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Chapter 1

Introduction

The fragmentation of peptides and amino acids as induced by keV ions or photons plays an
important role in fields like biomolecular radiation damage, protein sequencing and astrobi-
ology.
The leitmotif of this thesis is the question to which extent molecular structure determines the
fragmentation dynamics in such systems.
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2 Introduction

1.1 Radiation damage

Over the last decades, proton therapy of malignant tumors has developed into an established
form of radiotherapy. In the 1990s heavy-ion therapy emerged which is even more promising
for selected tumors. Heavy ions allow unrivaled damage localization within the body and can
give access to otherwise untreatable tumors. During the last decade we witness the emer-
gence of enormous social and corporate interest in ion therapy, resulting in the planning and
construction of public and first commercial particle treatment centers all over the world. The
main advantage of ion therapy as compared to conventional radiation therapy is its finite and
energy-dependent penetration depth in biological tissue,leading to the phenomenon of the
so-called Bragg-peak. At the Bragg-peak, fast ions are slowed down to MeV energies and
below. Ion velocities become comparable to velocities of molecular valence electrons and the
energy deposition into the medium maximizes. The biological effectiveness can be strongly
enhanced.

Naturally occurring cosmic proton and heavy-ion irradiation is one of the constraints on
manned space exploration. Even for heavy shielding, a trip to Mars would lead to a 1% per
year additional cancer risk with an error bar extending up to5% per year [1]. The August
1972 solar proton storm (in between two Apollo missions) wasthe strongest ever recorded
and lasted about 15 hours. Astronauts in Earth orbit would have been exposed to a severe
dose of 1 Gy of radiation even with heaviest shielding. With light shielding, a lethal dose of
more than 4 Gy would have been accumulated by the astronauts.

The molecular mechanisms underlying the exceptional cell killing efficiency of ions have
been subject of intense research resting upon the pioneering work of Sancheet al. [2]. The
investigation of this issue in macroscopic systems (in vivoand in vitro) is generally hindered
by the enormous complexity of the systems under study. Simplified systems such as isolated
deoxyribonucleic acid (DNA) building blocks on the other hand can be studied easier but
are often criticized to be of limited relevance from a biological point of view. Studies on
nanoscale model systems which bridge the gap between these regimes are thus an essential
step for an advancement of the field.

As an example, biological effects of ionizing radiation areclosely related to the complex-
ity of the induced DNA strand breaks. The induction of doublestrand breaks is potentially
the most lethal or mutagenic process. The relative biological effectiveness (RBE) for dou-
ble strand break production is higher for densely ionizing radiation (e.g. heavy ions) than for
sparsely ionizing radiation (e.g. photons). However, thishigher efficiency for strand break in-
duction does not sufficiently explain the differences in biological effect between photons and
heavy ions. It was suggested that densely ionizing radiation leads to formation of clustered
double strand breaks. Only very recently, such clusters could be identified in experiments on
plasmid DNA thin films by atomic force microscopy [3] but the underlying molecular mech-
anisms remain vaguely understood. Therefore in track structure simulations, clustered strand
breaks are difficult to include [4].

An ideal model system for studies of the fs-dynamics underlying biological radiation
damage on the molecular level must consist of chromatin-like complexes embedded into an
environment that closely mimics the situation in a cell nucleus. The environment is of key
importance, because biological effects result not only from the direct impact energetics of
radiation but also from the action of reactive species produced along the track, e.g. OH
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Figure 1.1: Nucleosome core particle which is composed of histone proteins encircled by two loops of
DNA (light brown). The amino acid composition of the proteins is shown in schematic colors such as:
glycine (light grey), alanine (dark grey) and valine (green).

radicals and solvated electrons formed by water radiolysis. If the lifetimes and mean free
paths of these products are long enough, they can transfer energy to neighboring DNA and
cause critical damage. Even though the energy transferred to DNA in a single indirect process
will be much lower on average than for the direct primary interaction, the number of indirect
processes and the associated cross section can be orders of magnitude larger. On a molecular
level, little is known about the physical processes involved in direct and indirect biological
radiation damage for heavy-ion irradiation, let alone on the relative importance of direct and
indirect effects.

Pioneering studies on biological radiation damage on the single-molecule level have dealt
with ionization and fragmentation of isolated DNA buildingblocks [5, 6]. The chromatin in
the nuclei of most cells consists of nucleosomes in which DNAis wound around disc-shaped
protein spools, the histones (see fig. 1.1). Even though these histones make up about half of
the chromatin mass [7], ion protein interaction has received only little attention, yet. The ion
interaction with these proteins is biologically relevant for instance since secondary particles
formed during the radiation might damage the neighboring DNA.

Previously almost all experiments on radiation action on isolated biomolecules have been
limited to smaller molecules that can be brought into vacuumby evaporation [8–14]. To
overcome this limitation, we have built the new experimental setup ”Paultje” which allows to
conduct fragmentation studies on more complex biomolecules.
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1.2 Peptide sequencing

Dissociation of mass–selected peptide ions is a basic technique for peptide and protein iden-
tification by means of mass spectrometry. To obtain information about the peptide sequence
as well as the fragmentation mechanisms, for instance excitation by collisions with rare gas
atoms (collision induced dissociation [15]) and surfaces (surface induced dissociation [16])
is employed.

By using these conventional methods dissociation occurs onrelatively large timescales
after redistribution of the internal energy and mainly scission of the peptide backbone is
induced. KeV ion interactions transfer several 10 eV on a fs timescale which leads mainly to
formation of peptide side chain ions as well as multiply charged species.

KeV ion–induced dissociation (KID), which is introduced inthis thesis, is a promising
new tool for peptide dissociation, not only because fundamentally different dissociation dy-
namics occur, but also because ion kinetic and potential energies can be varied over a wide
range. Efficient dissociation of very large peptides and small proteins is feasible due to the
deposition of large amounts of kinetic energy on fs-timescales.

1.3 Astrobiology

Amino acids are the building blocks of peptides and proteins, present in all living organisms
on Earth. Amino acids were found in some meteorites [17–19] and recently the amino acid
glycine was identified for the first time in a comet [20]. This indicates that amino acids or
even peptides are likely to exist in space in larger quantities. Their transport to Earth could
have had important implications for the development of primitive life. In this context, the
degradation of amino acids and simple peptides by interaction with ions and VUV photons
is of fundamental interest. In chapter 7 the question is addressed how photostable the early
peptides on Earth were and whether transportation of gas phase early peptides from space to
Earth was possible.

1.4 This thesis

A milestone goal in the field is the investigation of ion-induced and photon-induced frag-
mentation of large proteins, such as complete histones. Being a pioneering study, this thesis
aims at paving the way for such investigations by studying ion and photon collisions with
the relatively small model-peptide leucine enkephalin (leu–enk). Additionally, systematic
fragmentation studies on different amino acids were performed. The central theme of the
performed studies is the influence of the molecular structure on the fragmentation pathways
upon ion or photon impact. The distinguishing feature of amino acids is their side chain.

• In chapter 4, the effect of side chain location on ion-induced fragmentation of two
different alanine isomers will be presented.

• In chapter 5, ion-induced fragmentation of amino acids with three different side chains
(glycine, alanine and valine) will be compared.
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• In chapter 6, the fragmentation dynamics of the pentapeptide leucine enkephalin upon
keV ion impact will be presented.

• In chapter 7, the results from chapter 6 will be complemented by a systematic VUV
photofragmentation study.

(Above main chapters are identical to the corresponding publications.)
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