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ABSTRACT
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Mass spectrometry has in recent years been established as the standard method for protein
identification and characterization in proteomics with excellent intrinsic sensitivity and
specificity. Fourier transform ion cyclotron resonance is the mass spectrometric technique that
provides the highest resolving power and mass accuracy, increasing the amount of
information that can be obtained from complex samples. This thesis concerns how useful
information on proteins of interest can be extracted from mass spectrometric data on different
levels of protein structure and how to obtain this data experimentally. It was shown that it is
possible to analyze complex mixtures of protein tryptic digests by direct infusion electrospray
ionization Fourier transform ion cyclotron resonance mass spectrometry and identify
abundant proteins by peptide mass fingerprinting. Coupling on-line methods such as liquid
chromatography and capillary electrophoresis increased the number of proteins that could be
identified in human body fluids. Protein identification was also improved by novel statistical
methods utilizing prediction of chromatographic behavior and the non-randomness of
enzymatic digestion. To identify proteins by short sequence tags, electron capture dissociation
was implemented, improved and finally coupled on-line to liquid chromatography for the first
time. The combined techniques can be used to sequence large proteins de novo or to localize
and characterize any labile post-translational modification. New computer algorithms for the
automated analysis of isotope exchange mass spectra were developed to facilitate the study of
protein structural dynamics. The non-covalent interaction between HIV-inhibitory peptides
and the oligomerization of amyloid β-peptides were investigated, reporting several new
findings with possible relevance for development of anti-HIV drug therapies and
understanding of fundamental mechanisms in Alzheimer’s disease.
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1. INTRODUCTION

1.1 Biological Macromolecules

Three of the key macromolecular players in what we call life are deoxyribonucleic
acid, DNA, ribonucleic acid, RNA, and proteins. The DNA contains the genes and
the genes are the instructions, or blueprints, that are used to make proteins. Each
protein performs its own specific tasks in the cell or body. RNA is the carrier of
information between genes in the DNA and proteins. We say that genetic
information is encoded in the DNA, transcribed into RNA (or mRNA for messenger
RNA) and finally translated into the amino acid sequence of proteins (Figure 1). This
unidirectional flow of information is often referred to as “the Central Dogma of
molecular biology”, stated by Crick in 1958 [1, 2]. There are four “letters” or bases in
DNA and RNA, adenine (A), guanine (G), cytosine (C) and thymine (T). In RNA,
thymine is replaced by uracil (U). These bases form triplets, or codons, and each
codon corresponds to one out of 20 amino acids.

The Central Dogma states that the information (or more specifically the sequential
information of nucleic or amino acid residues in nucleic acids and proteins
respectively) is transferred from nucleic acids to protein, from DNA to RNA to
protein, and not in the reverse direction, from protein to nucleic acid. There are a few
but notable exceptions to the unidirectional flow of information from DNA to RNA.
In retroviruses, such as the HIV (Human Immunodeficiency Virus), this information
is transcribed from the viral RNA to the host organism DNA.

Figure 1. The Central Dogma of molecular biology with arrows depicting the
flow of residue sequential information. The dashed arrow represents the rare
occasions where DNA is synthesized from an RNA template.
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The translation of nucleic acid sequence to the amino acid sequence of proteins is
defined by the genetic code (Figure 2). If the DNA (or RNA) sequence is known, the
genetic code will give the protein sequence, or at least a prediction of this. The point
of mentioning these fundamental facts here is that it has been, and still is, much less
cumbersome to determine the oligonucleotide sequence of DNA than the amino acid
sequence of proteins. The DNA is all there in the chromosomes in the cell nucleus
(and a few other places, such as the mitochondria or chloroplast) and is easily
extracted. Proteins are everywhere, inside and outside the cell, and they can have
very different physiochemical properties. Their concentrations range from less than
one to millions of molecules per cell. In fact, most proteins that we know anything
about, at least with respect to sequence or function, are predictions from DNA and
RNA sequences, essentially using the genetic code, some knowledge on what genes
look like and comparison with similar proteins that have been characterized
biochemically.

Figure 2. The genetic code defines the mapping of the DNA sequence into
protein sequence where a code word of three nucleic bases, or a codon, is
translated into one amino acid residue in a protein. One codon (ATG) defines
the starting point of translation (always a methionine, Met), and one of three
alternative codons terminates (Ter) translation (TAA, TAG, and TGA).

The picture is complicated by the fact that in eukaryotes, such as humans, the
transcribed RNA sequence is often edited, or spliced, generating a protein sequence
that is not a straightforward translation of the DNA sequence. Proteins are also
modified post-translationally in a way that is not trivial to predict from the DNA
sequence. Examples of such modifications are phosphorylations (-O-PO3) of serine,
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threonine and tyrosine, often involved in regulation of biological activity on the
protein level, and glycosylation, carbohydrates bound to serine and threonine (O-
glycosidic linkage) or asparagine (N-glycosidic). Regardless of the modifications, and
this is an important point, there are always stretches of the protein whose sequences
are correctly predicted and these stretches are sufficiently long to uniquely identify
(trace back to the gene) the protein among all other proteins in the organism. This
can be done by looking at a small part of the protein sequence, or alternatively, the
patterns, or fingerprints, resulting from enzymatic digestion of the protein. Both the
sequence “tags” (typically six amino acid residues or more) and fingerprints of
enzymatic digestion can be routinely generated using mass spectrometry and are
specific enough to uniquely identify any protein. This thesis partly concerns how
mass spectrometry can be used to generate both of these types of information for the
purpose of identifying and characterizing proteins.

For a deeper look into the foundations of molecular biology, the textbook “Molecular
Biology of the Cell” [3] is highly recommended.

The first complete DNA sequence of an “organism”, the bacteriophage φX174, was
completed in 1977, soon followed by the human mitochondrial genome and phage λ.
The first bacterial genome, Haemophilus influenzae, was completed in 1995 [4] and the
first eukaryotic genome, Saccaromyces cerevisiae, or baker’s yeast, was completed in
1996 [5]. Rapid advances in automated, multiplexed, DNA sequencing machines in
the 1990’s made it possible to complete the entire human genome by the year 2000 [6,
7].

Sanger successfully sequenced the first protein by determining the amino-acid
sequence of insulin, a work completed in 1953 [8]. Today, many methods are
available for sequencing proteins, some of which are based on mass spectrometry. A
general problem in protein sequencing is sensitivity – the amount of protein
necessary to obtain a complete protein sequence. Mass spectrometric methods can
provide excellent sensitivity, but have difficulties generating the complete sequence
of even a small protein. Often, several techniques have to be combined in a
procedure that is far from routine.

In the post-genomic era, focus has shifted to find methods to approach the other
molecular “datasets”, such as the proteome (the set of all proteins in an organism)
and the metabolome (all other small, organic molecules in an organism). The
systematic studies of these molecular datasets all bear the “ics” suffix, such as
“proteomics”, the study of the proteome. Table 1 summarizes the four principal
molecular datasets, how they are approached today and to what degree of success.
Other important parameters are the time and space dependence of these sets. The
genome is (with just a few exceptions) constant throughout the organism and its
lifetime. The other “omes” vary from cell to cell and from one moment to the next.
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Table 1. The molecular datasets in biology, what they mean and how they are
studied (P. Kraulis, personal communication).

dataset definition measurement time-dependence

genome The complete DNA
sequence of the genetic
material in the organism.

routine,
completeness (CGE,
DNA arrays)

generation

transcriptome The complete set and
levels of mRNA transcripts
in a cell or tissue of the
organism.

routine, near-
completeness
(arrays)

seconds-minutes

proteome The complete set and
levels of proteins in a cell
or tissue, including
modifications and
complexes.

not quite routine (2D-
PAGE, MS, protein
arrays, fusions with
tag- or reporter
proteins, ...)

seconds-years

metabolome All metabolites and their
concentrations.
Metabolites are here
defined as small organic
molecules, not protein,
RNA or DNA.

hard (MS, NMR,
specific chemical
reagents, ...)

<second-years

Gene expression is routinely analyzed on the RNA level by microarray techniques [9,
10], but protein abundance cannot simply be predicted from the corresponding
mRNA abundance [11]. Much effort is now spent on developing analogous
techniques for proteome analysis (for a review, see Stoll et al. [12]). Still, two-
dimensional isoelectric focusing and size separation in sodium dodecyl sulfate (SDS)
in a polyacrylamide gel electrophoresis (2D-PAGE) [13, 14] is the workhorse for
protein expression analysis. The proteins on a 2D-PAGE gel can be identified
through in-gel tryptic digestion and mass spectrometry, also called peptide mass
fingerprinting, or PMF [15-20], possibly using partial sequence tags from tandem
mass spectrometry [21-24]. Proteins in simple mixtures, such as proteins comigrating
in 2D-PAGE can also be identified by PMF if the mass accuracy is sufficiently high
[25].

What kind of information are we looking for and what tools do we need? Primarily,
we need a general method to detect and identify the proteins. We may wish to
quantify the expression of the proteins to correlate levels of a specific protein or
proteins to a particular physiological phenomenon that we are studying. We also
wish to characterize the proteins themselves in greater detail, for example
determining their amino acid sequences and localizing, characterizing and
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quantifying post-translational modifications important for structure and function.
Proteins are folded in intricate two- and three-dimensional structures that strongly
correlate with their function. Standard techniques to get structural and dynamical
information on proteins include X-ray crystallography, electron diffraction, nuclear
magnetic resonance (NMR) and circular dichroism (CD). There are also ways in
which mass spectrometry can be used to indirectly generate such information, often
complementary to other techniques. A general advantage of mass spectrometry is the
inherent sensitivity – particularly in comparison to the above techniques.

We may also be interested in protein/protein interaction, and “charting the protein
complexome”, i.e. the protein/protein interaction networks [26-28]. Mass
spectrometry has played a central role in these efforts so far. The second topic of this
thesis deals with mass spectrometry as a tool to probe protein structure and non-
covalent interactions.

1.2 Mass Spectrometry
1.2.1 Mass Analyzers

Mass spectrometry (MS) is the analysis or separation of charged particles, such as
atoms and molecules, based on their mass-to-charge ratios. Most mass spectrometers
are comprised by three principal parts. Ions are produced in an ion source and
subsequently separated or analyzed in a mass analyzer before detection by a detector
(Figure 3). All of these, or at least the analyzer and detector, are inside a vacuum
system. The history of mass spectrometry can be traced back a little more than a
century. In March 1897 J. J. Thomson at Cambridge's Cavendish Laboratory
discovered the electron and determined its mass-to-charge ratio (to 5.69×10-9 g/C).
The results were announced a month later at the April 30th Friday Evening Meeting
of the Royal Institution in London [29]. Thomson went on to construct the first mass
spectrometer, or a “parabola spectrograph”, for the determination of mass-to-charge
ratios of ions created by electrical discharges through gases. In this instrument, ions
generated in discharge tubes were passed into electric and magnetic fields, which
made the ions move through parabolic trajectories. The rays were then detected on a
photographic plate or fluorescent screen. For these “investigations on the conduction
of electricity by gases”, Thomson received the Nobel Prize in Physics in 1906. In the
decades that followed, mass spectrometers were greatly improved in terms of
resolution (the performances of the first mass spectrometers were very poor by
today’s standards).
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Figure 3. A generic mass spectrometer can be divided in three principal parts -
an ion source, a mass analyzer and a detector. A modern instrument also
includes a computer to retrieve and analyze data.

The cyclotron principle, the core of Fourier transform ion cyclotron resonance mass
spectrometry, was introduced by E. O. Lawrence in the early 1931 [30] and in 1936, F.
M. Penning added an electrostatic confinement perpendicular to the magnetic field
[31], a construction that later became known as the “Penning trap”. As part of the
Manhattan project during World War II, Lawrence converted a cyclotron into a mass
spectrograph (or a 180° magnetic sector) and used this in a preparative mode to
separate 235U from 238U.

The 1940’s also saw the first commercial mass spectrometer enter the market [32].
These early commercial mass spectrometers were primarily used by the petroleum
industry to analyze the composition of gases. New types of mass analyzers were
introduced, like the time-of-flight (TOF) mass spectrometers in the mid-1940’s [33,
34]. Paul and co-workers invented two types of mass analyzers in the early 1950’s -
the quadrupole mass filter and the quadrupole ion trap, later also called the “Paul
ion trap” [35]. The use of ion cyclotron resonance for mass measurements was
pioneered by Hipple, Sommer and Thomas already in the late 1940’s [36, 37] as a
precise method to determine the Faraday constant. Over the following 15 years, ICR-
MS instrumentation was greatly improved, rapidly expanding its applications. High
resolution and sensitivity became hallmarks of ICR and the technique was used with
particular success in studies of gas-phase ion chemistry. Varian Associates
introduced the first commercial ICR-MS in 1965 [38]. The next major step was taken
in 1970 by R. T. McIver with the introduction of the “trapped ion analyzer cell”,
combining trapping and measurement in one cell (trap).

In 1974, Comisarow and Marshall significantly improved ICR mass spectrometry by
building the first Fourier transform ion cyclotron resonance (FTICR) mass
spectrometer [39], analogously to previous FT spectroscopies, particularly FTNMR
[40, 41]. Marshall, Comisarow and others have since continuously improved FTICR
mass spectrometry, increasing the mass range, mass resolving power and sensitivity
of the technique [42, 43].

In later years, hybrid mass spectrometers, such as the quadrupole-time-of-flight (Q-
TOF) [44-46], have become popular instruments, especially for protein identification
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and proteomics research. The recently introduced TOF-TOF technique [47] promises
to fulfill similar tasks as the Q-TOF.

For structural characterization and identification, tandem mass spectrometry
(MS/MS) techniques have proved very efficient. In a typical MS/MS experiment, a
precursor ion is selected and subjected to conditions sufficient to induce
fragmentation of the molecule. The fragments are then analyzed in the mass
spectrometer. There are several means to provide the conditions for fragmentation,
the most commonly employed being collision-induced dissociation (CID) [48].
Recently, electron-capture dissociation (ECD) [49], a method particularly suitable for
peptides and small proteins has attracted much attention and been applied to
sequence polypeptides and characterize post-translational modifications [50-61].

1.2.2 Ionization Techniques

In addition to new mass-to-charge analyzers, novel means to produce ions were also
discovered during the post-war decades. Desorption of positive ions from a surface
in a strong electrostatic field gradient was first observed by Müller in 1951 [62].
Inghram and Gomer investigated the nature of such ions and the mechanism of their
production using mass spectrometry in 1954 [63]. Beckey later developed field
desorption as an ionization technique in mass spectrometry [64]. Techniques based
on field desorption made it possible to study non-volatile and thermally unstable
molecules by mass spectrometry. Chemical ionization (CI) was described and put to
use in the mid-1960’s by Field and Munson [65], but in fact, the phenomenon itself
had been observed in hydrogen gas already by Thomson in 1913. In chemical
ionization, a reagent gas is ionized by electrical discharges (electron impact) and the
reagent gas ions then reacts with and ionizes the volatized analyte molecules. CI is a
more gentle ionization method than electron impact (EI).

A range of desorption techniques for mass spectrometry were developed during the
1960’s and the following decades. Several groups pioneered secondary-ion mass
spectrometry (SIMS), where an ion beam with ion energies in the keV range is used
to desorb and ionize molecules from a sample deposited on a surface [66]. SIMS is
used with great success in materials science and other fields [66]. Plasma desorption
mass spectrometry (PDMS) was developed by Macfarlane and coworkers at Texas
A&M University in the 1970’s [67]. In PDMS, MeV ions from an accelerator or
nuclear fission is used to desorb and ionize molecules. PDMS was the first ionization
method that successfully produced mass spectra of high-molecular weight molecules
such as peptides and proteins [68].

Posthumus, Kistemaker and Meuzelaar at the FOM Institute for Atomic and
Molecular Physics in Amsterdam developed laser desorption mass spectrometry
(LDMS) in 1978 [69]. As the name implies, a laser beam was used to desorb and
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ionize molecules. In 1981 Barber and coworkers at the University of Manchester
Institute of Science & Technology in England developed the technique of fast atom
bombardment (FAB) [70]. In FAB, a beam of neutral atoms is used to gently desorb
and ionize molecules from the surface of a liquid matrix, typically glycerol, making it
possible to obtain spectra of large, non-volatile organic molecules. FAB was also used
to couple capillary liquid chromatography and capillary electrophoresis to mass
spectrometry [71].

Two breakthroughs that proved to have a major impact on biological mass
spectrometry came in the 1980’s with the development of matrix assisted laser
desorption/ionization (MALDI) and the application of electrospray to what was
named electrospray ionization (ESI). MALDI was discovered by Karas and
Hillenkamp at the University of Frankfurt, Germany [72]. A related concept was
developed independently by Tanaka and co-workers at the Shimadzu Corporation in
Kyoto, Japan [73]. These techniques were significant improvements in sensitivity
over LD methods. MALDI is also a very “soft” ionization method.

In electrospray ionization, pioneered by Fenn and coworkers at Yale university [74]
and independently by Aleksandrov et al. in Leningrad [75], charged droplets are
dispersed from a capillary, or needle, in a high electric field. As solvent evaporates,
the Coulombic repulsion overcomes the surface tension and droplets fission [76, 77].
Eventually, gas phase ions are produced, although some of the details in this process
remain to be unveiled. ESI is a very gentle ionization method, capable of transferring
even large non-covalent complexes such as ribosomes [78, 79] and viral particles [80]
intact into the gas phase.

Electrospray ionization was successfully coupled to FTICR mass spectrometry by
Henry and co-workers in 1989 [81]. Although many other ion sources, including
MALDI, have been coupled to FTICR mass spectrometers, the combination of ESI
and FTICR mass spectrometry is particularly powerful due to the generation of
multiply charged ions inherent in the electrospray process and that trapping
efficiency and resolving power increases with charge (of a given mass) in an FTICR
mass spectrometer.

Vestal has recently reviewed ionization techniques in mass spectrometry [82]. For
further reading on mass spectrometry in biology, the recent reviews by Burlingame
[83] and Matsuo and Seyama [84] are recommended.
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2. PROTEIN IDENTIFICATION

2.1 Methods
2.1.1 Overview

The mass spectrometric analysis of a biological sample, or any sample, does not start
or end with the acquisition of a mass spectrum. In fact, this is often the easiest and
fastest step in the analysis using modern commercial instruments. Samples in the real
world are often complex and as rich in contaminants as they are in substances of
interest. These contaminations can for one reason or another interfere with ionization
or mass spectrometric measurements. Different ionization techniques have different
spectra of sensitivities to such contaminants. Electrospray ionization, for instance, is
notoriously sensitive to surfactants and salts. One or more stages of sample
preparation or purification are often necessary to remove unwanted contaminants or
to reduce the complexity of the sample to facilitate the mass spectrometric analysis.
In this chapter sample purification and liquid separation techniques are briefly
described in sections 2.1.2 to 2.1.4 followed by a more detailed account of
electrospray ionization in section 2.1.5. The principle of Fourier transform ion
cyclotron resonance (FTICR) is reviewed and the instrument used in this thesis is
described in 2.1.6.

The successful acquisition of a mass spectrum does not mark the end of any analysis.
Even a single mass spectrum contains an enormous amount of information, usually
counted in megabytes. Still, this number diminishes in comparison with two-
dimensional, or time-series, of spectra whose information contents are in the
gigabyte range. It is evident that efficient computer algorithms are as an important
tool as any of the preceding physiochemical techniques in order to get useful
information out of mass spectrometric measurements. Section 2.1.7 describes
automatic methods for the analysis of raw data as well as partially novel statistical
methods for peptide identification.

The protocols used for sample acquisition and tryptic digestion of proteins are
described in the methods section of paper IV.

Figure 4 illustrates a minimal flow scheme from biological sample to final computer-
assisted analysis.
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Figure 4. Flow scheme view of the analysis of a biological sample by
electrospray ionization mass spectrometry. The purification is more or less
elaborative depending on the tissue or fluid sampled. Liquid separation
methods such as LC or CE can be conveniently used on-line with the
electrospray mass spectrometer.

2.1.2 Sample Purification

One of the simplest and most commonly used sample purifications is the removal of
salts from solutions of peptides or proteins. This can be achieved with high efficiency
(99% or better) and good recovery (80% or more) using a micro-column packed into
the tip of a disposable plastic pipette tip, such as the ZipTipC18® (Millipore Corp.,
Marlborough, MA, USA) with a bed volume of 0.2 µL. The tips were first wetted
using 50% acetonitrile (ACN) (v/v) in H2O and a micropipette. The column was
equilibrated using 1% acetic acid (HAc) in H2O. Each of these steps was repeated
three times. The sample was loaded by filling and emptying the tip 10 times in the
sample, then desalted by washing with 1% HAc in H2O 3-5 times. Finally, the sample
analyte bound to the C18-column was eluted using 50% ACN, 1% HAc (v/v) in H2O to
the desired volume (typically 10-20 µL, sufficient for most types of experiments) and
transferred to electrospray ionization.

2.1.3 Liquid Chromatography

Reversed-phase chromatography (RPC) not only removes salts and contaminants
from a biological sample but also separate the analytes from each other according to
their hydrophobicity, thereby reducing the complexity of sample introduced to the
electrospray and presented to the mass spectrometer at any given time. Analytes are
separated according to their hydrophobic interaction with the column packing
material, the more hydrophobic, the longer is the retention time in the column [85].
Liquid chromatography (LC) was first coupled to FTICR for the analysis of peptides
by Stacey et al. [86]. For a general description of RPC, see Frenz et al. [87]. Voyksner
has reviewed the combination of liquid chromatography with electrospray mass
spectrometry [88] and Tomer has recently written an review on liquid separations
coupled to mass spectrometry [89].
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For the experimental results included in this thesis, a commercial JASCO 1580 micro-
LC system (JASCO, Tokyo, Japan) was used with 8-10 cm 200 µm i.d., 360 µm o.d.
fused silica (Polymicro Technologies, Tucson, AZ, USA) column packed in-house
with C18-reversed-phase material (5 µm ODS-AQ, YMC Europe GmbH, Schermbeck,
Germany). The electrospray end of the capillaries were mechanically tapered [90] and
the exposed bare fused silica was coated with polyimide (Alltech, Deerfield, IL, USA)
and 2 µm particle-size gold (Goodfellow, Cambridge, UK) or 1-2 µm particle-size
graphite (Aldrich, Milwaukee, WI, USA) according to the “fairy dust” [91] or “black
dust” [92] technique respectively, producing electrochemically stable and
mechanically robust conductive layers (Figure 9). These tips were connected to
ground, and a negative potential (2-4 kV) was applied to the electrospray interface
(see below). Mobile phase flow was typically 250 µL/min, i.e. the minimum flow
from the JASCO system, splitted approximately 1:1000 in a Valco T-connector [VICI
AG (Valco International), Schenkon, Switzerland] mounted before the injector and
column. For a schematic view of the JASCO LC-system coupled to the electrospray
source, see Figure 5 below.

Figure 5. JASCO 1580 micro-LC system. Buffer and organic solvent from the
two pumps are mixed in a dynamic mixer before splitting in a Valco T-
connector. The sample is loaded and injected manually at a 6-port injection
valve. The eluent passes a UV detector before introduction into the electrospray
interface.

The columns were equilibrated for a minimum of 30 min before each sample
injection. A sample volume 10 µL was injected through a loop connected to a 6-port
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manual injection valve. Gradients ramped from 0-20% to 80-100% organic solvent
(95% ACN, 0.5% HAc) versus 0.5% HAc in H2O. UV data was acquired using the
BORWIN software supplied with the LC system.

2.1.4 Capillary Electrophoresis

Capillary electrophoresis (CE) is a rapid means to separate analytes and is easily
interfaced with electrospray ionization [93, 94]. In capillary zone electrophoresis,
species are separated according to their charge and size while the electroosmotic flow
drives the liquid through the capillary. For a general account on CE, see [95].

Capillary electrophoresis experiments were conducted using a home-built device
allowing pressurized injections (Figure 6) and in-house coated 25 µm i.d., 360 µm o.d
fused silica capillaries (Polymicro Technologies, Tucson, AZ, USA) cut into 100 cm
lengths. Inner surface capillary coating reagent [3-(methacryloylamino)-
propyl]trimethylammonium chloride (MAPTAC) was obtained from Aldrich
(Milwaukee, WI, USA) and the reagent 7-oct-1-enyltrimethoxysilane was purchased
from Fluka (Buchs, Switzerland). N,N,N′,N′-tetramethylethylenediamine (TEMED)
was purchased from Bio-Rad (Hercules, CA, USA). Bare fused silica capillaries were
obtained from Polymicro Technologies (Phoenix, AZ, USA). The MAPTAC coating
generates a constant positive inner capillary surface, thus reversing
the electroosmotic flow [96]. The electrospray end of the capillary was
tapered [90] and coated with polyimide and particular gold [91] or graphite [92] as
described in the previous section.

Figure 6. The home-built pressurized injection capillary electrophoresis
apparatus. Negative high voltage is applied at the sample inside a pressurized
container. The sample is driven by electroosmotic flow to an electrospray
interface at ground potential.
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The CE instrumentation was assembled in-house and consisted of a high voltage
power supply (Bertan, Hicksville, NY, USA) operated in constant negative voltage
mode. The CE separation voltage was set at -30 kV relative to the grounded
electrospray end of the capillary. The current was ~40 µA during the separation. The
CE buffer used for the experiments consisted of 12.8 mM HAc, 0.2 mM ammonium
acetate (NH4Ac) in 25:75 (v/v) ACN/deionized H2O at pH 3.0 [97]. The buffer was
filtered and degassed by ultrasonication. The capillary was equilibrated with 4-5
capillary volumes of buffer prior to sample injection. The sample was injected using
hydrodynamic injection at a pressure of 1.7 bar for 56 seconds, injecting ~40 nL onto
the capillary, followed by injection of buffer (1.7 bar, 56 seconds). The migration
times for the last eluting components in the samples were 10-15 minutes under these
conditions [Paper VI].

2.1.5 Electrospray Ionization

Electrospray ionization, pioneered by Fenn et al. [74], is one of the most gentle and
efficient means to ionize macromolecules and macromolecular complexes. The
fundamental principles of electrospray is still a matter of investigation but it has been
shown that charged droplets formed by electrospray undergo a recursive asymmetric
fission process, where smaller and smaller droplets are formed [76, 77]. Charged
droplets rupture when the charge approaches the Rayleigh limit [98], where
Coulomb repulsion equals the surface tension,

3
0

22  8 dq γεπ= (1)

where q is the charge, ε0 the electrical permittivity of the surrounding, γ the liquid
surface tension and d the diameter of the droplet.

A pictorial view of an electrospray ion source is shown in Figure 7. High voltage,
typically a few kilovolts over a distance of a few millimeters, is applied between the
electrospray liquid and the orifice of the mass spectrometer. An electrospray ion
source is a constant-current electrochemical cell, causing redox reactions and
ionization of neutral electroactive molecules in the electrosprayed solution. This
makes the study of redox chemistry intrinsically difficult. The formed ions may
hinder or assist the detection of the analyte species, depending on properties of the
analyte and solution.

Since the sample is at atmospheric pressure and the liquid flow is not neglectable,
instruments coupled to ESI sources need larger vacuum pumps than instruments
with vacuum ion sources. The first successful combination of ESI and FTICR mass
spectrometry was reported by Henry et al. in 1989 [81]. When combining an ion
source such as ESI with a mass analyzer requiring ultrahigh vacuum it is beneficial to
use as low flow rate as possible to reduce the gas load. A lower flow rate also reduces
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contamination of the interface. The ion yield is only flow-sensitive at very low
(increasing with flow) [99] or very high (decreasing) flow rates. In the common
operating range, the yield depends mostly on the concentration of analyte (and
presence of interfering contaminants). For a review of the central concepts related to
electrospray ionization, see a recent paper by Cole [100].

Figure 7. Application of a strong electric field separates charges in the solution
and liquid of opposite net charge is pulled out into a Taylor cone. The liquid is
distrupted where the Coulombic repulsion exceeds the surface tension, a
process that is repeated recursively in smaller and smaller droplets as solvent
evaporates.

In the experimental setup used in the experiments presented here, the electrostatic
voltage was applied at the liquid end via a conductive outer coating on a fused silica
capillary, tapered to a sharp tip [91, 92, 101]. The sample was pushed through a 30
cm, 25 µm i.d. fused silica capillary by applying a pressure of ~1.3 bar at the sample
end in a pressurized container (Figure 8). The flow rates in this system are 30-100
nL/min, or in or near the nanospray regime [100].

A micrograph of the two types of coated capillaries used and a commercial
nanospray needle is shown in Figure 9. The inset shows an operating graphite-coated
electrospray capillary.
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Figure 8. The home-built pressurized direct infusion electrospray apparatus.
The sample is kept inside a pressurized container and pressure of ~1.3 bar is
sufficient to push the sample through a 30 cm 25 µm i.d. fused silica capillary.
The electrospray end is coated with a conductive layer and kept at ground
potential whereas a negative potential of 2-4 kV is applied at the mass
spectrometer orifice.

Figure 9. Micrograph of electrospray needles: gold/polyimide “fairy dust” (a)
and graphite/polyimide “black dust” (b) coated fused silica capillaries and a
New Objective PicoTip™ metal-coated nanospray needle (c). The inset shows a
spraying graphite-coated capillary (inset picture courtesy of M. Wetterhall).
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2.1.6 Fourier Transform Ion Cyclotron Resonance Mass Spectrometry

Ion Cyclotron Resonance

An ion moving in the presence of a spatially uniform magnetic field, B, is subject to a
force F,

BvvF ×== z
dt
dm (2)

where m, z, and v are the mass, charge and velocity of the ion, respectively.

Figure 10. The force and resulting motion of a positive ion of charge z, in a
magetic field B (direction out of the paper).

If ⊥v  is the velocity component perpendicular to B and B0 the magnetic flux density,
then the angular acceleration is this velocity squared divided by the radius of the
planar motion, r, and

0
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⊥ = (3)

The angular velocity ω around B is ⊥v /r and substituting ⊥v  in Eq. 3,

0
2  rBzrm ωω = (4)

or

m
zB0=ω (5)

Equation 5 is also known as the cyclotron equation, and ω the unperturbed ion
cyclotron frequency. Note that the cyclotron frequency is not dependent on the
radius (or velocity) of the ion but on the magnetic field and the mass-to-charge
ratio. If B0 is stable and ω can be accurately determined, then m/z can also be
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determined with high accuracy. It turns out that these conditions can be met in
practice.

To measure the angular frequency ω for an ion, the cyclotron motion is excited
by applying a radiofrequency signal with the same frequency across two opposite
electrodes. This produces a coherent cyclotron motion, i.e. all ions are in phase with
another. The ions induce an image current also in two other electrodes, offset by
90° from the first pair. After the excitation frequency is turned off this image
current is recorded. A mass spectrum is obtained by scanning the excitation
frequency and plotting the response, the ion cyclotron resonance, as a function of
mass-to-charge ratio according to Eq. 5.

In reality, the picture is more complicated due to static electric fields from the
trapping electrodes (in front of and behind the plane in Figure 11) that cause a
lower frequency magnetron motion to be superimposed on the cyclotron motion.
However, measurements are conducted in such a way that the contribution from
this magnetron motion is cancelled out.

Figure 11. An external radiofrequency pulse applied across two electrodes
(right and left) excites the cyclotron motion of resonating ions. These ions then
induce an image current in two detector plates (top and bottom) that can be
detected. The response as a function of applied frequency is converted to a mass
spectrum by Eq. 5.
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Fourier Transform Spectroscopy

Before computers and rapid analog-to-digital converters were generally available,
most types of spectroscopies [whether optical, infrared (IR), Raman, nuclear
magnetic resonance (NMR), electron spin resonance (ESR) or ion cyclotron resonance
(ICR)] were operated in scanning mode, this means either (or both) the excitation
frequency or the magnetic field was scanned and only a single resonant frequency
recorded at any given time during the experiment. The detectors were
undiscriminating toward signals at different frequencies, and the frequencies had to
be separated before the detector. This problem was first solved two centuries ago by
the French mathematician Fourier [102]. The Fourier transform (FT) relates a time
domain signal, )(tf , to the frequency spectrum, )(νf  as

∫
∞
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In FT spectroscopies, energy (signal) is recorded as a function of time, converted to
digital form and stored in a computer. The (discrete) signal sampled from time 0=t
to time Tt =  is then converted to a frequency domain spectrum in the computer,
typically by the Fast Fourier transform (FFT) algorithm [103]. The discrete version of
the Fourier transform can be written (omitting a scale factor):
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The transform (Eq. 7) has a real (absorption) and an imaginary (dispersion)
component. If all )( nf ν  were in phase we could extract the absorption spectrum from
the measured signal, but due to a frequency-dependent phase shift it is often more
convenient to look at the phase-independent magnitude spectrum, )( nM ν :

22 ))(Im())(Re()( nnn ffM ννν += (10)
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In some cases, the phase shift can be compensated for and the absorption spectrum
retrieved [104]. The magnitude-mode spectrum is a factor 3  broader than the
absorption-mode spectrum for a purely Lorentzian line [105]. In all cases, except
where explicitly stated in Paper I, the spectra analyzed or displayed are the
magnitude spectra.

For an excellent introduction to FT spectroscopy see “Fourier Transforms in NMR,
Optical and Mass Spectrometry” by Marshall and Verdun [105].

The Fourier transform had already been applied to NMR and IR spectroscopy before
it was successfully coupled to ion cyclotron resonance by Comisarow and Marshall
in 1974 [39, 40, 106]. FTICR and FTNMR are homologous techniques and they have
“a broad range of conceptual, physical, experimental, and data reduction
characteristics” in common [41].

The practical advantages of FTICR over scanning-mode ICR are significant. The
signal-to-noise ratio and acquisition speed increase dramatically because all
frequencies are detected all the time. This is also known as the multichannel or
Fellgett’s advantage in Fourier transform methods. The speed increases a factor of
10000 and the sensitivity a factor 100 [43].

The Bruker 9.4 T Fourier Transform Ion Cyclotron Resonance Mass Spectrometer

A general layout of the instrument is shown in Figure 12. A 160 mm bore 9.4 T
central-field, passively shielded, superconducting Nb3Sn magnet (Magnex Scientific
Ltd., Oxford, U.K.) is cooled in a cryosystem by liquid He to 4.2 K. The horizontal
bore of the magnet is aligned with a metal frame supporting a vacuum system, ion
sources and a gas inlet system on tracks. From the main vacuum chamber a titanium
tube leads into the center of the magnet where it ends with a flange holding and
INFINITY™ cell. The vacuum system is a differentially pumped ultra-high vacuum
system capable of sustaining a base pressure of below 4×10-10 mbar using
turbomolecular pumps backed by mechanical rough pumps.

The instrument is controlled by and data is retrieved and analyzed on a UNIX or
Windows 2000 workstation. The instrumentation includes a pulse-shaping system for
generation of frequency shots, correlated frequency sweeps, on-resonance and
sustained off-resonance irradiation (SORI) for collision-induced dissociation (CID)
experiments [107, 108], preamplifier and electronics for direct and heterodyne mode
detection. Outside the cell is an electron gun for internal electron impact (EI)
ionization and chemical ionization (CI) of volatile substances and the same gun can
also be used for electron capture dissociation (ECD) [49, 109, 110].

The ESI source (Analytica, Branford, CT, U.S.A.) is equipped with an inlet glass
capillary (15 cm in length, an inner diameter of 0.5 mm and platinum capping at both
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ends). The electrospray apparatus, needles and capillaries are described in section
2.1.5. A further improvement to the electrospray source was the addition of a
computer-controlled shutter [111]. This shutter essentially closes the spectrometer,
and no more ions are accumulated in the hexapole ion trap. This allowed a controlled
investigation of multipole-storage assisted dissociation (MSAD) [112, 113]. The
flexibility of the XMASS software permitted compilation of experimental pulse
programs controlling not only this shutter but also the internal electron gun used in
ECD experiments [Papers II and III].

Figure 12. General layout of the Bruker 9.4 T FTICR mass spectrometer with
interchangeable ion sources (Figure courtesy of G. Baykut). The experiments
presented in this thesis were performed using either of the ESI sources.

For SORI and other experiments that require introduction of gas, two computer
controlled fast valves for gas inlet are provided in this instrument. By opening an
inlet valve connecting the cell and a volume of collision gas, like Ar or Xe, at a
pressure of 5 mbar, for ~10 ms, the pressure in the cell is raised to a level suitable for
SORI experiments (~10-7 mbar).

This instrument and its performance are described in detail in Paper I. Another 9.4 T
FTICR instrument has also been described by Senko et al. [114].
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2.1.7 Data Analysis

Mass Spectrometry, Peptide Mass Fingerprinting and Information

Mass spectrometry measures the ratio of mass to electric charge, m/z. Larger
molecules, such as peptides, frequently become multiply charged in electrospray
ionization. This means that one molecule can appear at different m/z in a mass
spectrum, each corresponding to a different z. The first step after the transformation
of the time-domain signal is therefore to deconvolute or reduce [115] the mass
spectrum to retrieve the individual masses.

The mass of a protein is not well defined in the sense that each protein molecule has
the same mass. The natural abundances of heavier isotopes, such as 13C and 34S,
contribute to an isotopic distribution characteristic for each molecule. The mass
difference between isotopic peaks is around 1.00 Da and the difference in m/z around
1.00/z. This simple information can be used to find the charge state of a particular
cluster of peaks.

There are several algorithms available to deconvolute mass spectra. The simplest
methods use only information on the m/z of peaks, to find charge states, or isotopic
distributions, and remove them from the list of peaks being processed. If the isotopic
distributions are known or can be estimated a more thorough approach can be taken,
where a model for the isotopic distribution of a species of such mass (give or take a
few mass units) is fitted to the experimental data [115-118]. A program was written
to deconvolute mass spectra. This program, ESIMSA, was made freely available on
the Internet.

The isotopic distributions themselves contain potentially valuable information. One
such case is isotope-labeling experiments, where differentially labeled samples and
controls are analyzed in the same spectrum, for instance using so-called isotope-
coded affinity tags [119]. Another example is the study of protein structure and
dynamics using hydrogen/deuterium exchange (HDX) where information in isotopic
distributions can be used to extract information on the isotopic states of exchanging
hydrogens [120] [Paper IX]. Software for extracting this information, AUTOHD, was
written and also made available over the Internet.

In addition to the mass degeneracy due to isotopes, the mass of a protein is further
degenerated as a function of variability in sequence, e.g. different splice forms or
post-translational processing or modifications.

Instead of using the mass of the whole protein for identification, the protein can be
cleaved or fragmented into smaller pieces with well-defined masses. The standard
method is enzymatic digestion using trypsin. This enzyme cleaves specifically C-
terminally of the basic residues arginine and lysine, except for N-terminally of
proline. The measured peptide masses from a tryptic digest are compared with
calculated sets of masses for different protein sequences or libraries of mass spectra
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in a database, an approach called peptide mass fingerprinting (PMF) [15]. To aid
protein identification, these peptides can be fragmented in vacuo to generate short
sequence tags [21]. Sequences of 5-6 amino acids in length are often specific for a
certain protein in the database. The sequence tag approach is more error-tolerant and
can identify peptides with unpredicted post-translational modifications or errors in
the database sequence.

To get an idea of the statistical significance for a certain identification it is
appropriate to compare with random peptide mass matches from sequences derived
from an unrelated organism. The random matches from the S. cerevisiae proteome can
be used to calculate the probability (or risk) for a random match (false positive) when
identifying a human protein and thus calculate the significance [121]. The biologist
may object that H. Sapiens and S. cerevisiae are related organisms, but the evolutionary
relationship must be much closer and protein sequence homologies near 100% to
generate significant cross-talk in peptide mass fingerprinting, i.e. common tryptic
peptides in distantly related human and yeast proteins. As is shown in Paper IV,
peptide mass fingerprinting can distinguish between myoglobin from horse and
zebra, differing in only one residue, i.e. having sequence homology >99%.

There are other means to discriminate between true and random matches. For
instance, the pattern of matching peptides in the sequence may also differ between
true and random matches. In general, true matches have non-random distributions of
peptides in the protein sequence (Figure 13). The non-randomness of the distribution
can be quantified, for instance by an adaptation of the runs test [122]. In the test the
distributions of the lengths of contiguous peptide spatial runs in the protein sequence
are compared with those calculated for random matches and the likelihood of a
measured peptide distribution occuring at random. The random distributions can be
simulated or estimated from data from unrelated proteins.

Another way of quantifying this one-dimensional pattern is to look at the
distributions of peptides with zero, one or two close neighbors in the sequence, here
simply called the connectivity in a peptide map [Paper V].

This choice of spatial pattern descriptors of peptide maps is supported by the
empirical notion that true peptide matches are often contiguous. This pattern also
appears as a factor in the Bayesian model used in the ProFound algorithm [123].
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Figure 13. Non-random distribution of tryptic peptides in a peptide mass
fingerprint. Regions of contiguous matching peptides are indicated. The
pattern, or non-randomness, can be used to further discriminate between
random and true matches in peptide mass fingerprinting.

Two-dimensional spectra, whether from liquid chromatography or capillary
electrophoresis or any other type of separation, contain more information than the
masses and intensities alone. The chromatographic retention or electrophoretic
migration time contains information on the physiochemical properties of the
peptides, such as hydrophobicity in RPC and size and charge in standard capillary
zone electrophoresis (CZE). A model of chromatographic retention [124-128] or
electrophoretic migration [129-138] can be fitted to experimental data from known
proteins. These models are then used to predict the retention time for candidate
peptides in a database. The candidates can then be ranked based by combining
deviation of calculated mass from measured mass and predicted retention from
measured retention by calculating a total χ2 value for all candidates within a certain
mass interval.

Hydrophobicity is one of the most important physicochemical characteristics of
amino acids and probably the most poorly defined term. Cornette et al. has reviewed
and compared 37 different hydrophobicity scales [139].
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To illustrate the use of a predictor of retention, a simple model of retention in
reversed phase, also discussed by Hodges and co-workers [125-128], can be adapted
to the chromatographic separations used here. Peptides from abundant proteins in
complex mixtures can be used as internal standards to calculate a “retention
coefficient” for each amino acid according to

∑
=

+=
20

1
0

i
iiretention TRCNT (11)

where RCi are the retention coefficients for the 20 amino acids and there are Ni amino
acids i. The RCi values could be expected to correlate with hydrophobicity of the
amino acid side-chains in RPC. The RCi and T0 can be fitted to experimental data,
retention times Tretention, for a large number of peptides (>>20). Eq. 11 also allows for a
linear dependence of retention time on peptide size, as a constant term added to each
RCi. In addition to a sufficiently large number of peptides in the predictor training set
to avoid overfitting, each amino acid should also be represented by several peptides
in this training set.

Most models of electrophoretic mobility of peptides are non-linear functions of
peptide charge and molecular weight [136]. The molecular weight is easily calculated
for each peptide candidate, and the charge, or distribution of charges, is estimated
from measured pKa values of amino acids in N and C-termini and side chain pKa

values. The sum of the electrophoretic mobility and electroosmotic flow at a certain
electric field determines the electrophoretic migration.

An Alternative Mass Spectrometric Approach to Proteomics?

The methodology presented in this thesis scrambles the information by digesting all
proteins simultaneously, separating these by direct infusion or a suitable liquid
separation method (LC or CE) coupled to FTICR mass spectrometry (Figure 14) and
identifies the proteins by highly accurate mass measurement and possibly the
complementary types of information from ECD, patterns in tryptic digestion,
retention time or electrophoretic mobility discussed above. To illustrate the concept
behind this approach to protein identification it is useful to compare with a more
established method in proteomics today. This method is based on separation by two-
dimensional SDS-PAGE, automated spot picking, tryptic digestion and protein
identification by peptide mass fingerprinting or sequence tags generated by MS/MS
[CID or post-source decay (PSD)] [22, 23].

These two methods should be regarded as complementary, each having benefits and
disadvantages over the other.
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Figure 14. The picture shows two different approaches to proteomics involving
mass spectrometry. The established technique (A) is based on 2D-gel
electrophoresis, spot picking and tryptic digestion before mass spectrometry
(typically MALDI-TOF) and protein identification by peptide mass
fingerprinting using one of several available algorithms, such as MASCOT
[140], ProFound [123, 141] or MS-Fit [142]. The second approach (B), presented
in detail in this thesis, begins by digesting all components in the sample at once,
then separate the scrambled peptides by FTICR mass spectrometry and retrieve
a list of identified proteins by unscrambling the available information. For
complex mixtures, a liquid separation method such as LC or CE can be inserted
at the *. A similar approach has also been used by Smith et al. [143, 144] in the
analysis of bacterial and yeast proteomes.
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2.2 Results and Discussion

2.2.1 Direct Infusion Electrospray Ionization

A general problem in proteomics is the identification of proteins in biological
samples, that is, not only detecting a specific protein, but any protein that may be
present in the sample. The standard approach today is to separate and visualize the
proteins by 2D polyacrylamide gel electrophoresis [13, 145]. The 2D image provides
little information on the identity of the proteins, but the protein expression can be
profiled and compared. Selected spots on the gel can be excised and analyzed by
mass spectrometry, e.g. by digestion with trypsin [15, 20] or tryptic digestion
followed by MS/MS [21, 22, 24].

2D-PAGE has inherent limitations in speed and dynamic range [143] and is biased
against what proteins can be detected [146]. Hydrophobic analytes, such as
membrane proteins, pose severe challenges in two-dimensional electrophoresis [147-
149]. These can be partially circumvented using strategies based on liquid
chromatography or capillary electrophoresis [143, 146].

Before resorting to liquid separation techniques it is of interest to estimate how many
proteins that can be identified by tryptic digestion and direct infusion into the mass
spectrometer. This is not only a convenient figure-of-merit to compare mass
spectrometers or experimental protocols, but have real importance, as gel spots are
often heterogeneous [25] and SDS-PAGE is denaturing and does not preserve protein
complexes. To identify proteins in a purified multi-protein complex with peptide
mass fingerprinting, it is also of value to know how large complexes can be
characterized by direct infusion of a total tryptic digest. First, three proteins, equine
cytochrome c (12 kDa), equine myoglobin (17 kDa) and bovine serum albumin (66
kDa), were digested, pooled together and electrosprayed into the mass spectrometer.
The mass spectrum (Figure 15) contains about 1300 peaks, which could be reduced to
330 unique masses [paper IV]. A general database search (containing sequences from
all species) finds the three proteins from the correct species. Ingendoh and co-
workers later performed similar experiments using MALDI and a 7 T FTICR
instrument with similar success [150]. Three or four proteins are by no means a limit
for what can be analyzed through direct infusion FTICR mass spectrometry, which
will be shown in this chapter. In general, the organism and tissue or cell type are all
known, and the databases used for searching for matches with peptide mass
fingerprints are more specific and thus smaller.

Another use for direct infusion of multi-protein tryptic digests is as a first rapid
screen of the most abundant proteins in a complex biological sample. We have
demonstrated this possibility by analyzing the total tryptic digests of proteins in four
human body fluids of clinical interest, plasma, cerebrospinal fluid (CSF), urine, and
saliva [paper V]. The protein profiles are known to be similar in plasma, CSF and
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urine, and the most abundant proteins are also found with the highest significances
(lowest probabilities for random match) [paper V]. At most about 10 significant
matches are found by direct infusion of the digested body fluids (in saliva, typically
only salivary amylase could be found by direct infusion).

Figure 15. FTICR mass spectrum of a mixture of tryptic digests of cytochrome c,
myoglobin and albumin. A total of 1294 peaks could be reduced to 573 isotopic
clusters and 330 unique masses. Database search in full non-redundant OWL
31.4 database containing protein sequences from all available organisms
identified the correct proteins from the correct species. For this spectrum, 2048
scans were accumulated and 512 K data points acquired.

The tryptic digestion had been carried out to near completion, meaning only a
small number of missed cleavage sites in the proteins. Most peptides were found
between m/z 600 and 1000 (Figure 15). The region m/z 800-900 of this spectrum is
shown in Figure 16 to illustrate the spectral peak density. The unit for mass-to-
charge ratio is called thomson, denoted Th, where 1 Th = 1 Da/1 elementary
charge. The resolving power of the 9.4 T FTICR instrument is sufficient to resolve
peptides with mTh differences, for example, an albumin and a myoglobin tryptic
peptide with a mass-to-charge difference 0.0045 Th could be resolved in this
routinely acquired broadband spectrum without special tuning (Figure 17).
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Figure 16. Magnification of the region 800-900 Th of the FTICR mass spectrum
in Figure 15 illustrating the peak density (~1 peak/Th).

Figure 17. Magnification of the region 464-465 Th of the FTICR mass spectrum
above, showing partially resolved isotopic peaks from quadruply charged horse
myoglobin (MB) 80–96 (CHHEAELKPLAQSHATK), 464.2464 Th (calc.)
(monoisotopic), 464.2445 Th (exp.) and doubly charged bovine serum albumin
(BSA) 136–142 (YLYEIAR), 464.2509 Th (calc.), 464.2504 Th (exp.).
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The results from analysis of the three-protein mixture shows that at least a small
number of proteins can be identified simultaneously with direct infusion and FTICR
mass spectrometry. A biological protein extract is far more complex than this three-
protein mixture, illustrated by the resulting spectrum of a plasma tryptic digest in
Figure 18.

Figure 18. “World-record” FTICR mass spectrum of a human plasma tryptic
digest containing about 5500 peaks that could be reduced to 1300 unique
peptide masses. Direct database searches in MASCOT or ProFound returned
only the most abundant protein, serum albumin, but subsequent analysis
identified a number of the more abundant proteins with high statistical
significances [paper V].

To illustrate the spectral peak density and compare this with the three-protein
mixture, the same region 800-900 Th is shown in Figure 19. In the range 600-1000 Th
the peak density is ~5 peaks/Th. Figure 20 shows a further magnification into the
most dense region and the isotopic clusters putatively identified as human serum
albumin (HSA) fragments by the computer software (ESIMSA+DATACOMP).
Despite the broadband resolving power of the FTICR mass spectrometer, this sample
is so complex that there is no baseline for most of the spectrum.
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Figure 19. Magnification of the region 800-900 Th of the FTICR mass spectrum
in Figure 18 illustrating the peak density (~5 peaks/Th).

Figure 20. Magnification of the region 830-856 Th of the FTICR mass spectrum
of the human plasma tryptic digest showing identified human serum albumin
(HSA) fragments. This sample was too complex to resolve all peaks to the
baseline in the 9.4 T FTICR mass spectrometer.
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Accurate mass determination is paramount in peptide mass fingerprinting and mass
spectrometric protein identification [151-153].

The mass accuracy can be estimated by looking at the mass measurement error
distribution for the most abundant protein in plasma, human serum albumin (HSA)
(Figure 21).

Figure 21. Relative mass measurement error distribution for human serum
albumin (HSA) in plasma in the mass spectra above.

The centered distribution in Figure 21 is mainly the result of true matches whereas
the matching peptides outside ±10 ppm are due to false matches. The true matches
are drawn from a much more narrow distribution than the false matches. This
distribution is the signal to be detected in peptide mass fingerprinting. The absolute
number of matching peptides within any chosen cut-off (e.g. ±10 ppm) does not
suffice for protein identification. Instead, this number should be compared with the
expected number of random matches given the experimental data and error cut-off.
This comparison can be done by taking the ratio of the likelihood of the measured
distribution being drawn from a random matching distribution and the likelihood of
being drawn from a convolution of a random and true matching distribution. The
ratio of convoluted signal (true matches) and background (false matches) should be
large enough to discriminate between true and false matches.

The distribution of matching peptides in the database sequence of HSA (±10 ppm)
can be illustrated by a “sequence coverage” plot (Figure 22). Note that the first 24
amino acids constitute signal and propeptides and are not expected in the released
form of HSA.
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Figure 22. Distribution of 70 matching peptides within 10 ppm, covering 92% of
the mature protein sequence, of human serum albumin (HSA) in a human
plasma tryptic digest. Residues 1-18 and 19-24 are signal peptide and
propeptide and not expected to show up in this graph. The bottom line is the
degree of sequence coverage by overlapping peptides.

The likelihood ratios for mass measurement errors and peptide connectivity of 150
body fluid proteins in an a priori selected database were compared to 4861 S.
cerevisiae proteins as negative controls [Paper V]. Table 2 shows the matching
proteins and their statistical significances calculated by comparison with the yeast
sequences in four analyzed body fluids. A small number of the most abundant
proteins could be identified already in the direct infusion spectra.

Although not that many proteins could be routinely identified in whole body fluid
tryptic digests, the method could nonetheless be used as an initial screening of
biological samples in general to identify the most abundant proteins. Further
optimization is possible; one option would be to remove the highly abundant HSA,
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essentially doubling the relative abundance of all other proteins (except a few that
are bound to HSA).

Table 2. Matches between the 150 sequences in the a priori selected database, BFPDB
(for body fluid protein database) and direct infusion ESI-FTICR mass spectra of four
body fluid tryptic digests run under identical conditions (a different plasma digest
from shown spectra). Sequences in boldface would be ≥99% significant; others are 95-
99% significant when tested alone. At most 1-2 sequences of those ≥99% could be
false matches.

plasma cerebrospinal fluid saliva urine
SERUM ALBUMIN SERUM ALBUMIN AMYLASE ALPHA 1A SERUM ALBUMIN
IMMUNOGLOBULIN G TRANSFERRIN APOLIPOPROTEIN A-IV UROMODULIN
IMMUNOGLOBULIN A CYSTATIN C FIBRINOGEN ALPHA HAPTOGLOBIN
FIBRINOGEN ALPHA IMMUNOGLOBULIN G COMPLEMENT FACTOR B CYTOKERATIN
TRANSFERRIN PERLECAN COMPLEMENT FACTOR 9 AMBP PROTEIN
PLASMA KALLIKREIN ALPHA-1-ANTITRYPSIN IMMUNOGLOBULIN G ALPHA-1-MICROGLOBULIN
COMPLEMENT FACTOR C4 COMPLEMENT FACTOR C4 COMPLEMENT C3 EPIDERMAL GROWTH FACTOR
HAPTOGLOBIN PROSTAGLANDIN D SYNTHASE VITRONECTIN APOLIPOPROTEIN D
CYSTATIN C ALPHA-2-GLYCOPROTEIN 1 COMPLEMENT COMPONENT C4

HAPTOGLOBIN  ALPHA-1-ACID GLYCOPROTEIN 1
FIBULIN 1 ISOFORM D  PROTEIN Z
ACTIN GAMMA  PROSTAGLANDIN D2 SYNTHASE
ALPHA-1-ANTICHYMOTRYPSIN  ALPHA-2-HS GLYCOPROTEIN

2.2.2 Liquid Separations and Mass Spectrometry

Coupling of liquid separations such as LC [154-156] or CE [94, 143, 157-161] to FTICR
mass spectrometry significantly increases the capacity for analyzing complex
samples. Primarily, this can be assigned to the reduced ion suppression and
increased dynamic range compared with direct infusion. Belov, Gorshkov, Smith and
co-workers have further increased the dynamic range by loading the FTICR analyzer
cell after selection in a quadrupole ion trap, called “active dynamic range expansion”
[162-164]. Smith et al. have also used this quadrupole to induce fragmentation to
generate MS/MS type data [165]. A suitable figure-of-merit to compare direct
infusion and different on- and off-line separations and mass spectrometry is how
much information can be obtained in a given time and/or with a given amount of
sample. The simplicity and reliability of direct infusion and the time needed to re-
equilibrate LC columns and CE capillaries between each run should also be taken
into account (or alternatively, several LC or CE systems could be coupled to the same
mass spectrometer). Figure 23 shows an LC-FTICR mass chromatogram and a CE-
FTICR electropherogram of CSF tryptic digests.
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Figure 23 (color panel, opposite side). LC-FTICR (A) and CE-FTICR (B) analysis
of cerebrospinal fluid tryptic digests. LC and CE data was acquired with skillful
assistance of M. Ramström and M. Wetterhall respectively. Peaks were picked
automatically by an AURA macro run in XMASS. The macro performed time-
domain convolution with squared sine functions of period equal to the
sampling time followed by peak picking using the function supplied with the
XMASS software and centroid fitting to each peak. The generated peak report
files were merged and analyzed by ESIMSA and DATACOMP. The
logarithmically scaled intensities (color) and the plots were generated by sifting
out 4/5 (A) or 9/10 (B) of the data points (keeping the maximum in each
interval) using an AWK [166] script before plotting in MATLAB.

The total number of data points in 2D datasets such as those illustrated in Figure 23
is the number of data points in the m/z domain times the number of spectra acquired,
i.e. ~128 kbyte-512 kbyte times 256-512 spectra = 32-256 Mbyte raw data generated in
each run.

When searching the a priori defined body fluid protein database, a significantly larger
number of proteins could be identified compared to the direct infusion spectra of
CSF tryptic digests (Table 3). This comparison with direct infusion experiments
demonstrates that separation methods enhance the ability of FTICR mass
spectrometry to analyze complex biological samples, even given the relatively
modest performance of the LC and CE equipment used here. Figure 24 shows the
distributions of likelihood-ratio based scores for the 150 sequences in the a priori
defined database and the 4861 sequences in the yeast database.

Here, all identifications have been made on mass measurement errors (standard
peptide mass fingerprinting) and a probabilistic notion of the non-randomness of the
distribution of tryptic peptides in the sequence coverage, i.e. the amount of overlap
and contiguity of these peptides.
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Table 3. Proteins identified by mass measurement error and peptide connectivity in a
cerebrospinal fluid digest by direct infusion, liquid chromatography and capillary
electrophoresis electrospray ionization Fourier transform ion cyclotron resonance
mass spectrometry from a 150-sequence a priori selected database. Proteins in
boldface were ≥99% significant, others 95-99% significant. At most 1-2 of the proteins
on the 99% significance level can be expected to be random matches and 4-6 in the
95-99% interval (redundant sequences not shown in table).

direct infusion LC-FTICR CE-FTICR

SERUM ALBUMIN SERUM ALBUMIN SERUM ALBUMIN
TRANSFERRIN TRANSFERRIN IMMUNOGLOBULIN G
CYSTATIN C COMPLEMENT COMPONENT 9 TRANSFERRIN
IMMUNOGLOBULIN G COMPLEMENT COMPONENT C4 TRANSTHYRETIN (PREALBUMIN)
PERLECAN COAGULATION FACTOR IX AMBP PROTEIN1

ALPHA-1-ANTITRYPSIN COMPLEMENT COMPONENT C1S PLASMA KALLIKREIN
COMPLEMENT COMPONENT C4 APOLIPOPROTEIN A-II UROMODULIN2

PROSTAGLANDIN D SYNTHASE ALPHA-2-HS GLYCOPROTEIN VITAMIN D-BINDING PROTEIN3

ALPHA-2-GLYCOPROTEIN 1 COMPLEMENT COMPONENT D HEMOPEXIN
HAPTOGLOBIN PROSTAGLANDIN D SYNTHASE IMMUNOGLOBULIN M
FIBULIN 1 ISOFORM D VITAMIN D-BINDING PROTEIN3 FIBULIN 1 ISOFORM A
ACTIN GAMMA LACTOTRANSFERRIN ALPHA-1B-GLYCOPROTEIN
ALPHA-1-ANTICHYMOTRYPSIN PLASMA RETINOL-BINDING PROTEIN APOLIPOPROTEIN A-IV

VITRONECTIN ALPHA-2-MACROGLOBULIN
STATHERIN PROTEIN Z
CLUSTERIN4 ALPHA-2-HS GLYCOPROTEIN
ALPHA-1-ANTICHYMOTRYPSIN COAGULATION FACTOR XI
APOLIPOPROTEIN A-IV FIBRINOGEN ALPHA CHAIN
ALPHA-2-MACROGLOBULIN ALPHA-1-ANTITRYPSIN
IMMUNOGLOBULIN M COMPLEMENT COMPONENT C4
SERUM PARAOXONASE/ARYLESTERASE 1 FACTOR IX
IMMUNOGLOBULIN G COMPLEMENT FACTOR 9
FIBRINOGEN ALPHA FIBRINOGEN GAMMA CHAIN
ANTITHROMBIN III APOLIPOPROTEIN C-III
HEMOPEXIN CLUSTERIN4

FIBULIN 1 ISOFORM A CYSTATIN C
COMPLEMENT SUBCOMPONENT C1R CYTOKERATIN
CYSTATIN C PROTEIN SAP1
ACTIN BETA ALPHA-2-HS GLYCOPROTEIN
ALPHA-1B-GLYCOPROTEIN ALPHA-1-ACID GLYCOPROTEIN 25

GLIAL FIBRILLARY ACIDIC PROTEIN
ALPHA-2-HS GLYCOPROTEIN
LEUCINE-RICH ALPHA-2-GLYCOPROTEIN
TRANSTHYRETIN (PREALBUMIN)
ALPHA-1-ACID GLYCOPROTEIN 25

IMMUNOGLOBULIN A
ACTIN GAMMA
AMBP PROTEIN1

PLASMA KALLIKREIN
S-100 CALCIUM-BINDING PROTEIN A7

1CONTAINS ALPHA-1-MICROGLOBULIN (PROTEIN HC) AND INTER-ALPHA-TRYPSIN INHIBITOR LIGHT CHAIN (BIKUNIN)
2TAMM-HORSFALL URINARY GLYCOPROTEIN
3DBP (GC-GLOBULIN)
4COMPLEMENT-ASSOCIATED PROTEIN SP-40,40) (COMPLEMENT CYTOLYSIS INHIBITOR) (CLI) (NA1 AND NA2)
 (APOLIPOPROTEIN J) (APO-J) (TRPM-2)
5AGP 2 (OROSOMUCOID 2)
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Figure 24. Distribution of mass measurement errors and peptide connectivity
likelihood scores for 150 body fluid proteins (+,*) in an LC-FTICR mass spectra
of CSF compared to 4861 S. cerevisiae sequences (·). The LC-FTICR dataset
contained 70204 peaks, which could be reduced to 16296 isotopic clusters and
6551 unique masses. Asterisks (*) denote 95% significant matches.

In addition to the accurate mass measurement and distribution of peptides in the
protein sequence, containing information on the non-random behaviour of trypsin,
protein structure, post-translational modifications and database sequence errors,
there is also information on the physiochemical properties of the individual peptides.
This is primarily hydrophobicity in reversed-phase chromatography [124-128] and
size and charge in capillary zone electrophoresis [129-138]. A predictor of retention
time according to Eq. 11 was “trained” by least squares fit to 103 measured retention
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times for tryptic peptides of serum albumin and transferrin in CSF [Paper VII]. HSA
contains only one tryptophan residue and should not be used alone to train a
predictor based on amino acid composition, especially since tryptophan is also one of
the most hydrophobic residues. Table 4 show the retention coefficients found by
fitting to Eq. 11. In this separation, the pH of the mobile phases was ~3. The pH has
been shown to be very important in reversed-phase chromatographic retention and
electrophoretic migration of peptides [138, 167].

Table 4. Retention coefficients in mass spectrum numbers (#) and minutes for the 20
amino acids derived from tryptic peptides of human serum albumin and transferrin
in a CSF tryptic digest analyzed by reversed-phase LC-FTICR mass spectrometry and
acidic (pH ~3) mobile phases [Paper VII]. As expected, these have a positive
correlation with hydrophobicity.

amino acid retention coefficient (#) retention coefficient (min)

arginine (Arg or R) -4.02 -0.76
serine (Ser or S) -3.75 -0.71
lysine (Lys or K) -3.47 -0.66
asparagine (Asn or N) -2.87 -0.54
glutamic acid (Glu or E) -1.39 -0.26
aspartic acid (Asp or D) 0.23 0.04
glycine (Gly or G) 1.53 0.29
threonine (Thr or T) 1.94 0.37
alanine (Ala or A) 2.18 0.41
histidine (His or H) 3.00 0.57
proline (Pro or P) 5.10 0.97
methionine (Met or M) 5.19 0.98
glutamine (Gln or Q) 5.37 1.02
cystein (Cys or C) 6.98 1.32
leucine (Leu or L) 12.04 2.28
valine (Val or V) 12.88 2.44
phenylalanine (Phe or F) 14.13 2.68
isoleucine (Ile or I) 14.24 2.70
tyrosine (Tyr or Y) 14.67 2.78
tryptophan (Trp or W) 24.69 4.68
(T0) (25.17) (4.77)

Figure 25 shows the correlation between predicted and measured retention for the
103 peptides of serum albumin and transferrin in the LC-FTICR mass spectra
identified by accurate mass measurement alone. This is contrasted with the
correlation between predicted retention for 622 peptides from 100 yeast proteins
showing only a weak correlation to the measured retention for the randomly
matching peptides in CSF (Figure 25 B). This weak correlation is due to a correlation
between peptide size and retention time.
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In itself, the information on retention time is not sufficient to identify proteins in
complex mixtures, but it is complementary to the mass measurement and peptide
connectivity and can hence be used to resolve ambiguities and increase the
significance of protein matches in LC-MS of whole sample tryptic digests. The same
approach could also be applied in CE-MS experiments.

Figure 25. Correlation between predicted and observed retention for HSA and
transferrin tryptic peptides (A) and random matches from 100 yeast proteins
(B). No increase of the relative prediction error with peptide size was observed
for this predictor. This could however be expected to limit the performance of
improved predictors as larger peptides have more possibilities for
intramolecular interactions and secondary structure that are likely to influence
chromatographic behavior. The most prominent outlier in A, HSA 66-75
(LVNEVTEFAK), is conceivably a random (false) match.

Combining information from retention/migration time prediction, accurate mass
measurements and non-randomness of matching peptides in peptide mass
fingerprints in a total χ2-score improves the significances of found proteins and the
number of proteins identified with a sufficient statistical significance. This predictor
is based on a very simple model of retention and the accuracy could be expected to
improve if more advanced features are incorporated. One such improvement would
be to use a secondary structure predictor (a review was recently published by Rost
[168]) to estimate the number of intramolecular hydrogen bonds and solvent
accessibility to amino acid side-chains. These are likely to play an important role for
peptide behavior in reversed-phase chromatography.
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Computer software was written that combined analysis of raw data with peptide
mass fingerprinting and database searches. The raw data analysis consisted of
apodization by time-domain convolution of a gaussian or a half-period sine function,
automated peak picking and deconvolution to unique masses and their retention
times, i.e. maxima for all selected ion chromatograms). In the LC-FTICR mass
chromatogram discussed here, 70204 peaks were found and reduced to 16296
isotopic clusters and 6551 unique peptide masses. The whole process took a few
seconds on a standard PC and matching to protein databases took about 1 s/100
sequences.
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3. CHARACTERIZATION OF PEPTIDES AND PROTEINS

3.1 Methods

The Bruker FTICR instrument was originally equipped to perform SORI-CID
experiments. So-called capillary/skimmer (or nozzle/skimmer) fragmentation could
also be easily achieved by altering the capillary and/or skimmer potential. Electron
capture dissociation was initially performed using the filament for internal (in-cell)
electron ionization supplied with the instrument. This filament was later replaced by
a large-area (78 mm2), indirectly heated, cathode of dense porous tungsten
impregnated with a barium calcium aluminate emission mix. This cathode produces
a wider and more homogeneous electron beam, greatly simplifying ECD
experiments. The electron beam has a 28 mm2 cross-section in the cell (limited only
by the entrance to the cell) overlapping with ions stored in the cell. A more complete
description on this cathode, its mounting into the instrument and characteristics have
been published by Tsybin et al. [110]. In the experiments described here, the cathode
heating current was 2.2-2.3 A and the irradiation time 100-250 ms.

Electrospray ionization was described in 2.1.5 and the FTICR mass spectrometer in
2.1.6. ECD was combined with liquid chromatography by simply alternatively
acquiring normal (precursor) and ECD (precursor+fragments) spectra (Figure 26).
More details on this experiment are found in Paper III.

Figure 26. The experimetnal setup combining liquid chromatography and
electron capture dissociation and FTICR mass spectrometry. The electron beam
was pulsed by changing the extraction grid potential, alternating between
acquiring precursor and fragment spectra.
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3.2 Results and Discussion

In addition to the identification of proteins made by comparison with genome-
derived sequences in a database, biochemists are frequently interested in learning
about the post-translational modifications of proteins, as these are often important
for structure and biological functions. Electron capture dissociation and mass
spectrometry have been shown to be the methods of choice for characterizing such
covalent post-translational modifications as O-glycosylations [51] and
phosphorylations [53, 57, 61]. These modifications, if unpredicted, cause tryptic
peptide fragment masses to differ from those calculated from DNA sequences.
Measured peptide masses can also be different from those predicted due to errors or
polymorphisms (differences between individuals) in the DNA sequence, frame shifts
or alternative splicing.

A small neuropeptide, substance P, could be completely sequenced in a matter of
seconds [Paper II]. With the improved electron source it was possible to observe ECD
fragments on the millisecond time-scale for several small peptides [110]. ECD also
preserves labile modifications, such as tyrosine sulfates, here shown on a fragment of
the protein hirudin (Figure 27). These groups are easily lost in collision induced
dissociation, and hence can not be localized within the peptide.
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Figure 27. Electron capture dissociation of tyrosine-sulfated fragment 54-65 of
hirudin (GDFEEIPEEYLQ). Alkali metal ions are associated with the sulfate and
appear to stabilize the modification in ECD experiments. Hirudin is a potent
anticoagulant from the bloodsucking leech, Hirudo medicinalis [169]. Electron
capture dissociation characterization of tyrosine sulphate has not been reported
previously. The peptide was kindly provided by M. Danfelter.

The high-rate of fragmentation using the new, large-area cathode enables coupling of
ECD on-line with liquid separation techniques. Proof-of-principle experiments
combining LC and ECD with FTICR mass spectrometry were performed [Paper III].
A BSA tryptic digest was separated on a RPC column and analyzed with ESI-FTICR
and ECD (Figure 28).

Neither chromatographic separation nor conditions for ECD were optimized in this
experiment, and it is likely that further improvement of the technique will increase
the number and completeness of sequence tags generated from a protein tryptic
digest. If two different enzymes are used, for instance trypsin (cleaving the peptide
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bond on the C-terminal side of Arg and Lys) and Glu-C (C-terminal side of Glu),
overlapping peptides can be generated. If these overlap sufficiently, LC-ECD-FTICR
could be used to sequence and characterize large proteins de novo, similar to shotgun
genome sequencing [170] but on a much smaller scale. This has also been called the
“bottom up” approach as compared to the “top down” approach [171].

Figure 28. Contour plot of LC-ECD-FTICR mass spectra of a BSA tryptic digest.
The inset shows the region 800-900 Th with the most abundant peaks identified.
The effect of alternatively acquiring spectra with and without electrons is seen
in the alternating intensities in the tails of the most abundant peaks.

Figure 29 shows the distributions of tryptic peptides and 13 complete and partial
sequences of these peptides generated by ECD. Any one of these sequence tags is
sufficient to identify the protein.
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Figure 29. Tryptic peptides from bovine serum albumin, BSA, in an LC-FTICR
mass chromatogram with sequence tags generated by on-line electron capture
dissociation. Each sequence tag was sufficient to uniquely identify the protein
and species in a Mascot sequence query using the measured precursor ion mass
and the sequence tag [140].

Recent improvements include a data-dependent ECD, where electron energy and
pulse duration depends on the m/z and intensities of the tryptic fragments eluting
from the column. The combination of ECD and LC in the characterization of larger
proteins would be particularly useful in the presence of labile post-translational
modifications such as those discussed here. In theory, all such modifications could be
localized down to the amino acid residue and mass determined even in a large
protein, assuming that a proteolytic enzyme or a combination of enzymes can cleave
the protein into suitably large fragments for ECD.
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4. PEPTIDE AND PROTEIN STRUCTURE AND INTERACTIONS

4.1 Methods

Electrospray ionization mass spectrometry is a powerful tool in the study of
biomolecular structure and interactions [172]. Protein/ligand complexes [108, 173],
water clusters [174] and protein-bound water [173], intact ribosomes [78, 79] and
even viral particles [80] have recently been successfully analyzed by mass
spectrometric techniques. For an extensive review on non-covalent interactions and
electrospray mass spectrometry, see Przybylski and Glocker [175]. The methods used
in the studies of peptide structure and interactions differ from those generally used
for peptide and protein electrospray mass spectrometry in some important aspects.
Standard electrospray solvents with 50% MeOH or ACN are replaced by H2O or a
weak aqueous buffer. When studying non-covalent complexes, the conditions for
electrospray and transfer of ions to the FTICR cell should also be such that the
complexes survive to be measured.

In the Bruker FTICR instrument, the most important parameters are the
capillary/skimmer potentials and the hexapole storage time. By varying these, the
amount of non-covalent complexes surviving could be influenced. Higher
capillary/skimmer voltage induces fragmentation by energetic collisions with
residual gas molecules. The shorter the hexapole storage time, the more non-covalent
complexes and clusters survive into the mass analyzer. The exact electrospray
solvent compositions can be found in the method sections of papers VIII and IX. The
graphite/polyimide coated fused silica capillaries [92, 101] were used for the
experiments presented here. For a description of the electrospray interface and the
FTICR mass spectrometer, see 2.1.5 and 2.1.6.

Non-covalently associated oligomers of peptides and proteins can be successfully
studied by electrospray ionization mass spectrometry. At millimolar concentrations
such aggregates can be formed in the electrospray process [176], however, certain
peptides are known to self-associate in solution also at much lower concentrations,
and these aggregates can also be studied by electrospray ionization. Here two types
of such peptides, Aβ-peptides, forming the amyloid plaques intrinsic to Alzheimer’s
disease pathogenesis, and two tripeptides GPG and ALG shown to inhibit formation
of HIV capsids in vitro [177, 178] are used to illustrate the applicability of ESI-FTICR
mass spectrometry to the study of non-covalent interactions between biomolecules.

Another way mass spectrometry can be used to probe secondary and higher order
structures is by measuring structure-dependent deuterium incorporation into
peptides. A new approach to the analysis of such hydrogen/deuterium exchange
(HDX) mass spectra will also be discussed in this chapter.



55

4.2 Results and Discussion
4.2.1 Amyloid β-Peptides, Structure and Aggregation

The applicability of FTICR mass spectrometry to specific biological problems is
illustrated by an investigation of early events in the oligomerization of the amyloid
β-peptide (Aβ). The amyloid β-peptide is a 39-43 amino acid long peptide derived
from a larger transmembrane protein, the amyloid precursor protein (APP). Aβ is the
central component of neuritic plaques in the Alzheimer’s disease (AD) brain. A large
number of studies have focused on the structure, aggregational properties and fibril
formation [179-183], and neurotoxicity [184, 185] of Aβ peptides and their roles in
AD.

Aβ peptides have a methionine residue in position 35. Oxidation of this methionine
to methionine sulfoxide [Met35(O)] has been detected in samples extracted from
post-mortem AD plaques [186]. Few studies have explored the consequences of
Met35 oxidation on peptide chemical characteristics or biological actions. There are,
however, some intriguing findings and some contradicting reports. Substituting the
Met35 in synthetic Aβ1-42 with Met35(O) results in enhanced Aβ1-42 mediated
cellular toxicity [187, 188]. Whether these actions are a consequence of attenuated
[189] or accelerated [188] fibril formation remains to be determined. Aβ(1-
40)Met35(O) is less prone to aggregation and fibril formation compared to Aβ(1-40),
shown in circular dichroism studies [190]. This is also reflected by inhibition of
conformational switching of Aβ(1-40)Met35(O) from random coil to β-sheet,
observed using millimolar peptide concentrations and NMR [190]. The inhibited
aggregation can, however, be overcome by increasing the concentration of Aβ(1-
40)Met35(O). Peptide fibril formation is a complex multi-step reaction involving the
transitional formation of numerous oligomeric [191] and protofibrillar [192, 193] Aβ
species. Clarification of what steps in the oligomerization cascade underlie the
affected aggregation rate of Aβ(1-40)Met35(O) would therefore increase our
understanding of fibrillization and of the forces determining peptide structural
changes. This could in turn be important for understanding the toxicities of different
Aβ species.

This study was aimed at investigating the consequences of Met35 oxidation on the
formation of small Aβ peptide oligomers and also to attempt to find oxidation
mediated rate limiting steps in the fibrillization cascade of the Met35(O) modified
Aβ(1-40) peptide using ESI-FTICR mass spectrometry. Electrospray ionization mass
spectrometry has previously been used to detect and characterize Aβ peptides in
vitro [194] as well as in vivo [195]. Using gentle ESI conditions, small aggregates of
Aβ(1-40) in water can be transferred to the gas phase and detected, making it
possible to monitor aggregation of Aβ(1-40) over time [194]. The oligomer
distribution detected by ESI mass spectrometry [194] is similar to that approached in
the short irradiation time limit of photo induced cross-linking experiments [196].
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One advantage in using the high resolving power of a 9.4 T FTICR instrument is that
homo- and heterooligomers of Aβ(1-40) and Aβ(1-40)Met35(O) can easily be
resolved. Furthermore, the sensitivity of the technique allows aggregation kinetics to
be studied using nano- and micromolar concentrations of Aβ, more closely
resembling the in vivo situation [197].

The oxidation of Met35 was verified using nozzle/skimmer CID (Figure 30). The
figure shows the C-terminal sequence of Aβ(1-40)Met35(O) read from a series of
quadruply charged b-ions [198] from the quadruply charged parent ion [Aβ(1-
40)Met35(O)+4H+]4+ resulting from collision induced dissociation in the capillary/
skimmer region. The b-ions covering residues 3-40 could be identified in this
spectrum.

Figure 30. The C-terminal part of the sequence of Aβ(1-40)Met35(O) can be read
as a ladder of quadruply charged b-ions starting from the quadruply charged
Aβ(1-40)Met35(O).
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The mass difference measured between the most intense isotopic peaks and
corresponding to the methionine residue was found to be 147.0356 Da, within the
experimental mass measurement error from the theoretical monoisotopic mass of
Met(O) (C5H9NO2S) of 147.0354 Da. As a comparison, the mass difference
corresponding to a phenylalanine residue (C9H9NO) in this position would be
147.0684 Da. The almost complete sequence coverage demonstrates the ability to
identify modifications of Aβ peptides while studying aggregation kinetics using the
FTICR mass spectrometer.

Figure 31. Oxidation of Met35 attenuates formation of trimers (d and h) (and
tetramers) in Aβ(1-40) . The trimer signals converge after longer incubation (g
and h). The dimer intensities were very similar throughout the experiment (a, b,
e, f).

The results show that Aβ(1-40)Met35(O) trimer and tetramer formation is
significantly attenuated compared to Aβ(1-40) (Figure 31). This in combination with
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the findings of others suggests that oxidation of Met35 inhibits a conformational
switch in Aβ(1-40) necessary for trimer but not dimer formation.

Random incorporation of Aβ(1-40) and Aβ(1-40)Met35(O) in homo- and
heterooligomers could also be observed (Figure 32), indicating that oxidation of
Met35 is of little or no importance in the formation of dimers. This is also consistent
with the predicted structure of Aβ(1-42) dimers where the Met35 side-chains are not
located in the dimer interface. Slowing of the fibrillization process at this early step is
likely to support prolonged solubility and clearance of Aβ from brain and may
reduce disease progression.

Figure 32. Random incorporation of Aβ(1-40) and Aβ(1-40)Met35(O) in homo-
and heterodimers after 12 h incubation illustrated by a nearly binomial
distribution 1:2:1 of homo- and heterodimers in a 1:1 mixture of Aβ(1-40) and
Aβ(1-40)Met35(O).

The “arctic” mutation in the APP gene is thought to cause AD by enhanced Aβ
protofibril formation in a family in northern Sweden [199]. The phenotype is the
most similar to AD of all mutations in the Aβ coding region of the APP gene. When
analyzed by ESI-FTICR mass spectrometry, the arctic mutant Aβ(1-40) peptide [Aβ(1-
40)E22G] (Figure 33), shows similar random incorporation into dimers as wildtype
Aβ (Figure 34).
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Figure 33. The arctic mutant peptide (E22G) [199] verified by nozzle/skimmer
CID.

Figure 34. Random incorporation of Aβ(1-40)E22G and Aβ(1-40)E22GMet35(O)
in homo- and heterodimers in a 1:1 mixture of oxidized and unoxidized
peptide. Trimers showed a significant bias toward less oxidized species.
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4.2.2 Non-Covalent Interaction between HIV-Inhibitory Tripeptides

It was shown with electrospray ionization FTICR mass spectrometry that the
tripeptides GPG and ALG, both with amidated and hydroxylated C-termini have
oligomer distributions strongly biased toward dimers in a concentration range from
low micromolar to millimolar. This is particularly interesting as the proposed
mechanism of inhibition involves interaction with conserved GPG and ALG motifs in
the HIV capsid protein p24 [177, 178]. Furthermore, it could be shown that dimers
also form complexes with Na+ and K+ in micromolar concentrations, possibly by
chelating the alkali ion in a “pocket” formed between the monomers in dimer
structures from molecular dynamics and density functional theory by D. van der
Spoel and J. Raber (unpublished results). Figure 35 shows mass spectra of protonated
and potassiated dimers of GPG-OH and GPG-NH2 with intensities scaled for clarity.

Figure 35. Protonated and potassiated dimers of GPG-OH (A) and GPG-NH2

(B). Dimers were found to be preferentially formed, although weakly associated
trimers and tetramers could be detected as well at millimolar concentrations.

One way of ascertaining relative stabilities of non-covalent complexes in the gas
phase is by applying a variable amount of sustained off-resonance irradiation [108,
200]. The SORI frequency offset was 300 Hz from the monoisotopic peak and the
irradiation power attenuation was varied between 28 and 42 dB. The power
attenuation dB is defined as

appliedV
VdB maxlog20= (12)

where maxV  was 300 V (peak-to-peak). Argon was used as collision gas.
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The pressure in the FTICR was not known exactly but was precisely controlled by
keeping the inlet reservoir pressure and the inlet time constant between
measurements. The monoisotopic intensity was measured as a function of SORI
attenuation. To eliminate any contribution from fluctuations in signal intensity due
to the electrospray ionization or other external factors, the monoisotopic intensities
were compared with the intensity of the first isotopic peak, unaffected by SORI of the
monoisotopic species (if the frequency offset and bandwidth are small enough).

The results from SORI experiments of GPG dimers did not show any significant
difference between the stabilities of protonated, sodiated and potassiated dimers as
suggested from calculated structures with chelating alkali ions. There could be at
least two explanations for this. The predicted structure could be incorrect or the
difference in stability is too small to be detected by SORI in this experimental setup.

Figure 36 shows the ratio of monoisotopic species to the first isotopic species
normalized to the native distribution, i.e. in absence of SORI, for sodiated and
potassiated GPG-OH. Each dataset is the sum of 32 accumulated spectra and three
such datasets were acquired for each attenuation and peptide, alternating between
SORI of sodiated and potassiated dimers to avoid systematic errors caused by
instrument drift.

Figure 36. Dimer signals as functions of SORI amplitude. No significant
difference in stability of complexes between GPG-OH dimers and Na+ and K+

could be detected in these SORI experiments.
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These experiments are shown to illustrate another tool available in FTICR mass
spectrometry - the possibility to study non-covalent associations of biomolecules and
measure, at least in relative terms, the dissociation energies. Absolute measurements
of gas-phase dissociation energies are possible, but require control and variation of
vacuum system temperature and equilibrating trapped ions with the temperature of
the system by infrared radiation [201, 202].

4.2.3 Hydrogen/Deuterium Exchange Mass Spectrometry

Hydrogen/deuterium exchange (HDX) experiments allow us to look at the stability
and flexibility of a protein by monitoring the rate of exchange of amide hydrogens
with the bulk solvent [203-208]. HDX can also be used to map intermolecular
interaction interfaces [209]. This exchange rate depends on the intra- or
intermolecular hydrogen bonding of the amide hydrogens and on the structural
dynamics of the protein. Mass spectrometry can be used to detect the number of
hydrogens exchanged for deuterium or vice versa by simply measuring the mass of
the total peptide or protein and compare this with undeuterated controls.

The H/D exchange reaction can be quenched by lowering pH (or pD) and
temperature. The exchange rate has a minimum near pH 2.7 [204]. To retrieve spatial
information, the protein can be digested by a proteolytic enzyme. Pepsin is one such
enzyme that function well at pH 2.7 and 0°C. The protein can also be fragmented in
the gas phase by techniques such as CID or ECD, however the amide hydrogens may
scramble and information may be lost, or more correctly, the amide deuterium
distribution in the gas phase does not correlate with the distribution in liquid phase.
These techniques can potentially give the exchange rates of individual amide
hydrogens and information comparable with that obtained by HDX experiments in
NMR. (NMR can also differentiate between H and D, since D has integer spin and
does not show up in 1H-NMR.) The advantages of mass spectrometry over NMR in
this context are a 10000-fold increase in sensitivity and a tenfold larger size of
proteins that can be studied [207]. The speed and throughput is also much higher in
MS than in NMR.

Figure 37 shows a peptic digest of sheep myoglobin after 1 min HDX. Note the width
and shape of the isotopic distributions in this spectrum. These isotopic distributions
are convolutions of the intrinsic isotopic distribution of the peptides and the
distributions of incorporated deuterium. To extract information on the deuterium
distributions, the experimentally obtained isotopic distributions can be fitted by a
model that takes both the natural isotopic distribution and the incorporation of
deuterium into account. At the same time, a combination of accurate mass
measurement and goodness-of-fit for such a model can be used to identify peptic,
CID, or ECD fragments in HDX mass spectra. This identification can also be done by
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comparison with undeuterated controls, but this does not allow for any change or
drift in the conditions for peptic digestion or fragmentation. Paper IX shows that it is
possible to combine the accurate mass determination and isotopic distributions in
FTICR mass spectra to uniquely and correctly identify fragments, regardless of the
amount of deuterium incorporation. The problem of fitting experimental and model
isotopic distributions with respect to one or more free parameters in the model
becomes computable when the isotopic distributions are calculated using the FFT
method by Rockwood and van Orden [210, 211]. This method was further improved
by extensive use of oversampling when calculating the transforms of the isotopic
distributions, using integer mass modulo a small integer, typically 64 or 128, chosen
to be larger than the width of the largest isotopic distribution to be calculated.

A computer program performing this task, AUTOHD, was made freely available on
the Internet and has been used by several other groups working with HDX as a tool
to study protein structure or folding.

Figure 37. Part of sheep myoglobin (MB) FTICR mass spectrum after 1 min in D2O
acquired by J. Buijs. The isotopic distributions contain information on the
exchange rate constants and hence on the structural dynamics of the protein.
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Figure 38 shows typical output from AUTOHD applied to an FTICR mass
spectrum of sheep myoglobin where the mass accuracy was not sufficient to
identify the peptide. Virtually all peptic fragments could be correctly and uniquely
identified in myoglobin spectra by this algorithm combining accurate mass
determination and modeling of the amide deuterium exchange assuming one
average probability for deuterium incorporation for all amide hydrogens in the
peptide. What this algorithm does is to extract useful information from all
measured data, not only averages over a large number of isotopic peaks. The
information could be retrieved in the form of values of parameters in the model
for amide deuterium incorporation fitted to experimental data. Alternatively,
information could be used to choose between or discard structural-dependent
models of deuterium incorporation. It is conceivable that a certain model may fit
the average mass but not the isotopic distributions. Exchange of different amide
hydrogens in proteins can be correlated [212], in which case the model will be
more complicated and involve more parameters.

To summarize this chapter, we first note how versatile a tool FTICR mass
spectrometry is in the study of peptides and proteins. The mass range and resolving
power make it possible to study very small changes, for instance binding of a small
ligand, in large proteins. While studying non-covalent interactions between peptides
and smaller proteins, these can also be sequenced by methods such as electron
capture dissociation or collision induced dissociation. This is useful if the peptide or
protein also undergoes chemical modification. In FTICR mass spectrometry isotopic
distributions are easily resolved. These distributions contain information that can be
used in isotopic exchange studies [213, 214][Paper IX] or to determine oxidation
states of metalloproteins [215][Paper IV].
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Figure 38. Output from computer program AUTOHD (A) fitting peptic
fragment 70-106 of sheep myoglobin (crosses) to measured data (circles) (B).
The second best fit was fragment 62-99 (diamonds). The bottom line is that
isotopic distributions contain information on the exchange rate constants that
can be extracted by algorithms such as this. The low value of 1-α indicates that
experimental errors were overestimated, however this does not compromise the
performance of the algorithm. This approach works well for smaller proteins
(<50 kDa) [Paper IX].
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5. CONCLUSIONS
The experiments and results presented in this thesis demonstrate that mass
spectrometry, in particular Fourier transform ion cyclotron resonance mass
spectrometry, is an extremely versatile and powerful tool in biology.

Further improvement of supporting liquid separations and in vacuo fragmentation
techniques such as electron capture dissociation will increase the amount of
information extracted from complex biological samples.

The results also illustrate that electrospray ionization can be successfully employed
in the study of non-covalent complexes and their properties in liquid and gas phases.
FTICR mass spectrometry is a competent tool in such analyses, providing several
independent methods for obtaining sequence and structural information and for gas-
phase stability measurements.

I strongly believe that the potential of Fourier transform ion cyclotron resonance
mass spectrometry has only begun to be realized in biochemistry and biology and
that many new applications will be seen in the future.
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