utbytes-
hastighet hos amidväten som är omgivna av stora, respektive små sidoked-
jor. De utbyteshastigheter som vi erhöll överensstämde mycket bra med de 
teoretiska värdena. I Paper V, undersöktes aminosyror som är problematiska 
att studera med CID HDX-teknik eftersom deras isotop innehåll förändras 
under masspektrometrisk analys. I Paper VI, undersöktes CID-fragmentens 
reaktivitet i gasfas. Det visade sig att vissa fragment typer var mindre reakti-
va i gasfas och därför också bättre lämpade att använda för högupplösande 
studier av isotoputbyten i lösning. En möjlig förklaring till att de olika frag-
menten är olika reaktiva i gasfas skulle kunna vara att de har olika inre ener-
gi. Om ett fragment är mycket energirikt rör det sig så mycket att utbytes-
komplex i gasfasen blir instabilt. Därför är energetiska fragment bättre läm-
pade för högupplösta HDX-studier. Fragmentstorleken påverkade också 
gasfasreaktiviteten, små fragment var mer reaktiva i gasfas jämfört med stör-
re fragment.  I Paper VII används två fragmenterings-tekniker, ECD och 
CID, i kombination med HDX-tekninken. Det visade sig att isotoputbytet vid 
en specifik aminosyra i en peptid som inte kunde följas med CID var möjlig 
att följa med ECD. En förklaring är att eftersom ECD sker vid ett tryck av 
10-9 mbar och CID vid 10-4 mbar är sannolikheten högre för att gasfasutbyten 
ska ske vid CID.
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