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1 Introduction

According to the World Health Organization (WHO), ionizing radiation is a type of energy
released by atoms that travels in the form of electromagnetic waves (gamma or X-rays etc.) or
particles (neutrons, beta or alpha etc.).! On Earth, people are exposed to ionizing radiation every
day, from both natural sources and man-made sources. Natural sources include radiation from
space, the earth, building materials and radioactive elements that are naturally in our body.
Man-made sources are mainly medical diagnostic exams. Normally the amount of ionizing
radiation is small and negligible. However, in certain cases, there is a risk for us to receive
excess radiation. For example, if your house locates in a radium-rich region and has a leaky
foundation, you may be exposed to excess radiation from radon. Accidents with radioactive
materials can also bring surplus radiation to those who are in site. Therefore, radiation research
is crucial to evaluate the potential risks and provide scientific advice for radiation related actions.
Furthermore, radiation research can contribute to the development of basic biological research,

such as DNA damage and repair, and more practical tools, such as radiation therapy.

Of all the living cell lesions caused by ionizing radiation, those affecting DNA are the most
common and important.? Hence, we will focus on radiation-induced processes within DNA
strands in this thesis. We will start by introducing radiotherapy, which is the application of
radiation-induced denaturation of DNA strands. Then we will briefly introduce the basic
information about DNA, including its definition, history and structure. We will then describe
tandem mass spectrometry, a commonly used technique for characterizing DNA in the gas

phase. Finally, there will be a presentation of related work that has been reported in this area.

1.1 Radiation therapy

1.1.1 Biological effect of radiation

Radiation was first discovered by Henri Becquerel in 1896 while studying the emissions
from uranium.® Two years later, Pierre and Marie Curie made a historic announcement of the
discovery of two previously unknown elements: polonium and radium.*® These two elements
exhibited significantly higher levels of radioactivity compared to uranium. The Curies
introduced the term “radioactivity”. In 1903, Becquerel and the Curies shared the Nobel Prize
in Physics because of these discoveries.®” Since then, much more work about radiation had
been done by many physicists, including Rutherford, Debierne, Elster, etc. An important work
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among them was the discovery of artificial radioactivity and the identification of new

radioelements produced in the laboratory by Iréne and Frédéric Joliot in 1934.8

After radiation was first discovered, there was a time when radioactive elements were widely
used in everyday life because people thought they were good for health. With a deeper
understanding of radiation thanks to research, people have learned that, like most things in the
world, radiation has two sides. On the one hand, as Frédéric Joliot successfully predicted in his
official Nobel Lecture®, radiation can be used for cancer treatment and illness diagnosis. On the

other hand, radiation can also be harmful to human health.

As far as its human health risks are concerned, we need to specify what kind of radiation we
are talking about. Based on the energy level, radiation can be divided into two different terms:
ionizing and non-ionizing radiation. Non-ionizing radiation, such as radiowaves, microwaves,
ultraviolet (lower energy part), visible, and infrared radiation, is a type of radiation with lower
energy compared to ionizing radiation. In contrast to ionizing radiation, non-ionizing radiation
does not remove electrons from atoms or molecules in substances such as air, water, and living
tissue, and its energy is even not sufficient for excitation of electrons in most cases. lonizing
radiation, as its name suggests, is a type of energy that extracts electrons from atoms and
molecules found in materials like air, water, and living tissue. Typical ionizing radiation
consists of atomic or subatomic particles (e.g. alpha particles, beta particles, and neutrons) and
electromagnetic waves (e.g. gamma rays, X-rays, and the higher energy ultraviolet part of the

electromagnetic spectrum).

For non-ionizing radiation, there is evidence that it can cause free-radical damage to humans,
animals, plants and microorganisms, because it can disrupt oxidative repair mechanisms,
leading to oxidative stress, harm to cellular components, including DNA, and disruptions to
cellular processes that contribute to the development of cancer.'® However, since non-ionizing
radiation lacks the requisite energy to detach electrons to ionize atoms or molecules, it is
generally accepted that it cannot cause cancer. Most of the literature refers to ionizing radiation
as the radiation that causes health hazards.!*~*® In this thesis, we focus on the physical and

chemical molecular processes induced by ionizing radiation.

For ionizing radiation, it possesses sufficient energy to generate highly reactive and short-
lived molecules known as free radicals by ejecting an electron from the molecules in the
biological tissues. Since water is the most abundant molecule within cells, the majority of free

radicals originate from the radiolysis of water. Moreover, because of their unstable property,
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free radicals can easily react with nearby molecules, resulting in the transfer of chemical
damage. Under physiological conditions, these free-radical reactions typically take place within
a millisecond. These reactions cause chemical damage to the components of the cell, including
proteins, enzymes, membrane components, and more. While these molecules are present in
large quantities within each cell, harm to a few of them likely has minimal impact on the cell's
overall viability since they can be rapidly regenerated. However, there is one cellular
component, found within the cell nucleus, which stands out as nearly unique in its vulnerability:
DNA.

DNA is usually a double-helix molecule composed of a repeating sequence of bases in the
biological environment, which is explained in detail in the next section. The repeating sequence
of bases contains the genetic information needed to encode proteins related to the functions of
cells. Therefore, specific functions of the cells may be lost if radiation-induced damage causes
the loss or modification of the DNA bases, which contains genetic information. Some of these
functions may be essential for cell survival, and their loss could lead to cell death. It makes
DNA the most vulnerable component of a cell when it is irradiated. Fortunately, over the course
of evolution, life on Earth has developed a sophisticated repair system. This repair system can
monitor DNA integrity, recognize and repair DNA damage induced by many processes,
including radiation. However, this repair system can only deal with low-dose radiation, because
high-dose radiation caused DNA damage is beyond the capability of the repair system. Even at
low doses, it can increase the unsuccessful repair of radiation-induced damage and thus increase

the risk of subsequent radiation-induced carcinogenesis.*®’

In fact, biological damage to living tissue cannot be assessed simply by the absorbed dose,
as it is influenced by many factors. Different types of ionizing radiation have different
biological effectiveness in causing damage to living tissue and different tissues and organisms
in the human body have varying sensitivities to radiation. Thus, the dose equivalent H (unit: Sv,
short for Sievert) is used to predict the biological damage to living tissue as a result of radiation

eXposure.

In addition, because it takes time to repair DNA damage, the health risk is lower when the
radiation dose is delivered over a long period of time (instead of being delivered all at once).
For example, a single dose of 1 Sv can cause symptoms of acute radiation sickness (ARS),
which is a sickness that occurs when someone is exposed to high levels of radiation, enough to
harm their blood, digestive system, heart, blood vessels, or central nervous system.
Meanwhile, if the same dose is given to the whole population in one year, 5.5% of them will

3



Radiation-induced processes within DNA in the gas phase

either pass away due to cancer or, if they survive, experience a reduced quality of life.°
Therefore, the dose rate, measured in microsieverts per hour (uSv/hour) or millisieverts per

year (mSv/year), is a crucial parameter to consider in terms of biological damage.

Normally, the annual equivalent dose received by the average population is significantly
lower and comes mainly from natural sources. For example, the average dose to U.S. population
from all sources is 6.2 mSv/year while the natural contribution (including radon & thoron,
cosmic radiation and terrestrial radiation) is 2.82 mSv/year.?’ For comparison, the dose for a
significant increase in cancer risk is above 100 mSv.?* The dose limit recommended by the
International Commission on Radiological Protection (ICRP) is 20 mSv/year for exposed
workers performing occupational activities and 1 mSv/year for the general public.®

1.1.2 Application of radiation

On the other hand, the biological damage to normal living tissue also applies to the cancer
cells. This has led to the development of radiation therapy (also called radiotherapy) since the
discovery of X-rays by Rontgen in 1895 and the following discoveries related to radioactivity.
As we know, cancer is a major worldwide health issue. It causes around 7.6 million deaths
every year?? and the estimated cancer mortality rate for every country across the globe in every
year over the next century is approximately 0.24%.2® Radiation therapy (X-rays, to be more
precise) was first used to treat an advanced ulcerated breast cancer in 1896, less than 60 days
after the discovery of X-rays.?*? The side-effects of radiation were also soon recognized by
people,?® which encouraged the optimization of radiation therapy and promoted the radiation
protection. Nowadays, radiation therapy has become a more accurate, more efficient and less
harmful anticancer therapy, thanks to the discoveries in radiation physics, chemistry and

biology over the last century.?®

As summarized by Thariat et al.,?’ there are three advantages of radiation therapy to treat

cancer:

1) Clinical effective: radiation therapy has been shown to be effective in curing most of
cancers, when combined with surgery and medical treatments. Around half of the cancer

patients are treated with radiotherapy.

2) Treatment conservative: radiation therapy aims to sculpt the optimal dose of radiation on
the tumor volume while sparing normal tissues. This approach helps in preserving the
function and integrity of organs affected by cancer, which greatly improve the life quality

of the cancer patients.
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3) Cost-efficient: radiation therapy, when compared to other treatment options, can be a
cost-effective approach in the management of cancer. It offers a balance between
effectiveness and cost, making it a valuable option for patients.

In the clinical application of radiation therapy, there are several beams used: kilovoltage X-
ray beams, high-energy photon beams (megavoltage beams), electron beams and hadron beams
(including proton and other heavy charged-particle beams).** Figure 1.1 shows the dose profile
of some representative beams in water. The 2.5 MeV photon beam exhibits a sharp dose
increase upon entry, followed by a consistent decrease. The hadron beams (150 MeV protons
and 250 MeV C-12) both show a relatively constant dose deposition along the track and end
with a sharp dose peak. This peak is known as the Bragg peak.?® After the Bragg peak, the dose
rapidly diminishes to nearly zero. The low energy electron beams (5 MeV and 15 MeV) display
a relatively flat dose distribution until reaching the maximum dose, after which there is a sharp
decline in dose. The high energy electron beam (150 MeV) has a similar flat dose deposition
before reaching the maximum dose but has a slow decline in dose thereafter.

100 | ‘ 150%?
80 ' i
< 60/ 25Mey ., |
- 40;/ 150 MeV |
_ o _
20" 250 MeVv protons .
[ C-12 ]
0 g PO e S S gt — — #_

0 50 100 150 200 250 300
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Figure 1.1: Integrated percentage depth-dose profiles of ¢ =5 mm wide pencil beams of 2.5 MeV photons, 5, 15 and 150 MeV
electrons, 150 MeV protons and 250 MeV/u Carbon-12 ions in water normalized to dose maximum simulated using the TOPAS
MC code. Reprinted from Agnese Lagzda, VHEE Radiotherapy Studies at CLARA and CLEAR facilities, doctoral thesis, The
University of Manchester, 2019.2°

In this thesis, we mainly focus on two types of ionizing particles, photon and ion beams,

which correspond to the two types of radiation therapy. In the following, a more detailed

overview of these two types of radiation therapy will be given.
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The photon radiation therapy uses kilovoltage X-ray beams or megavoltage beams (high-
energy photon beams). Kilovoltage x-rays were the earliest form of external beam therapy to
be employed in medical treatment.!! Their disadvantage are that they do not have enough
penetrative qualities. Therefore, multiple overlapping beams are often used to reach a high dose.
They can be further divided into two types, superficial X-rays (10-150 kV) and deep X-rays
(150-400 kV). The former is used for very thin skin lesions and the latter is used for thicker
lesions. On the other hand, high-energy photon beams are the most commonly employed beams
in radiation therapy due to their superior penetration capabilities in comparison to kilovoltage
beams.* At the early stage of photon radiation therapy, high-energy photons are produced by
cobalt-60 radioactive sources. Linear electron accelerators are now the most widely used
radioactive sources for photon radiation therapy because they can produce beams with enhanced
penetration, provide flexibility in selecting beam energy, generate a narrower penumbra at the
edge of the beam, and deliver an increased dose rate. One significant benefit of high-energy
photon beams is the skin-sparing effect thanks to their very low entrance dose (shown in Figure
1.1). This effect becomes more pronounced with increasing energy levels, when the field size

is small (less than 10 cm?).1

The hadron radiation therapy, as shown in Figure 1.1, is able to release most of its energy at
the end of the ion range and show great biological effects there, due to the sharp high-dose
Bragg peak. This is because when the ions are slowed down to velocities similar to those of
valence electrons within the molecules in the medium, the interaction between the ions and the
medium becomes stronger and then the energy transfer increases, causing the ions to stop very
quickly. Thus, it makes the dose-localization possible in clinical application. However, this
Bragg peak is so sharp (usually several millimetres wide) that it cannot cover most deep-seated
tumors, which are about several centimetres wide. To solve this problem, a uniform dose field
created by Spread Out Bragg Peak (SOBP) is used for clinical applications. Figure 1.2 shows
the formation of SOBP by superposing beams of various energies.
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Figure 1.2: The formation of SOBP by superposing beams of various energies. Reprinted from T. Yokoi et al., Beam injection
issues of FFAG for particle therapy, in Proceedings of EPAC, 2008, p. 3401 .%°

1.2 DNA

DNA was first observed in the late 1800s by the Swiss biochemist Frederich Miescher, who
call it “nuclein”.®! In modern biology, DNA stands for deoxyribonucleic acid, which is now
widely known as the genetic material of all known living organisms and many viruses on earth.
However, since Mendel's discovery of the fundamental laws of heredity in 1865,% there has
been a longstanding belief that protein, rather than DNA, is the genetic material. Until 1944,
Avery, McCarty and Macleod had found that DNA is the “transforming factor” in bacteria.®
Although their work was initially not widely accepted by the mainstream scientific community,
it stimulated further research into DNA. Later, in 1951, Chargaff et al. proved that the ratio of
adenine (A) to thymine (T) and of guanine (G) to cytosine (C) is 1 in the DNA of salmon
sperm.3* This finding implied that certain structural principles might apply to DNA. This
finding, together with the X-ray diffraction data from Wilkins and Franklin, helped Watson and

Crick to reveal the famous double helix structure of DNA in 1953.35-37
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In the double helix structure of DNA, as shown in Figure 1.3, there are two strands joined
together, wrapped around the same axis in an antiparallel helical structure to form a twisted
ladder. Each strand is a chain of nucleotides, which are the building blocks of DNA. These
building blocks are made up of a phosphate group, a sugar molecule (deoxyribose) and a
nucleobase. There are four nitrogenous bases in DNA, two purines (adenine and guanine) and
two pyrimidines (cytosine and thymine). The bases are located on the inside of the helix, while
the phosphate groups are located on the outside. Two nucleobases are paired by hydrogen bonds
to form a base plane, one nucleobase from one strand and another nucleobase from the other
strand. The base plane is perpendicular to the central axis.®® The base pairing rules are: firstly,
the purine adenine (A) always forms a hydrogen bond with the pyrimidine thymine (T) on the
other strand; secondly, the pyrimidine cytosine (C) always forms a hydrogen bond with the
purine guanine (G) on the other strand. Because of these rules, the two strands are
complementary to each other. This complementary pattern facilitates the process of DNA
duplication. During duplication, the two DNA strands unwind first by breaking the hydrogen
bonds. A new complementary strand is then synthesized according to the sequence of an old
strand. The synthesis works for both old strands, resulting in two identical new double-stranded

DNA molecules.

Deoxyribonucleic acid (DNA)

‘ 7/ Q Nitrogenous
Major groove base
%
9
Minor groove i
-2

Nucleotide
Thymine Adenine
H
Sugar

Phosphate
group

Sugar-phosphate
backbone

Figure 1.3: The double helix structure of DNA (left) and base pairing rules (right). Courtesy: National Human Genome
Research Institute®
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1.3 Tandem mass spectrometry for characterization of DNA

Mass spectrometry (MS) is an analytical technique that allows measuring the mass-to-charge
(m/z) ratio of atomic or molecular ions in a vacuum chamber, thanks to DC or AC electric fields.
In this section, we will show how mass spectrometry can give valuable information on some
properties of biomolecules such as DNA. To be studied in a mass spectrometer, biomolecules
have to be brought in the gas phase by a source: in early investigations, mostly ovens were used
to heat a powder or liquid of the molecule of interest. However, biologically-relevant molecules
such as DNA chemically react and decompose upon heating before being vaporized. With the
development of soft ionization sources like electrospray ionization (ESI) or matrix-assisted
laser desorption/ionization (MALDI), it became possible to bring polar, thermally fragile
compounds into the gas phase. These sources create molecular ions that can be manipulated by
electric or magnetic fields, notably to be guided, but also selected or accumulated (see Chapter
2 for examples). Selecting the molecular ion of interest (precursor) vs. m/z is useful when the
source creates several charge states of the same molecular ion and/or different molecular ions,
which is very often the case of ESI. This selection is performed by a first step of mass
spectrometry. If further mass spectrometry steps are applied, the apparatus is called a tandem
mass spectrometer, or MS/MS (two examples of tandem mass spectrometers are shown in the
setup section). Tandem mass spectrometry is based on activating the precursor ion and
analyzing the m/z ratio of its product ions, mostly formed by fragmentation by cleavage of
noncovalent and/or covalent bonds. As a result, the ion activation method is very important in

the analysis because it directly decides what products we can get.

The most common ion activation techniques used in tandem mass spectrometry are collision-
induced dissociation (CID), Surface-induced dissociation (SID), Electron-capture dissociation
(ECD), Infrared multiphoton dissociation (IRMPD) and Blackbody infrared radiative
dissociation (BIRD).>® Specifically, in CID, a selected ion is activated by collisions with a
neutral gas in the collision cell, which increases the internal energy of the selected ion. CID can
be performed at high (100-1000 eV) or low (1-100 eV) collision energies using different types
of instruments. SID involves the collisional activation of precursor ions upon impact with a
solid surface. ECD involves the capture of low-energy electrons by cations carrying multiple
charges, leading to a reduction in the charge state of the ions followed by subsequent
fragmentation. IRMPD is a photodissociation activation method that vibrationally excites the
ions by the successive absorption of multiple photons from an infrared laser. BIRD involves
the dissociation of ions by the absorption of blackbody photons emitted from the walls of a

9
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heated ion cyclotron resonance (ICR) cell. In this thesis, we have used CID activation in
Chapter 3.

Thanks to the improvement of related techniques in the past years, tandem mass
spectrometry is considered a powerful tool for DNA studies due to its advantages of sensitivity,
accuracy and versatility when applied to oligonucleotide characterization.*® It can provide
detailed information about the nucleotide sequences, the identification of structural
modifications, the development of higher-order structures, and the interactions between nucleic
acids and other cellular components or chemotherapeutic agents.*® Moreover, if combined with
ion mobility spectrometry (IMS), it can also provide an extra information about the collisional
cross section (CCS) of the ions, which relates to their shape and size. It is also the main tool in
the investigations of this thesis, in order to identify the ionic products of DNA after irradiation

by X-ray photons (cf. Chapter 4) or carbon ion beams (see Chapter 5).

In order to name the fragments created after irradiation of DNA in the tandem mass
spectrometer, we use the commonly applied nomenclature for the oligonucleotide fragments
proposed by McLuckey, Van Berkel, and Glish,** which is shown in Figure 1.4. This
nomenclature is based on the cleavage of the phosphodiester bonds. The four possible fragments
which contain the 5’-OH group are named by the letters a, b, ¢, and d while the four possible
fragments which contain the 3’-OH group are named by the letters w, X, y, and z. The numerical
subscripts represent the number of the building blocks from the corresponding terminal group
in the fragment ions. The bases (Bn) are also numbered according to their positions with respect
to the 5’-OH group of the DNA chain. The numerical subscript of bases stands for the number
of the bases from the 5’ terminal group in the fragment ions. If two or more bonds break, the
corresponding fragment ions are called internal fragments. Specifically, we use “i” (short for
internal) plus the abbreviation of the base (A, T, C, G) to refer to the internal fragments in this
thesis.

5 w2
' 1 an bo & '
2 a b c1  dy - . 2. 2
o = =gy o
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Figure 1.4: Nomenclature for oligonucleotide fragments. Reprinted from Stefan Schiirch, Mass Spectrometry Reviews 35, 483—
523 (2016), with the permission of John Wiley and Sons.

1.4 Previous studies of DNA in the gas phase

According to the interaction mechanism, the interaction between DNA and radiation can be
divided into two types: direct interaction and indirect interaction. The direct interaction happens
when the DNA in the cells is directly hit by the ionizing radiation. The indirect interaction is
mentioned in Section 1.1.1, it occurs when the DNA in the cells reacts with the reactive species
(e.g. hydroxyl radicals, solvated electrons, and hydrogen atoms) caused by the interaction
between ionizing radiation and other species, mainly cellular water. It has been believed that
radiation-induced damage of DNA comprises approximately one-third "direct” damage and
two-thirds "indirect" damage.*> However, this assumption has been doubted by the ultrafast
electron transfer experiments on DNA, which suggest that about two-thirds of the DNA damage
after irradiation is induced by direct interaction and one-third is induced by indirect

interaction.*34

In any case, since the direct interaction is an important part of the interaction between the
DNA and the radiation, it is of great importance to study the processes happening after direct
interaction, such as the transfer of charge, atoms and energy within the DNA molecules.
Nevertheless, this is not easy to achieve in condensed phase experiments. On the other hand,
gas phase experiments have several advantages for studying the direct interaction, as

summarized by Chevalier et al.:*

e Due the removal of solvent, the gas phase investigations can bring the information about
the intrinsically properties of DNA.

e Thanks to quantum chemical methods, the experimental data in the gas phase can be
compared with the results of theoretical calculations.

e Gas-phase analytical methods such as mass spectrometric tools make it possible to define
the initial state of DNA such as size, stoichiometry, temperature, charge, and tautomeric
states. In addition, we can determine the final state of DNA by detecting the mass-to-
charge (m/z) ratio of ionic products generated following the interaction between DNA

and ionizing radiation.

e (Gas-phase techniques such as ion mobility spectrometry can provide information about
the geometric structure of DNA, allowing a particular conformer to be selected or a

specific ion product with a particular conformer to be traced.
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e Owing to the techniques such as electrospray (or nanospray) ionization or matrix-assisted
laser desorption ionization, a large molecule like DNA can be transferred intact to the

gas phase.

Except for the summary of advantages for studying the direct interaction, the authors of the
same review also wrote a summary of the previous work about the direct interaction between
DNA building blocks and radiation in the gas phase.*® In the following, I will adapt this

summary.

Since the gas-phase techniques such as mass spectrometry often involve ionization of the
target molecules, the study of DNA began with one of its building blocks, nucleobases. This is
because they are more stable (compared to oligonucleotides or longer DNA sequences) when
thermally heated. In fact, before the invention of electrospray ionization and matrix-assisted
laser desorption ionization, it was very hard to bring the large DNA molecules into the gas
phase without damaging them. In 1975, Hush et al. did a pioneering work to measure the
ionization energy of several nucleobases by means of photoelectron spectroscopy.*® One year
later, Sukhodub and his colleague studied the thermodynamics of binding of methylated
nucleobase pairs in the gas phase using mass spectrometry.*’ In addition to single nucleobases,
some work has been devoted to the study of non-covalent clusters of nucleobases, such as their
dimers. For example, Nir et al. generated isolated guanine-cytosine (G-C) and guanine- guanine
(G-G) base pairs through hydrogen bonding.*® Moreover, they identified the proton transfer in
the G-C pair, which is a crucial step in the pathways leading to radiation-induced DNA damage.
Similar proton transfer was also found in the cytosine-cytosine (C-C) dimers and uracil-uracil
(U-U) dimers, after ionization by VUV single photon absorption.***® More recently, Hartweg
et al. observed proton transfer in the adenine-thymine (A-T) noncovalent complex.®* They
measured a very low upper limit (317 meV) of the barrier of the proton transfer in the ionized
A-T pair. Zappa et al. created larger nucleobase clusters by embedding thymine and 1-
methylthymine in helium clusters and ionized them by electron impact.>? They found that

protonation was the predominant process after electron impact ionization.

With so many studies on DNA nucleobases, researchers want to know how the sugar moiety
affects the radiation-induced damage on DNA. Since the 1960s, extensive research has been
dedicated to neutral nucleosides in the gas phase. In 1962, Biemann and McCloskey reported
that nucleobase radical cations and protonated nucleobases were produced in the electron

ionization source of a time-of-flight mass spectrometer, and that hydrogen was rearranged from
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the sugar group to the nucleobase.>® After that, identical nucleobase cations have been detected
with different ionization methods, such as proton impact,> oxygen ion collision,* and VUV
photoabsorption®>=’. This indicates that the formation of the nucleobase cations does not need
special ionizing particles. For example, after VUV photoabsorption, the thymine radical cation
generated from the ionized thymidine was observed.>® However, only much smaller singly-
charged fragment ions (with m/z no more than 55) are detected after X-ray (330 eV)
photoionization, when the carbon 1s electrons are ionized.%® In these studies involving the
formation of the nucleobase radical cations, thermal reactivity effects should also be taken into
account, because the nucleosides were heated by the oven. Even with the application of the
gentler laser thermal desorption technique, it is noteworthy that nucleoside decomposition can
still be observed.>®

As the monomeric units of DNA, nucleotides have also been studied after exposure to
ionizing radiation, although less is known. Shin and Bernstein have generated four different
neutral nucleotides (adenosine-, cytidine-, guanosine-, and uridine-5’-monophosphate) in the
gas phase, and ionized them with a VUV (10.49 eV) laser.®® They have demonstrated that the
primary site of fragmentation for these species is the bond between the carbohydrate and
nucleobase moieties. In addition, they have used density functional theory (DFT) calculations
to explain the experimental results. Ball et al. have ionized adenosine monophosphate,
diphosphate and triphosphate (AMP, ADP and ATP) by electron impact at 26.5 eV.** They
showed that the ionic products differed when the nucleotide cation contained different numbers
of sodium. Among the ionic products, they observed the protonated nucleobase as a major
product, which is also detected from protonated AMP after absorption of a single ultraviolet
(UV) photon (4-12.5 eV).%2 Notably, in the latter work, they also investigated the influence of
a single water molecule, and demonstrated that it has the ability to exert an influence on the

structure and physicochemical attributes of the AMP cation.

Compared to the building blocks and units of DNA, less work has also been done on the
oligonucleotides, which are short DNA or RNA molecules. In 1991, the Grotemeyer group did
a pioneering work on the ionization of oligonucleotides.®® In this work, they desorbed neutral
protected dinucleotides with an IR laser and then ionized them by resonantly enhanced
multiphoton ionization. Because the protective group against thermal decomposition is
aromatic, it also has UV absorption, just like nucleobases in the oligonucleotides, making it
impossible to determine the initial position of the positive charge (either in the protective group
or in the nucleobases). Even so, their findings indicated that preceding the fragmentation of the
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backbone and/or cleavage of the glycosidic bond, all product cations undergo hydrogen transfer.
However, the influence of the protective group in the process was not clear. In 2013, the
electrospray ionization source was used to bring the oligonucleotide into the gas phase, where
the protective group is no longer needed. They irradiated protonated dGCAT oligonucleotides
by VUV, X-ray photons as well as carbon ions.®* Upon all these ionizations, the dominant
products are always nucleobase cations, including protonated and non-protonated nucleobase
ions for guanine, adenine, and thymine. However, cytosine has only protonated, not non-
protonated, nucleobase ions. These results all include the hydrogen transfer within the
oligonucleotides after ionization. More recently, Schlathdlte’s group observed intramolecular
hydrogen transfer after site-selective ionization by soft X-ray photoabsorption in the isolated
tri-oligonucleotide d(FUAG), where FU stands for fluorouracil.®® They summarized that
hydrogen transfer can occur regardless of where the initial ionization site locates. The same
group also studied the influence of size on the VUV photoabsorption of deprotonated
oligonucleotides and proved that the valence hole favors migration towards guanine-rich
regions.®® In addition, they identified at least three electrons were detached from a doubly
deprotonated gas-phase oligonucleotide following the Auger decay after X-ray

photoabsorption.®’

Despite all the research that has been done on gas-phase irradiation of DNA, there are still
many questions that we would like to ask in this area. For example, what are the differences
and similarities between ion- and photon-induced ionization of DNA? What is the relationship
between the fragmentation pattern and the initial photoabsorption site on DNA? How do the
hydrogen bonds between the two strands of the double helix DNA affect the fragmentation after

irradiation?

In this thesis, the experimental results related to these questions will be shown in the
following chapters. In particular, we will investigate the different fragmentation patterns of the

same oligonucleotide upon photoabsorption and ion collision.

1.5 Thesis outline

The structure of this thesis is delineated as follows:

e Chapter 2 describes the experimental setups used in our experiments. A home-built
tandem mass spectrometer named Paultje and a commercial mass spectrometer equipped
with an ion mobility module will be introduced. In addition, synchrotron user facilities

and heavy ion accelerators will be described.
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e Chapter 3 identifies the presence of the dimer of the oligonucleotide in the gas phase
under our experimental environment. In addition, other information such as the charge

state, the conformation of the dimer will be acquired.

e Chapter 4 focuses on the photon-induced fragmentation of the oligonucleotide
dCGCGGGCCCGCG. The initial photoabsorption site will be fixed at the backbone of
the oligonucleotide, and the fragmentation pattern will be investigated. The charge,

energy and hydrogen transfer after photoabsorption will be discussed.

e Chapter 5 studies the carbon ion-induced fragmentation of the oligonucleotide
dCGCGGGCCCGCG. Both its monomer and dimer will be studied. Some of the results

in this chapter will be compared with the ones in Chapter 4.

e The appendix presents the UV-VUV photofragmentation spectrum of the complex
between neutral vancomycin and the singly deprotonated Ac2-KPAPA peptide. We will
show that the photofragmentation of the peptide is can be ignored, so that the recorded
spectrum can be considered as the UV-VUV photofragmentation spectrum of isolated

neutral vancomycin.

Chapter 4 is adapted from the corresponding publication in Chemistry - A European Journal.
The appendix is a copy of the corresponding paper in The Journal of Physical Chemistry A.
The latter is here reprinted with permission from J. Phys. Chem. A 2022, 126, 48, 9042-9050,
Copyright 2022 American Chemical Society.
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2 Experimental section

2.1 Paultje setup

The mass spectra in Chapters 4 and 5 were obtained using a home-made tandem mass
spectrometer called Paultje. Its name comes from the Nobel Prize winner Wolfgang Paul, who
invented the radiofrequency (RF) ion trap (Paul-trap)®. Paultje means “little Paul” in Dutch.
The setup can be used to investigate the irradiation of gas-phase biomolecules by interfacing
itself with external ionizing radiation sources, such as synchrotron or ion beamlines. In this
thesis, the setup has been interfaced with an X-ray photon beamline located at the 3" generation
synchrotron facility PETRA I1I (DESY, Hamburg, Germany) and a beamline of MeV highly
charged ions located at the GANIL facility (Caen, France).

In this chapter, all different parts of Paultje are described in detail. The main structure of the

setup is shown in Figure 2.1.

Figure 2.1: Scheme of the home-built tandem mass spectrometer (top view). The beam (photon or ion) enters from the side of
the Paul trap. The working pressures of each part are shown. Reprinted from Xin Wang, Photon induced charge and structural
dynamics in gas-phase DNA, doctoral thesis, University of Groningen, 2022.5°

First of all, the molecular ions of interest are produced by an electrospray ionization (ESI)
source that works at atmospheric pressure. The ions in the gas phase then go through a metal
capillary and are focused into an RF ion funnel. Afterward, they are guided by an RF octopole
before reaching a quadrupole RF mass filter, which can select the ions according to their mass-

to-charge ratio (m/z). Then, the selected ions enter into a Paul trap and are accumulated there
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for a controlled time. To achieve better trapping efficiency of the ions, a helium buffer gas at
room temperature is used to “cool down” the ions by reducing their kinetic and internal energies.
Once enough ions have been trapped, external beams, such as MeV ions or energetic photons,
pass through the Paul trap and irradiate the trapped ions for a controlled time. It is important to
note that in a Paul trap, cations and anions can be trapped simultaneously. After irradiation, all
cations or all anions in the trap are extracted at time zero into a reflectron time-of-flight (Re-
TOF) mass spectrometer and are detected by a microchannel plate (MCP) detector. The signal
(voltage) from the MCP is sent to a digitizer to record the intensity of the signal as a function
of detection time. Since the detection time of a given ion depends on its m/z ratio, mass spectra

can be extracted from these data.

The functions of each component of the setup shown in Figure 2.1 are described in detail in

the following.

2.1.1 Electrospray ionization

Electrospray ionization is a soft ionization method developed by J. B. Fenn, who shared a
Nobel Prize in chemistry with Koichi Tanaka and Kurt Wuthrich by the contribution of this
invention.” This method allows ions in solution to be gently transferred to the gas phase,
making it a powerful tool for generating intact biomolecular ions without destroying them. For
these biomolecules, the corresponding ions produced by the electrospray ionization often have

multiple charge states, and are most of the time either deprotonated, or protonated.
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Figure 2.2: Scheme of the electrospray ionization method in negative mode to produce deprotonated molecules. Adapted from
S. Banerjee et al., International Journal of Analytical Chemistry, 282574, (2012).

As shown in Figure 2.2, in the negative ion mode, a biomolecule sample solution (about 50
M) with ammonium hydroxide (to deprotonate the biomolecule) is injected into a metal needle
using a syringe pump. In front of the needle tip, there is a metal capillary which is the entrance
to the vacuum chambers. The distance between the needle and the capillary is a few millimeters.
Between the needle and the capillary, a strong voltage (usually 3 kV) is applied. Because of the
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electrical field, charges accumulate at the tip, and a negatively charged drop forms at the end
of the needle. The drop turns into a Taylor cone in the electrical field. When the voltage reaches
a threshold, the charged parent droplets are ejected from the Taylor cone. The solvent
evaporates from the droplet, increasing the Coulomb repulsion. When the surface tension of the
droplet cannot compensate for the Coulomb repulsion and the Rayleigh limit is reached,
Coulomb fission occurs and many smaller droplets are formed from the parent droplet. Solvent
evaporation and Coulomb fission can be repeated until the analyte molecules lose all the solvent
and enter the gas phase before entering the capillary. However, the ion signal is usually

enhanced by heating the capillary to e.g. 100°C to help desolvation.

2.1.2 REF lon funnel

The RF ion funnel helps to guide and focus the molecular ion beam. It is worth mentioning
that this ion beam can contain many different molecular species: several charge states of the

molecule of interest, but also fragments or/and ions from the solvent.

When the ions are going out of the heated capillary that transfers them from the atmospheric
environment to the first vacuum chamber (where the pressure is around 0.1 mbar), they undergo
Coulombic repulsion, together with collisions with gas molecules, which hinders ion transport
here. Therefore, an ion funnel is installed after the capillary to compress the phase space of the
ions and improve ion transfer to the next vacuum chamber. The funnel electrodes create a RF
pseudo-potential that confines the ions radially inside the ion funnel and an axial DC electric

field that guides the ions towards the exit of the funnel.

The ion funnel here was purchased from GAA Custom Engineering, LLC (Benton City,
Washington, United States) and its design follows the one of Gordon Anderson’s group.’*"
As shown in Figure 2.3, it has two opposite printed circuit board (PCB) plates, which are the
electric DC and RF coupling boards, respectively. It consists of 100 stacked square funnel plates
with metal ring electrodes of progressively smaller inner diameter, which are soldered to the
two PCB plates. The first 99 electrodes are connected together by resistors soldered between
each adjacent electrode to create a DC voltage gradient between the first and 99th electrode.
The “funnel in” voltage is applied to the first electrode and the “funnel out” voltage is applied
to the 99th electrode. The last one is independently connected without a resistive load to apply
a different voltage (“funnel exit” voltage) and to push the ions out. The RF voltages with equal

amplitude but with 180° phase difference are applied between adjacent electrodes. A modular
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RF/DC power system called Modular Intelligent Power Supply (MIPS, from GAA Custom
Engineering) is used to drive the funnel. The RF field is generated by a high-Q-head.
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Figure 2.3: Sketch of the ion funnel with capillary. Adapted from Wen Li, lonization-induced fragmentation dynamics of
Guanine-rich oligonucleotides and G-quadruplexes, doctoral thesis, University of Groningen, 2022.

2.1.3 RF octopole

After passing through the exit of the funnel, the ions are transferred to the RF octopole
chamber. The RF octopole consists of 8 electrodes, which are stainless steel rods, as shown in
Figure 2.4. Two electrically insulated support rings hold the rods in place. The rings are covered
by stainless steel diaphragms with one axial opening and 8 openings for the 8 electrodes.
Normally, the octopole is used as an RF ion guide with neighboring electrodes with 180° phase
difference and biased at a controlled voltage. In this setup, the octopole is also used as a trap
for the ions. The bias voltages of the octopole diaphragms can be controlled to accumulate the
ions between the two support rings from hundreds of milliseconds to several seconds. By pre-
trapping the ions in the octopole, ion bunches can be created for subsequent better trapping in

the Paul trap.
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Figure 2.4: Sketch of the RF octopole.

2.1.4 RF quadrupole mass filter

As we know, ESI sources do not only produce the target ions but also other ions, such as
solvent ions, unknown ions due to impurities in the solution. On the other hand, some fragment
ions from the target ions can also be produced because of the multiple collisions with the
residual gas molecules. Therefore, it is necessary to select the target ions of a given charge state
before accumulation in the Paul trap. A quadrupole mass filter is used to select the ions with a
controlled mass-to-charge (m/z) ratio. The quadrupole mass filter consists of 4 cylindrical
stainless-steel rods, as shown in Figure 2.5. The RF peak-to-peak voltage and the DC voltage
are supplied by a commercial quadrupole power supply (150QC, Extrel). The power supply is
based on a self-oscillating circuit. It adjusts the output frequency over a wide range of capacitive
loads.

Figure 2.5 Sketch of the RF quadrupole mass filter.
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The quadrupole mass filter can be used in two modes. In the RF ion guide mode, it operates
in a similar way to the RF octopole described just before, and thus all ions in a wide range of
m/z go through. In the mass-selective mode, two sets of opposing quadrupole rods in the
quadrupole mass filter can be biased with different DC voltages, while maintaining the same
RF amplitude and frequency. According to Mathieu’s equations, for one set of DC voltages,
only ions with one specific mass-to-charge ratio has a stable trajectory, the others will be
unstable. This allows the present quadrupole selecting only one m/z up to 2000.

2.1.5 RFiontrap

Since the ion flux produced by the ESI source is relatively low, it becomes necessary to
increase the ion density before irradiation. By doing so, we are able to increase the signal-to-
noise ratio for our irradiation experiments. This is why the quadrupole mass filter is followed

by a 3D ion trap, also known as a Paul trap. It allows to accumulate the ions into a dense cloud.

As shown in Figure 2.6, the RF ion trap has 3 hyperbolic electrodes. One is a ring where the
RF field is applied (Vac = O; frequency = 1 MHz; Va from 0 to 2000 V). Two caps called
injection and extraction electrodes are placed on each side of the central ring. The caps are
connected to ground potential. Positively- and negatively-charged ions in a range of m/z are
trapped: both the minimum and maximum m/z values increase with Vac, therefore when the
precursor ion has a high m/z, small and/or highly-charged fragments cannot be trapped. For VVac
= 2000 V, with the present Jordan Paul trap and power supply, the minimum value is around
150.

end electrode

T IR

ring
electrode

end electrode
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Figure 2.6: Sketch of the RF ion trap. Reprinted from H. Winter et al., American Journal of Physics 59, 807-813 (1991), with
the permission of AIP Publishing.

The holes in the center of the end caps are aligned with the central axis from the ESI source
to the TOF mass spectrometer, to inject and extract the ions, and there are also holes in the
central ring that are perpendicular to the axis from the ESI source to the TOF mass spectrometer.

These latter holes let the photon beam or ion beam go through the trap.

The base pressure of the ion trap chamber is usually around 1x10® mbar. A pulsed solenoid
valve delivers 50-100 ms pulses of helium buffer gas into the trap through a hole in the ring
electrode. The helium gas pulses are synchronized with the ion bunches from the upstream
components. It increases the trapping efficiency by reducing the excess kinetic energy of the
ions through collisional cooling. It also decreases the ion cloud size in the Paul trap to improve
the final extraction to the TOF mass spectrometer. After the injection of the ions, the ESI beam
is blocked by a repulsing voltage to prevent the ions from entering the trap. The accumulated
ions are then exposed to the photon beam or ion beam for a well-defined time controlled by a
pulse generator. To avoid multiple interactions of the projectile beam with the same target
molecular ion, the irradiation time is set to consume only a maximum of 10% of precursor ions.
Typical exposure time is about several hundreds of milliseconds. To cool down the irradiated
energetic products, a second helium buffer gas pulse is injected after exposure. The RF voltage
is then switched off and high voltages are applied to the end caps for the extraction of the cations

or anions contained in the trap.

2.1.6 Reflectron TOF mass spectrometer

The reflectron TOF mass spectrometer is used to identify the m/z ratio of each ionic species
contained in the trap after irradiation. After extraction from the Paul trap, the ions are re-
accelerated and focused using a set of electrodes to which we can apply different voltages (see
figure 7). The ions then enter the free-flight zone where there is no field. At the end of the
chamber, they are reflected by the reflectron mirror and go back until they are finally detected
at the time tstop ON @ microchannel plate (MCP) detector. If we define the rising edge of the
extraction pulse from the Paul trap as tstar, the time-of-flight of the ions is then At = tstop — tstart.

The intensity of the MCP signal as a function of At is called the time-of-flight spectrum.
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Figure 2.7: SIMION representation of the Re-TOF mass spectrometer. In black, the trajectory of two ions with different initial
positions and velocity vector orientation when they exit the Paul trap.

The time-of-flight of an ion depends on its m/z ratio. Therefore, one can get a mass spectrum
from a time-of-flight spectrum. In fact, when an ion initially at rest is accelerated by a uniform

electric field of amplitude E, Newton’s second law gives:
ma = qF

where m is the mass of the ion, a is its acceleration along the electric field axis and g = ze is

the charge of the ion.

Therefore, the position of the ion after a time At is given by
At) = zek At?
x(At) = ——

Thus, the measurement of the time-of-flight At of an ion at a given position x makes it
possible to obtain its mass-to-charge ratio by

m
— « At?
z

Based on the relation shown above, one can transform the time-of-flight spectrum into a

mass spectrum after a calibration.

By adding an electrostatic ion mirror at the end of the drift tube, it is possible to increase the
flight distance and improve mass resolution by reducing the spread of flight times due to the
different kinetic energies or starting positions of the ions.”* As shown in Figure 2.7, the principle
is to make the ions bounced in backward direction by imposing a force opposite to their velocity
vector thanks to a constant and homogeneous electric field, created by electric potentials applied
to parallel electrodes. Thus, for the ions with the same mass-to-charge ratio, the faster ones will
penetrate deeper into the reflectron and spend more time in it than the slower ones. In this way,
the initial dispersion in kinetic energy of the ions is compensated. As a result, time focusing of
ions with the same mass-to-charge ratio on the detector is achieved and resolution is improved
compared to a linear TOF mass spectrometer without the ion mirror. The resolution of the linear
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TOF spectrometer before adding the reflectron is about m/Am = 300 at a mass of 555.”° After

adding the reflectron, the resolution has been improved to about m/Am = 2800."®

The ions are finally detected by a chevron-type double microchannel plate (MCP) detector.
Each MCP has a regular array of very small tubes (microchannels) from a side of the plate to
the other. The diameter of the microchannels is 12 micrometers in the MCP of Paultje. Each
channel serves as a continuous-dynode electron multiplier. The MCP can detect ions and
electrons, and if of sufficient energy, neutrons and photons. The front/back sides of the detector

are biased at -5/-3 kV for detecting positive ions, and +3/+5 kV for negative ions.

2.1.7 Time sequence of the Paultje operation

Molecular ions

injection

50 - 100 ms
Buffer gas
injection

-~ —

50 - 100 ms 50 ms

Irradiation
300 - 1000 ms

lon cloud
Extraction

Figure 2.8: Time sequence of the Paultje operation.

A time sequence of a complete cycle is shown in Figure 2.8. First, the molecular ions are
injected into the Paul trap tens of milliseconds after the previous extraction. It usually lasts for
50 — 100 ms. The buffer gas is also sent during the same time and the same duration to cool
down the molecular ions before irradiation. To avoid the collision between the buffer gas and
the molecular ions during irradiation, we need to wait for 50 — 100 ms to reduce the buffer gas
pressure before sending the photon or ion beam to the trap. The irradiation time depends on a
number of factors and is usually between 300 to 1000 ms but can be increased to several seconds
(see Chapter 4). Soon after irradiation (tens of ms), the second buffer gas is injected to the trap
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to cool down the molecular ions again for 50 ms. At the end of the cycle, the ions are extracted

from the trap and sent to the TOF mass spectrometer.

2.2 Synchrotron user facilities

Synchrotron radiation facilities are those that use magnetic fields to force the electrons or
other charged particles moving at relativistic speeds to follow curved trajectories, in which case,
the electrons or other charged particles emit electromagnetic radiation in the direction of their
motion.”” This radiation is called synchrotron radiation. To date, there are more than 50
synchrotron radiation sources and free-electron laser facilities in the world, including BESSY
Il (Berlin, Germany), PETRA IIl (Hamburg, Germany), SOLEIL (Paris, France), ESRF
(Grenoble, France), NSRL (Hefei, China), and SSRF (Shanghai, China). The number of these
facilities is still increasing and an updating list of all the synchrotron radiation sources can be

found on the website of light sources.”

The Paultje setup was interfaced with the XUV beamline P04'® at the PETRA 111 synchrotron
light source facility (Hamburg, Germany) to perform the experiments described in Chapter 4.
PETRA 11 has a 2.3-kilometer-long storage ring. This ring was initially used as an electron-
positron collider for particle physics experiments. It also served as a pre-accelerator for a larger
HERA ring. Now this ring is one of the world’s brightest X-ray radiation sources based on
storage ring. To meet the great needs of researchers, PETRA IlI has built 25 beamlines with

almost 60 measuring stations.

Our experiments target on gas-phase molecules of very low density. Therefore, very high
photon flux is required to get measurable signals. The beamline of P04 at the PETRA Il
provides photon fluxes up to 5 x 102 photons per second. It also has a quite wide energy range,
from 250 eV to 3000 eV, which covers the energy range we need in our experiments (288-300
eV in carbon K-edge and 2143-2178 eV in phosphorus K-edge with energy resolution 0.5 eV
and 8 eV, respectively).

The photon energy resolution is controlled by the size of the exit slits after the last mirror
(details in Section 4.2.1). The photon energy is controlled via the PO4 beamline panel where we
can set the energy value directly. The photon beam diameter is of the order of 100 um where
the Paultje setup was installed (at the focus it is 12 um but we go out of the focus to get a better
overlap between photons and precursor ions). To further optimize the overlap between photons
and precursor ions, we first use a white light to do a rough alignment, by making the white light

to pass through a hole in the RF ring electrode of the Paul trap. Then we do a fine alignment by
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measuring the signal of the precursor ions, which means that we move the photon beam using
the mirrors of the beamline until we get the maximum signal of the precursor ions after

interaction with the photon beam.

2.3 Heavy ion accelerator

Heavy ion accelerators can accelerate the particles and turn them into pure and intense beams
of a desired energy.®® The resulting heavy ion beams can then be used for many scientific

purposes, from the synthesis of “artificial” elements to nuclear physics, biology and medicine.&

The Paultje setup was connected to the IRRSUD beamline at the GANIL facility to perform
the experiments described in Chapter 5. GANIL is a heavy ion research center in Caen, France
and IRRSUD is one of its beamlines. The IRRSUD beamline can provide ions from carbon to
uranium. These ions are produced in an electron cyclotron resonance (ECR) source and then
accelerated by one of the injector cyclotrons (C01 or C02). The Kkinetic energy of the ions is on
the order of 1 MeV/amu, and the typical current intensity is a few microamperes at the exit of
the beamline. We need such high intensities for our irradiation experiments because our target
is diluted and we lose much intensity (about two orders of magnitude) when the beam passes
through the Paul trap.

A 3C3 jon beam at 0.8 MeV/amu was used in our experiments in Chapter 5. A Faraday cup
was used to detect the intensity of the carbon ion beam that goes through the Paul trap. A tube
(shown in Figure 2.9) with a 2 mm diameter hole (Hole A) was placed in front of the hole in
the trap ring electrode, to avoid the production of secondary charged particles following ion-
impact on the ring electrode. The other hole B is to control the diameter of the carbon ion beam.
The intensity of the 1*C3* ion beam was 10 pA before entering the Paul trap and became 20 ~
60 nA after going through the Paul trap and being detected by the Faraday cup. By means of an
electrostatic deflector (located after the ion source and before acceleration by the cyclotron),
we were able to pulse the carbon ion beam, and control the irradiation time. The irradiation time
was between 600 ms to 1200 ms. The optimization of the overlap between carbon ions and
precursor ions is the same as the overlap between photon beam and precursor ions (described
in Section 2.2).

27



Radiation-induced processes within DNA in the gas phase

Figure 2.9: The tube in front of the hole in the trap ring electrode.

2.4 TIMS-TOF Pro mass spectrometer

The mass spectra and ion mobility spectra in Chapter 3 were obtained using a commercial
setup named TIMS-TOF Pro (Bruker Daltonics), provided by the Proteogen Platform at
University of Caen Normandy. The setup allows for the study of gas-phase ionic biomolecules,
by getting the mass spectrometry (MS) spectra and tandem mass spectrometry (MS/MS) spectra
of isolated precursor ions. At the same time, thanks to an additional ion mobility analyzer, it
can determine the collisional cross sections of these ions, which is directly related to their

geometric structure.

In this section, the main features of the setup used for production, accumulation, trapping,
collision, as well as mass-to-charge ratio and ion mobility analysis of molecular ions are
discussed. It should be noted that since it is a commercial setup, its specifications are not
published in detail. The description here is mainly based on some publications from Matthias
Mann’s group®:-83, it may differ a bit from the one we use, but the main structure and principle

are the same.

As shown in Figure 2.10, the TIMS-TOF Pro mass spectrometer consists of six parts: an ion
interface (source), a dual trapped ion mobility spectrometry (TIMS) analyzer, an ion transfer
multipole, a quadrupole, a collision cell and a Time-of-Flight (TOF) analyzer.
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Figure 2.10: Scheme of TIMS-TOF Pro Mass spectrometer. Reprinted from Meier et al., 2018, Molecular & Cellular
Proteomics 17, 2534-2545 (Open access).

First of all, ions dissolved in solution are injected into a modified nano ESI source
(CaptiveSpray, Bruker Daltonics) through a syringe. Then a spray voltage with a capillary
temperature of 180°C is typically employed for ionizing. Heated nitrogen gas is used as the dry
gas to effectively eliminate the solvent of the sample. After ionizing in the ion interface region,
the desolvated ions enter in the vacuum system through the capillary and are deflected by 90°
(see Figure 2.11). Next, as shown in Figure 2.11, they enter in the dual TIMS analyzer. The
TIMS analyzer consists of a set of electrodes and is divided into three parts: the entrance funnel,
the TIMS tunnel (96 mm funnel) and the exit funnel. In the TIMS analyzer, they are focused in
an electrodynamic funnel, and trapped in the first part of the TIMS tunnel. The TIMS tunnel
consists of stacked printed circuit boards (PCBs) with an inner diameter of 8 mm and a total
length of 96 mm®2. The length of the tunnel is more than twice of the first-generation prototype,
which is 46 mm. The doubled length of the tunnel makes it possible to include a new “ion
accumulation trap” upstream of the analysis region. In particular, the PCB electrodes can form
a stacked multipole in the direction of ion transmission. Typically, a RF potential of 350 Vpy is
applied to the electrodes to confine the trapped ions radially. The whole TIMS tunnel can be
electrically separated into two regions (dual TIMS), the storage region and the analysis region.
The first region is utilized as an ion accumulation trap which mainly stores all ions entering the
setup. Meanwhile, the second region is used to handle the trapped ion mobility analysis.
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Figure 2.11: Detailed schematic of the Dual TIMS analyzer (top) and its general operation mode (bottom). Reprinted from J.A.
Zills\gliirear .et al., International Journal of Mass Spectrometry 413 (2017) 168-175 Copyright (2017), with permission from

In both the storage and the analysis region of the TIMS tunnel, the RF field (potential: 350
Vpp) IS superimposed from entrance to exit of each region with an increasing DC voltage
gradient creating an electrical field (E) in the longitudinal axis. On the other hand, nitrogen gas
(the drift-gas, abbreviated as “g”) from the ESI source mixed with ambient air is introduced
into the tunnel through the capillary and flows through the tunnel in the opposite direction
compared to the electric field (for positive ions, cf. Figure 2.11). In this way, ions in the tunnel

are simultaneously dragged by the incoming gas flow and repulsed by the electrical field.

Under these two counteracting forces, ions in the storage region finally end up staying at a
position along the longitudinal axis where these two forces are equal, while being radially
confined by the RF field. Since the drag force is proportional to the collisional cross section
Q%384 jons with different collisional cross sections (all other parameters being constant) are

trapped at different positions along the longitudinal axis. More specifically, ions with larger
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collisional cross sections are trapped closer to the exit of the tunnel while ions with smaller
collisional cross sections are trapped closer to the entrance of the tunnel. In addition, because
the counteracting force from the electrical field is proportional to the charge state Q, ions with
lower charge states (all other parameters being constant) are closer to the exit of the tunnel, and
vice versa. These two factors are included in the Mason-Schamp equation®-2, where ion
mobility Ko can be calculated (Equation (1)). In brief, ions with high ion mobility stay closer to
the entrance of the tunnel and the other way around (see Figure 2.12).
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Here, N is the drift-gas number density, | is the reduced mass of the ion and drift gas, ks is

the Boltzmann constant, T is the drift-gas temperature, and Ko is the reduced ion mobility.

After a certain accumulation time, by applying a proper DC gradient to the electrodes of the
storage region, the electric field drops to 0 (see Figure 2.11), so that all accumulated ions are
transferred to the analysis region due the drift-gas flow. After this transfer, the voltages are set
back to their original values, in order to create a linearly increasing electric field that allows the
storage region to be filled again. Meanwhile, the transferred ions are eluted in the analysis
region, by means of a progressive decrease of the maximum electric field value at the end of
the analysis region (“scan” in Figure 2.11). lons with small ion mobility are thus extracted first.
It makes the accumulation and analysis to happen at the same time. By making the accumulation
and analysis time equal in both TIMS parts, the accumulating and analyzing process are run in
parallel instead of in series. In this way, if the time for ion transfer is negligible, the system can
run in a 100% duty cycle. The time for ion transfer between the two parts of TIMS tunnel is 2
ms. Thus, it does not influence the total ion utilization for typical ramp and accumulation times
(approximately 25 ~ 200 ms). Eluted ions then enter into the exit funnel and are focused there.
After, they pass through the ion transfer multipole chamber and then enter in the quadrupole.
Precursor ions can be selected by the quadrupole mass filter for the optional following
fragmentation in the collision cell (see Figure 2.12). In the collision cell, nitrogen gas is used
for fragmentation which is necessary for MS/MS spectra. This fragmentation is usually called
collision-induced dissociation (CID). To achieve the CID, the selected ions are given a
controlled kinetic energy (called “collision energy”) by the electrical field at the entrance of the
collision cell and then collide with neutral nitrogen molecules. During the collision, part of the

kinetic energy is transformed into internal energy. Thereby, the internal energy can break the
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bonds in the ions and cause fragmentation. Smaller fragment ions are produced and can be

analyzed later.

However, if the setup is run in MS mode, the ions are not selected by the quadrupole mass

filter and no gas is injected in the collision cell.

After the collision cell, the ions (both in MS mode and MS/MS mode) enter in the orthogonal
TOF analyzer, where they are accelerated and then go through a field-free drift region. To
compensate the differences in the initial kinetic energy of the ions and increase the mass
resolution, a reflectron is used here. The ions are finally detected by a microchannel plate (MCP)

detector coupled to a digitizer.

In the MS/MS analytical part, it worth noting that the setup can perform analysis in a Parallel
accumulation-serial fragmentation (PASEF) mode. Traditionally, MS/MS experiments only
select one precursor out of the ions eluted from the TIMS tunnel while other ions with different
m/z are wasted (Figure 2.12, upper panel). However, in this PASEF mode, since the release of
ions from the TIMS device is controllable and the cross sections of ions are approximately
correlated with precursor mass®, MS/MS experiments in this setup are able to use several
precursors in one scan, with mass selection of each precursor by the quadrupole. In particular,
the quadrupole is positioned at the m/z of a precursor eluted from TIMS tunnel, and then is fast
enough to move to the next m/z as soon as it has been eluted (Figure 2.12, lower panel). Thus,
the total intensity of all precursors that have been trapped together is used in one TIMS scan.
Therefore, this PASEF mode can greatly increase the speed and sensitivity of MS/MS by the
number of precursors that are targeted by the quadrupole, because more precursors can be
detected in one TIMS scan to increase the speed and the same precursors can be targeted in
different TIMS scans to increase the sensitivity.
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Figure 2.12: lllustration of the PASEF mode in comparison with the traditional TIMS-MS/MS operation mode. Reprinted from
Meier et al., J. Proteome Res. 2015, 14, 5378—5387 (Open access).
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3 Study of double strand DNA using ion mobility-tandem mass

spectrometry

3.1 Introduction

Before we start to present and discuss the results of experiments where isolated
dCGCGGGCCCGCG DNA strands are irradiated in an ion trap with the Paultje set-up (see
section 2.1), an important step is to bring them into the gas phase and accumulate the target ions
in the ion trap. However, one of our target molecules is a double strand DNA. Even though we
used a soft ionization technique, it is possible that non-covalent systems like double strand DNA
does not stay intact into the gas phase, and separates into single strands after dissociation of all
H bonds. Moreover, even if we detect, in the MS obtained with the Paultje set-up, a peak with
m/z corresponding to the double strand, we have no information on its geometrical structure. In
order to know more about the structure and stability of the AICGCGGGCCCGCG double strand
anions, we have used a commercial ion mobility-mass spectrometer, which is described in detail
in Section 2.4, to validate the feasibility of bringing our DNA target into the gas phase. This
setup can not only confirm the feasibility of accumulating the double strand DNA in the ion
trap, but also provide the collision cross section (CCS) information, thanks to its ion mobility

part.

The sequence of the DNA oligonucleotide we have chosen here is ACGCGGGCCCGCG.
Because the DNA oligonucleotide dCGCGGGCCCGCG is complementary to itself, it can self-
assemble into a DNA duplex in the solution. On the other hand, because this sequence contains
only Guanine and Cytosine, this means the corresponding DNA duplex has only G-C pairs.
Because there are 3 hydrogen bonds in G-C pairs, they are considered to be more stable than
A-T pairs, which have a hydrogen bond number of 2. What’s more, there have already been
some studies of this sequence in the gas phase,**~*¢ where we can get some useful information
about it. All these advantages make the DNA oligonucleotide dCGCGGGCCCGCG an ideal

sample for our experiments.
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3.2 Experimental details

3.2.1 lon mobility-tandem mass spectrometry

To study the deprotonated double strand dCGCGGGCCCGCG DNA in the gas phase, we
used the TIMS-TOF pro ion mobility-tandem mass spectrometer (TIMS-TOF pro, Bruker

Daltonics, described in Subsection 2.4).

The apparatus was calibrated every week to ensure that the mass precision was better than 1
ppm. The spray voltage was -1000 V and the capillary temperature was 150 °C. The dry gas
(nitrogen) flow rate was 8.0 L/min. The flow rate of the syringe was 300 puL/h. Mass spectra
were acquired in the negative mode in the 100 — 2500 m/z mass range. The mass spectrometer
was operated in PASEF mode. A number of PASEF MS/MS scans were performed for the 5-

charge state, with collision energy between 10 and 50 eV.

Because mass and ion mobility spectrometry analyses of this oligonucleotide were
performed simultaneously on this commercial apparatus which couples trapped ion mobility
spectrometry and time-of-flight mass spectrometry, the information about the mass over charge
ratio (m/z) and the ion mobility of the sample ions can be acquired at the same time. Specifically,
we mainly focus on three kinds of data. The first is the raw mass spectrum, which shows the
abundance and m/z of all the ions produced by the ESI source for a given DNA sample solution.
The second is the tandem CID mass spectrum of a given selected ion, which gives information
on its lowest-energy fragmentation channels. The third is the mobilogram of a given selected
ion. The mobilogram is a spectrum which presents the intensity of the selected ion with an m/z
as a function of the reciprocal of ion mobility. Specifically, since all ions have to go through
the dual TIMS tunnel, the arrival time of each ion is detected by the ion mobility analyzer. The
mass spectra of ions with the same arrival time are measured simultaneously. The data analysis
system then reconstructs the ion mobility spectra by recording the different ion mobilities of
the ion with the same m/z. Thus, we are able to obtain the ion mobility spectrum of one ion by
selecting one peak from the mass spectrum, and vice versa. The ion mobility spectrum is named

as “mobilogram” in the software system. All these spectra can be acquired from the commercial

software DataAnalysisViewer Version 5.2. from Bruker Daltonics.

The DNA sample was prepared by dissolving a powder of the dCGCGGGCCCGCG
oligonucleotide of up to 85% purity (Reverse-Phase HPLC purified, Eurogentec, Seraing,
Belgium) without further purification in a mixed solvent of 50% methanol (Laboratory reagent,

> 99.6%), 50% deionized water and 3% 3.9 M ammonium acetate (produced by mixing 5.0 M
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ammonium hydroxide and 100% acetic acid (analytical reagent) together, pH = 7.0). The final
concentration of the dCGCGGGCCCGCG oligonucleotide was 10 uM.

3.2.2 Circular dichroism spectroscopy

To obtain information on the geometrical structure of the DNA oligonucleotide
dCGCGGGCCCGCG in our ESI solutions, we performed circular dichroism (CD)
spectroscopy. The concentration of this DNA solution was 50 uM with 2% 5 M ammonium
acetate added. The solvent for the DNA solution was a mixture of 50% methanol and 50%
deionized water. A quartz cuvette with a path length of 1 mm was used to hold the DNA solution
sample. We used the Chirascan™ Circular Dichroism Spectrometer (Applied Photophysics Ltd,
UK) at Wuhan University to record the circular dichroism spectrum. The scanning range was
from 220 nm to 320 nm. The scanning speed was 60 nm/min, and the response time was 0.5 s.

The corresponding CD spectrum is shown in Figure 3.1, there is a CD maximum near 270
nm, a CD minimum near 250 nm, and a cross-over point (from negative to positive intensity)
near 260 nm. It is a typical duplex DNA feature in a CD spectrum.’’~*° For example, G. Reid
Bishop and Jonathan B. Chaires have obtained a CD spectrum of E. coli DNA.% The E. coli
DNA is a duplex DNA and has a very similar CD spectrum with a minimum near 250 nm and
a maximum near 280 nm, and a cross-over point at 260 nm (shown in Figure 3.2). Donald M.
Gray et al. also have recorded a similar CD spectrum of another duplex DNA, T7 phage DNA.%
Thus, it is clear that the ESI solution most probably contains dimers of AdCGCGGGCCCGCG
oligonucleotide with a double helix structure. But we cannot estimate the percentages of the
double helix DNA and the single strand DNA in the solution.
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Figure 3.1: Circular dichroism (CD) spectrum of a solution of the dCGCGGGCCCGCG oligonucleotide (see the experimental
section for details).
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Figure 3.2: Circular dichroism spectrum of E. coli DNA in 1 mM Na:EDTA, 185 mM NaCl, and 6 mM NaHPO4/2 mM

NaH2POa, pH 7.0. Reprinted from Bishop et al., Curr. Protoc. Nucleic Acid Chem. 2002, 7.11.1-7.11.8, with the permission of
John Wiley and Sons.

3.3 Results and discussion

3.3.1 Tandem mass spectrometry and collision-induced dissociation  of
dCGCGGGCCCGCG oligonucleotide negative ions

Following the experimental procedure described in section 3.2.1, we recorded the full mass
spectrum of the negative ions created by the source from the dCGCGGGCCCGCG
oligonucleotide solution: it is shown in Figure 3.3. It contains many peaks of different ions with

different charge states over a wide m/z range because the setup is run in MS mode, and the ions
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are not selected by the quadrupole mass filter. Some of the most intense can be assigned to
anions of the dCGCGGGCCCGCG oligonucleotide. One is quadruply deprotonated
dCGCGGGCCCGCG, written [dCGCGGGCCCGCG-4H]*, around 911 m/z, another is
[dACGCGGGCCCGCG-3H]* around 1215 m/z. The third one is the five-fold deprotonated
dimer of dCGCGGGCCCGCG, namely [d(CGCGGGCCCGCG),-5H]*, around 1458 m/z. The
quadruply deprotonated dimer of dCGCGGGCCCGCG, namely [d(CGCGGGCCCGCQG)2-
4H]*, around 1822 m/z was also found in this full mass spectrum, though its intensity is very
low. The isotopic patterns of these four ions are shown in Figure 3.3: the m/z gap between the

peaks is consistent with their respective charge state.
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Figure 3.3: (a) Full mass spectrum of dCGCGGGCCCGCG oligonucleotide negative ions produced by ESI (see the text for
details). (b-e): zoom into the regions corresponding to peaks attributed to the following anions of the dCGCGGGCCCGCG

oligonucleotide with calculated monoisotopic m/z: [d{CGCGGGCCCGCG -4H]*: m/z 910.6504 ; [ICGCGGGCCCGCG -
3H]*: m/z 1214.5365 ; [d(CGCGGGCCCGCG)2-5H]%: m/z 1457.6454; [d(CGCGGGCCCGCG)2-4H]*: m/z 1822.3087.

It is worth noting that we also observed a bit of deprotonated dimer of ACGCGGGCCCGCG
with 6 negative charges, namely [d(CGCGGGCCCGCG),-6H]® in Figure 3.3(c). Since the

mass spectrometer distinguishes different ions by mass over charge ratio, we can deduce that
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in the MS the peaks assigned to [d(CGCGGGCCCGCG),-6H]% will be in the same region as
[dICGCGGGCCCGCG-3H]?*, because they have the same mass over charge ratio (double mass
with double charges). However, it is still possible to distinguish these two ions by mass
spectrometry with enough resolution, because of the high relative abundance of carbon in DNA
(e.g. around 29% of the atoms are carbon for the dCGCGGGCCCGCG molecule) and the
existence of 13C isotopes (natural abundance of 1.1% per carbon atom*®). Thus, the isotope
patterns of these two systems are quite different, as shown in the simulations of Figure 3.4 (top).
Nevertheless, one can distinguish these two ions by their isotopic patterns. A molecule with 3
charges will have its peaks separated by 0.33 m/z, whereas a molecule with 6 charges will have
its peaks separated by 0.17 m/z. In bottom of Figure 3.4, we can see that the peaks of
[d(CGCGGGCCCGCG),-6H]® are of lower intensity compared to those of
[ICGCGGGCCCGCG-3H]*. Thus, from the comparison between the simulated and
experimental isotopic patterns, the relative abundance were calculated for the monomer
[dCGCGGGCCCGCG-3H]* (~ 60%) and dimer [d(CGCGGGCCCGCG),-6H]® (~ 40%).
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Figure 3.4: Comparison of the mass spectra in the region of the isotopic pattern of [ICGCGGGCCCGCG-3H]* and
[d(CGCGGGCCCGCG)2-6H]%, simulated by Thermo Xcalibur software, resolution: lppm (top) and taken from the
experimental data (bottom).

A similar mixture is also observed for [d(CGCGGGCCCGCG)z-4H]*. The small peaks
between the main peaks may be multimers such as [d(CGCGGGCCCGCG)s-6H]° (cf. Figure
3.3(e)). However, as the intensity of these peaks is extremely low, there is no need to consider
it.

In addition, it can be seen that the zoomed mass spectra of all the ions follow the Gaussian
distribution, whereas the corresponding unzoomed peaks in Figure 3.3 (a) do not. This is

because the peaks in Figure 3.3 (a) contain not only the peaks assigned to the pure DNA ions

as in Figure 3.3 (b-e), but also the peaks assigned to the DNA salt adducts (not zoomed).

From the results above, we can conclude that both single strand dCGCGGGCCCGCG
(monomer) and double strand dCGCGGGCCCGCG (dimer) are present in the gas phase.
However, we want to study the collision induced dissociation pattern of the dimer in order to
obtain more information on this ion: for instance, we expect the lowest-energy channel to be
the formation of two monomers due to cleavage of the H bonds. The first step is to choose the
charge state of the dimer ion to be isolated. As some of the peaks assigned to
[(ACGCGGGCCCGCG),-6H]® fall at the same m/z as those attributed to
[AICGCGGGCCCGCG-3H]*, in the following we will focus on the 1457.34 m/z ion,
unambiguously assigned to [d(CGCGGGCCCGCG),-5H]". Therefore, we operated the TIMS-
TOF pro mass spectrometer in MS/MS mode to study the CID of this ion. We selected this ion
with the quadrupole and transferred it to the collision cell. In the latter, the ion was impacted
by nitrogen with collision energy from 10 eV/z to 50 eV/z. The resulting tandem mass spectrum
at 10 eV/z collision energy is shown in Figure 3.5 (top left). As we can see, this spectrum is
very “clean”, which means we can see mainly one peak around 1458 m/z due to the precursor.
When the collision energy increases, more and more other peaks appear while the intensity of
the precursor peak decreases. With collision energy increasing to 30 eV/z, (cf. Figure 4.4 (Top
right)), we can clearly observe peaks assigned to the single strand dACGCGGGCCCGCG with
2 and 3 negative charges around 1822 m/z and 1215 m/z, respectively. It indicates that the
precursor [d(CGCGGGCCCGCG),-5H]°> dimer was separated into two monomers due to the
increase of vibrational energy brought by multiple collisions with the gas, even though it doesn't
appear as the main fragmentation channel. The intensity of the monomer peak is relatively low
compared to some lower m/z fragments. In addition, we can see many other peaks, for example

assigned to the fragments a»-G at 386 m/z and w» at 635 m/z that are probably due to
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fragmentation of monomers after dissociation of the dimer. Surprisingly, we also observe base
loss directly from the intact dimer, leading to the following ions: [d(CGCGGGCCCGCG),-5H-
GJ* (guanine loss) at 1427 m/z and [d(CGCGGGCCCGCG),-5H-C]* (cytosine loss) at 1435
m/z. Usually in CID of noncovalent complexes H bonds are cleaved preferentially: here the
glycosidic bond between a base and the backbone is cleaved while at least some of the H bonds
of the dimer remain intact. The same observation was made for deprotonated DNA G-
quadruplexes after electron detachment due to VUV photoabsorption, but in this case it was
assigned to very low barriers associated with reactions involving radicals.®® Moreover, the
intensity of peaks assigned to guanine loss is twice that of cytosine, which might also seem
surprising, given that guanines and cytosine have the same abundance in dCGCGGGCCCGCG.
We can also observe that the relative intensity of the precursor peak has decreased from 10 to
30 eV/z collision energy. If we plot the relative intensity of the precursor and the sum of the
intensities of all the fragments (all the isotopes are taken into account) as a function of collision
energy, we can see that the relative abundance of the precursor smoothly decreases while that
of the fragments increases (shown in Figure 3.5 Bottom). What’s more, the two curves allow
us to extract the collision energy for 50% dissociation of the precursor (28 eV/z here under our
experimental condition: see Figure 4.4 Bottom, where the two curves cross), which could be
used in future studies to compare the stability of different DNA duplexes of similar size and
charge.
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Figure 3.5: Top: Tandem mass spectra of the [[dCGCGGGCCCGCG).-5H]%> dimer after isolation in the QMS and collision-
induced dissociation at collision voltages of 10 eV/z and 30 eV/z. Bottom: Relative intensity of the [(dCGCGGGCCCGCG)2-
5H]® dimer precursor and all the fragments dissociated from the precursor as a function of collision voltage.

3.3.2 lon mobility spectrometry of ACGCGGGCCCGCG oligonucleotide negative ions

In the last subsection, we have identified the d(CGCGGGCCCGCG). oligonucleotide dimer
in the gas phase by mass spectrometry and studied its dissociation pattern by tandem mass
spectrometry. However, we cannot know the conformation of this dimer by mass spectrometry
alone. According to a previous study using ion mobility coupled to mass spectrometry of several
oligonucleotides with a similar number of base pairs (bp), the DNA duplexes are considerably
more compact in the gas phase compared to the canonical solution structures.'! Hence, we tried
to identify the structure of the d(CGCGGGCCCGCG): oligonucleotide dimer with ion mobility
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spectrometry. The mobilogram of the dCGCGGGCCCGCG dimer with 5 negative charges by
selecting the highest isotope peak at 1458.2454 (see Figure 3.3 d) is shown in Figure 3.6. As
we can see here, there is only one main peak in the mobilogram, which indicates that there is
only one main structure of this dimer. The average reciprocal of mobility (1/Ko) is around 0.9
V-s/cm?. The value of the mobility of a given ion depends on the parameters of the ion mobility

spectrometer, so we cannot compare this value with other reported ones.

Mobilogram - 210212-GCRich-M52.d: EIM 1458.2454 5- All M5, 0.0-0.9 min, Smeothed (0.010,1,GA) -Ox
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Figure 3.6: Mobilogram of the [d(CGCGGGCCCGCG)2-5H]* ion.

Since the mobility of a given ion depends on the parameters of the ion mobility spectrometer,
we need to transform the mobility to collision cross section 2 that is independent from these
parameters, in order to plot the intensity of a given ion as a function of 2. It will allow getting
more information about the conformation of the oligonucleotide dimer ions by comparing our
values with the already reported ones. According to previous studies, the collision cross section
() of an ion depends on its mobility through the Mason-Schamp equation8>-88

3 2 1
0=-9 L @)
16N | pksT K,

Where Q is the ion charge, N is the drift-gas number density, [ is the reduced mass of the
ion and drift gas, kg is the Boltzmann constant, T is the drift-gas temperature, and Ko is the
reduced mobility. Because the ion mobility mass spectrometer provides the mobilogram by
plotting the intensity of the ion as a function of the reciprocal of mobility (1/Ko), we can convert
the reciprocal of mobility (1/Ko) to the collision cross section () with this equation. Since

3 2 - . . . . . s .
N uk—”T in Equation (2) is a constant in a given working condition, we can set a correlation
B

coefficient Co as in Equation (3)
__Q
0K,

Meanwhile, we can now calculate the value of Co by choosing a series of values of the

Co (3)

collision cross section (€2) and the reduced mobility (Ko) of some sample ions with known
charges. The commercial software DataAnalysisViewer Version 5.2. from Bruker Daltonics
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designed for the setup can calculate the collision cross section and the reduced mobility of the

sample ions automatically based on the mobilogram, which are shown in Table 1.

Table 1: Calculation of the correlation coefficient Co.

on 2Ry 1/ Ko o Co
(V-slcm?) (V-s/ A2.cm?)
1 923.1 0.913 5 0.00495
2 1097.0 0.904 6 0.00494
3 1148.8 0.948 6 0.00495
4 1231.1 1.017 6 0.00496
5 933.0 0.923 5 0.00495
6 864.1 1.071 4 0.00496
7 650.1 0.800 4 0.00492
8 590.4 0.971 3 0.00493

By averaging the values of Cogiven in Table 1, we obtain a value of 0.00494. Then according

to Equation (3), we have
o= ﬁ
With Equation (4), we can convert the reciprocal of mobility (1/Ko) to the collision cross
section (). The results are shown in Figure 3.7 for the [[dCGCGGGCCCGCG)2-5H]* dimer.
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Figure 3.7: Experimental collision cross section of the most abundant isotope of the [d(CGCGGGCCCGCG)2-5H]°> ion
appearing in the mass spectrum of Figure 3.3 d.

From Figure 3.7, we can obtain the collision cross section (CCS) of the dimer of
dCGCGGGCCCGCG oligonucleotide with 5 negative charges is 911 A?, because the a-axis
value is 911 when the intensity reaches its maximum value. As reported by Porrini et al.,** the
calculated cross section of the canonical B-helix of d(CGCGGGCCCGCG)2 on helium is 908
AZ. Since the cross section is obtained with nitrogen in our case, we cannot compare it with the
one in helium directly. The Bush database shows that CCS values for anions and cations on
helium are similar, but they are about 20% higher on nitrogen than on helium for cations of

102 1t would give around 1080 A? for the canonical B-helix when obtained with nitrogen

proteins.
gas, but we do not observe any signal at this CCS. It indicates that the conformation of the
dimer of ACGCGGGCCCGCG oligonucleotide is more compact in our experiment than that of
the canonical B-helix in the gas phase and is closer to the zipped helix structure of
d(CGCGGGCCCGCG),, whose calculated cross section on helium is 711 + 9 A? (around 850
AZ on nitrogen if we consider the 20% difference between on nitrogen and on helium).*% Porrini
explained this by new phosphate — phosphate hydrogen bonds formed across both grooves in
the very late stages of electrospray and the subsequent major rearrangements of the backbone
as the DNA double helix is transferred from solution to the gas phase.!® Porrini has also
provided the structure figures of the B-helix and the zipped helix DNA (whose sequence is

similar with ours) in the supporting information of the same article (shown in Figure 3.8).1%
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B

Figure 3.8: Final molecular structures from the gas phase (unbiased) molecular dynamic (MD) of B-DNA (A) and the zipped
B-DNA (B). Both molecules have 5 negative charges. The dashed red lines indicate the H-bonds. The DNA sequences are
(dCGCGAATTCGCG): for both. Reprinted from Porrini et al., ACS Cent. Sci. 2017, 3 (5), 454-461 (Open access).

Since the full width at half maximum (FWHM) of the peak in the spectrum in Figure 3.7 is
96 A? the resolution of this measurement is % ~10. However, the ideal resolution of this ion

mobility spectrometer should reach 200, according to the information given by the engineer of
the Bruker Daltonics Company. We have two explanations for the low resolution observed. One
is that only one family of conformers exists, sharing the same global secondary structure, but
the parameters (mainly the ramp time to determine the rate at which the electrical field in the
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second part of the TIMS tunnel is reduced) of the apparatus are not optimized for ultimate
resolution. Another explanation may be that there are different slightly different sub-structures
existing, and the resolution is not sufficient to distinguish the peaks corresponding to these
different structures. In any case, we can claim that the structure of [d(CGCGGGCCCGCQG)2-
5H]° is most probably a zipped helix, indicating that the dimer pre-exists in solution, and was

not formed in the gas phase, like for collagen peptide assemblies!®,

Apart from the [d(CGCGGGCCCGCG),-5H]> oligonucleotide dimer, we have also
obtained the mobilograms of some other ions in Figure 3.3 by selecting their corresponding
highest isotope peak in the MS. Here, the experimental collision cross sections of
[d(CGCGGGCCCGCG)2-5H]*, [d(CGCGGGCCCGCG),-4H]* and [dCGCGGGCCCGCG-

4H]* are obtained from the corresponding mobilograms, as shown in Figure 3.9.

[d(CGCGGGCCCGCG):-5H]*
> | [d(CGCGGGCCCGCG),-4H]*
2
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Figure 3.9: Experimental collision cross sections of [d(CGCGGGCCCGCG)2-5H]%, [d(CGCGGGCCCGCG)z-4H]* and
[dCGCGGGCCCGCG-4H]*.

Each of these three curves has a highest peak, which indicates that the corresponding ions
all have at least one structure. Nevertheless, the curve of [d(CGCGGGCCCGCG),-4H]* also
has some smaller intensity peaks at lower cross-sections. These smaller peaks might be assigned
to other structures for [d(CGCGGGCCCGCG)2-4H]*, or to larger oligomers of higher charge
state having the same m/z. In any case, these additional peaks are not very intensive, which is
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consistent with the mass spectrum in Figure 3.3 (e). Furthermore, from the peak positions, we
can see that the [d(CGCGGGCCCGCG)-5H]> has the largest CCS and the
[ICGCGGGCCCGCG-4H]* has the smallest CCS. Obviously, the CCS of two dimers are
similar and larger than the one of the monomer. More interestingly, the CCS of dimer increases
with the charge state. It may be due to unfolding of the DNA structure. According to the article
of Garabedian et al.1%, when they record the mass spectra and mobility profiles in nitrogen for
i-motif DNA as a function of the solution pH (4.0 - 9.0) in both positive and negative ESI modes,
they find that the increase of CCS with the charge state is an expected trend and does not
necessarily reflect major conformational changes for low charge states (e.g., +3 to +5 and -3 to
-5). It may simply reflect less “compact” conformations due to the charge state and the internal
base pairing stacking within the i-motif DNA. The increase of the CCS values of the dimers
with the increase of the charge state can also be attributed to the stronger interaction between
the charge of the molecular ion and the induced dipole of the gas molecule. The reason is that
we used nitrogen gas instead of helium gas as the collision gas, N2 being much more polarizable
than He. As reported by Bush et al.,'% when the charge state of cytochrome ¢ increases from 6
to 7, its CCS on N2 increases by 7%, whereas the its CCS on He only increases by 3%, while
the structure stays the same (native). They also report a similar phenomenon for b-lactoglobulin
in the same article. When the charge state of b-lactoglobulin increases from 7 to 8, its CCS on
N> increases by 4% while its CCS on He increases by only 2%.

To quantitatively analyze these collision cross sections in Figure 3.9, we calculate them
using the commercial software DataAnalysisViewer (Bruker Daltonics). The resulting data are
given in Table 2. We got five different collision cross sections for the same ion because the
commercial software gives different collision cross sections when we select different isotope
peaks of the same ion. In principle, they should be the same since the only difference of the
isotopes is the neutron number, which should not have a big influence on the collision cross
section. The difference mainly comes from the uncertainty of the measurement. The uncertainty
of these five collision cross sections is also given in Table 2. The uncertainty is equal to the
standard deviation of these five collision cross sections. The CCS of the dimer 5- is 6% higher
than that of the dimer 4-, which is consistent with the results of Bush et al. for protein cations
discussed in the previous paragraph. Thus, the structure of the dimer 4- is most probably mainly
a zipped helix like for the dimer 5-. For monomers, increasing the charge state from 3- to 4-
leads to a 9% higher CCS, which is thus mostly due to charge-dipole interactions and not

structural change.
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Table 2: Collision cross-sections (CCS) of negative ions from the dCGCGGGCCCGCG oligonucleotide obtained from ion-
mobility spectra.

Average
CCS CCsS CCS CCsS CCsS of the .
. . . . . . . Uncertainty of
ion isotope isotope isotope isotope isotope five CCs (A?)
1A 2Ry 38 4A» 54y CCs
(A2
[d(CGCG%ﬁ%CGCG)Z' 9104 9092 9105 9097 9108  910.12 0.7
[d(CGCGaﬁ]%_CCGCG)z_ 872.4 857.4 856.7 858.1 862.3 861.38 6.5
[dCGCGiS]E_CCGCG' 629.4 628.8 628.8 629 628.8 628.96 0.3
[dCGCG%iS]C;CCGCG- 575.8 575.5 575.4 575.1 574.4 575.24 0.5

In this table, if we compare the collision cross section of [(dCGCGGGCCCGCG),-4H]*
with the one of [ICGCGGGCCCGCG-4H]*, we can see that the former one is far less than
twice of the latter, though they have the same charge state. It makes sense because the

monomers are not rigid and they are tightly bound to each other to form the dimer.

However, we cannot convert all these mobilities in the mobilograms to the CCS. This is
because the CCS strongly depends on the charge of the ion, according to Equation (4). In mass
spectra, it is possible to have the same m/z for different ions with different masses and charges.
Especially in our case, since we are using an oligonucleotide that can self-assemble itself into
a DNA dimer, it is not surprising that we have a peak that can be assigned to both a monomer
and a dimer. As we mentioned earlier in this chapter, all the peaks of [ICGCGGGCCCGCG-
3H]* overlap with some of [d(CGCGGGCCCGCG),-6H]% (see Figure 3.4). It is therefore
impossible to obtain the mobilogram of a pure [{CGCGGGCCCGCG-3H]®: for instance, if we
select its highest isotope peak (m/z=1214.8670 in Figure 3.3 c), as the result is presented in
Figure 3.10. The mobilogram is composed of three peaks, and the mass spectrum of each peak
can be acquired by the commercial software. It is clear that only for peak 3 (corresponding to
the highest CCS) we can see the isotopic pattern of an almost pure [{CGCGGGCCCGCG-3H]*.
In the first and second peaks (corresponding to lower CCS), the amount of double strands
([d(CGCGGGCCCGCG),-6H]%) increases.
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Figure 3.10: (a) The mobilogram of [dCGCGGGCCCGCG-3H]*. (b-d):The different mass spectra of of
[dCGCGGGCCCGCG-3H]* with different collisional cross sections.

On the other hand, not all the peaks of [d(CGCGGGCCCGCG).-6H]° overlap with those of
[ACGCGGGCCCGCG-3H]*, which means that we may get a “clean” mobilogram of
[d(CGCGGGCCCGCG),-6H]% when we select one of the isotope peaks that corresponds only
to [d(CGCGGGCCCGCG),-6H]® (m/z = 1214.7005, in Figure 3.3 c). The resulting

mobilogram does not have a single peak (see Figure 3.11 a): it means that several structures are

present.
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Figure 3.11: (a) The mobilogram of [d(CGCGGGCCCGCG).-6H]® obtained by selecting the peak at m/z = 1214.7005 in the
MS.

When we calculate the CCS of [d(CGCGGGCCCGCG),-6H]% according to the highest-
intensity peak in Figure 3.11 (a) using the commercial software, the cross section of this dimer
is 991 A?, about 9% higher than that of the 5- dimer. This increase cannot be accounted for only
by the charge-dipole interaction, thus the structure of the 6- dimer must be more unfolded than
the zipped helix. Interestingly, 991 A? is close to the cross section of the canonical B-helix on
nitrogen (1080 A?), as we discussed above. Peak 2 should be even closer in CCS. It is an
evidence for the partial survival of this canonical B-helix conformation for this charge state.
Since the structure of the same DNA sequence becomes less compact and closer to the canonical
B-helix when the charge state increases, it also indicates that the [d(CGCGGGCCCGCG).-
7H]"- double strand that we irradiated with carbon ions (see the results in Chapter 5) may have

a canonical B-helix structure in the gas phase.
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3.4 Conclusions

In summary, we have identified many different DNA ions in the gas phase from the solution
of the dCGCGGGCCCGCG oligonucleotide. We have successfully obtained and preserved the
DNA dimer in the gas phase using an ESI source and ion traps, which is a good guide for our
future studies on the irradiation of DNA dimers. Among the different dimers, we found that the
dimers with an unambiguous m/z (with z =5 or 7 for instance) are the ideal targets for studying
dimers, because they cannot be mixed with the monomers in the MS. We therefore chose the
[d(CGCGGGCCCGCG)2-5H]> as the target dimer. We have studied the CID of this ion and
found the dissociation pattern due to collision induced dissociation, which can be a reference
for the fragmentation pattern due to irradiation.

In addition, we have analyzed the structure of different DNA ions with the ion mobility
spectrometry. The collision cross section of the dimer with 5 negative charges is more compact
compared to the canonical B-helix, possibly a zipped B-helix, due to novel phosphate-
phosphate interactions. Besides, we found that the CCS of dCGCGGGCCCGCG dimers
increases with the charge state, due to the stronger gas-molecular ion (charge-induced dipole)
interaction when going from 4- to 5- charge states, and but also due to structural unfolding for
the 6-. We also found that the collision cross section of the DNA dimer is much less than twice
of the monomer, because the monomers are not rigid and they are tightly bound together to

form the dimer.
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4 Irradiation of isolated DNA oligonucleotides by X-ray photons

4.1 Introduction

The initial phases of ionizing radiation's impact on biological systems involve primary
processes of radiation-induced excitation and/or ionization. These are succeeded by a sequence
of events involving the transfer of charge, energy, and matter. To study these processes in detail,
it is better to localize the initial excitation/ionization event. However, achieving this level of
precision is an experimental challenge, especially at the molecular scale. In the field of
molecular collision studies involving projectile ions or electrons, achieving site selectivity
means narrowing down the range of impact parameters with precision. This precision allows
the selective ionization or excitation of a single atom, or at least a particular chemical group
within the molecule. However, this is not possible from a technical point of view. Thus,
considerable focus has been directed towards photoabsorption in the UV, VUV, and X-ray
ranges. In these ranges, it becomes feasible to finely adjust photon energy, allowing for the
precise targeting of individual atoms or specific groups within a molecular system. Gas-phase
investigations are exceptionally well-suited for the exploration of VUV and soft X-ray-induced
processes in molecules. Because they provide an opportunity to delve into the authentic
molecular reactions, free from the influences of a surrounding medium. Focusing on molecular
ions rather than neutrals opens up the possibility of manipulating them with electric and
magnetic fields. It also allows molecular analysis by mass spectrometry. Specifically, this
approach enables the precise selection of target molecular ions for irradiation and the
determination of the mass-to-charge (m/z) ratio of the resulting product ions. This advantage is
invaluable in revealing processes such as ionization, fragmentation and electron, proton or

hydrogen transfer.

In the context of site-selective ejection of electrons from molecular systems in the gas phase,

UV lasers have been shown to be effective in triggering electron photodetachment from

105 106

deprotonated groups of oligonucleotides,”™ peptides and proteins,”™ as well as lipids and
polysaccharides.’®” Notably, it has been discovered that inducing backbone fragmentation of
radicals generated by electron detachment from polymer molecules is of significant value for
their sequencing.'®® VUV photons have been used for the valence ionization of biomolecular
ions.5466.109.110 However, pinpointing the exact location of the ionization event can be
challenging, mainly because valence electrons tend to exhibit greater delocalization compared

to core electrons. To overcome this challenge, derivatized peptides containing aromatic tags
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with lower ionization energies than any other group within the peptide can be employed. For
example, one such tag designed by Edirisinghe et al. allows ionization to occur after the
absorption of a single 7.9 eV photon from a fluorine laser.!'* The resulting radical cation has
been observed to achieve stabilization through charge delocalization across the molecular
backbone. To improve precision, it is a straightforward approach to focus on targeting core
electrons within atomic orbitals. Using gas-phase soft X-ray photoelectron spectroscopy
coupled to synchrotron radiation, Ueda has studied the binding energies of the 1s electrons of
light atoms. He has investigated carbon and oxygen atoms in small molecules like COz or H20,
shedding light on the Auger electron emission processes resulting from the formation of a 1s
vacancy.!!2 More recently, this method has been extended to study neutral amino acids,!311
small peptides,**® and nucleobases.*®!" This expanded application has provided evidence that
the binding energy of 1s electrons exhibits relatively low sensitivity to the presence of
neighboring atoms. However, for more biologically significant systems such as peptides,
proteins and DNA oligonucleotides, a soft approach is required to bring them into the gas phase.
Techniques such as electrospray ionization (ESI) or matrix-assisted laser-induced desorption
ionization are used. Once in the gas phase, these molecules are accumulated in ion traps to
achieve a sufficient molecular density to provide a satisfactory signal-to-noise ratio for the
detection of product ions formed during ionization and/or fragmentation processes resulting
from photoabsorption. Hence, since 2010, researchers have been exploring these systems using
a combination of near-edge X-ray absorption fine structure action spectroscopy and mass
spectrometry. In the process, they've revealed that the excitation or ejection of 1s electrons from
carbon, nitrogen, or oxygen atoms results in Auger electron emission.5#11811% Nevertheless,
these atoms are scattered throughout these molecules, making it difficult to link a product ion
to a specific absorption site. This is why Schwob and his colleagues decided to investigate the
methionine enkephalin peptide by examining its photoabsorption at the sulfur L-edge.*?° This
choice was made because this particular molecule contains just one sulfur atom. They have
shown that specific photoabsorption causes fragmentation to occur close to the excited site.
Recently, Wang et al. have performed specific photoabsorption experiments at the K-edge of
the fluorine atom in the fluorouracil nucleobase of a trinucleotide. Surprisingly, these
experiments predominantly yielded product ions originating from the other two nucleobases.®®
A similar counter-intuitive result has been documented when nitrogen atoms within the same
oligonucleotide are ionized.'?! However, the exact mechanism responsible for this phenomenon
remains poorly understood. To selectively target the DNA backbone, one can tune the photon

energy to target the phosphorus core electrons in the 1s orbitals, typically around 2150 eV.
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Earlier investigations have documented the precise fragmentation of a phosphorus-oxygen (P-
0) bond in a dinucleotide in the solid phase.*?? This method has also been found to enhance the
efficiency of inducing double-strand breaks in DNA plasmids,’?® and it can even lead to

chromosome aberrations in cellular structures.?*

In this study, we investigate the photoabsorption of an isolated oligonucleotide at the
phosphorus K-edge. We have studied the product anions and cations resulting from single
photon absorption via mass spectrometry. Our aim is to illustrate that the selective absorption
at phosphorus atoms induces a transfer of charge, energy, and hydrogen from the DNA

backbone to the nucleobases.

This oligonucleotide used here (dACGCGGGCCCGCG) contains 11 phosphorus atoms and
has 50% guanine and 50% cytosine in terms of nucleobase content. Since guanine has the lowest
ionization energy of all nucleobases, it is known to be a hole sink in nucleosides as well as
oligonucleotides in the gas phase.%%1% [f the initial ionization event occurs at the backbone, the
probability for the hole to be transferred to one of the bases should be high. This oligonucleotide

is thus a good candidate for backbone-base charge transfer.

Studying X-ray absorption around the phosphorus K-edge is challenging, because the
absorption cross-section at this photon energy (around 2150 eV) is one order of magnitude
lower than that of carbon around 300 eV. In detail, the absorption cross-section at phosphorus
K-edge is 2.6 x 10° cm?/g (1.34 x 10° barns/atom), while the absorption cross-section at carbon
K-edge is 4.6 x 10* cm?/g (9.18 x10° barns/atom).*?® What’s more, oligonucleotides contain
many more carbon than phosphorus atoms, for instance 114 against 11 in dACGCGGGCCCGCG.
In order to compensate for the low absorption probability, X-ray exposure times had to be
increased by almost 5 times as compared to our previous study at C K-edges.®’ In this study, at

C K-edges we set the exposure time as 1000 ms against 4750 ms at P K-edge.

4.2 Experimental details

4.2.1 Experimental setup and materials

X-ray photoabsorption experiments were carried out to study photofragmentation and
electron photodetachment of isolated DNA. In these experiments, a home-built tandem mass
spectrometer developed by the group of Thomas Schalthdlter (University of Groningen,
Netherlands) was used. It has already been described in detail in these articles'?’1? as well as
in Section 2.1 of this thesis. It was interfaced with the variable polarization XUV beamline

P04 at the PETRA Il synchrotron light source facility (Hamburg, Germany). The photon
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energy range of this beamline was 250-3000 eV. The gratings used in our experiments were
G1200 6nm near P K-edge (2150 eV) and G400 15 nm near C K-edge (300 eV). The exit slits
were 1.5 mm near P K-edge and 0.5 mm near C K-edge, leading to energy resolutions of 8 eV
and 0.5 eV, respectively. Mass spectra were recorded near carbon K-edge and phosphorus K-
edge energies. To record these mass spectra, a powder of the dCGCGGGCCCGCG
oligonucleotide of up to 85% purity (Reverse-Phase HPLC purified, Eurogentec, Seraing,
Belgium) was dissolved without further purification in a mixed solvent of 75% HPLC methanol,
25% deionized water and 5% ammonium hydroxide, at a final concentration of 100 uM. To
avoid sodium adducts, this oligonucleotide was desalted by a gel filtration medium called
Sephadex G25, which is commonly used in affinity chromatography, protein chromatography
and gel filtration chromatography. The desalting process was done by the Eurogentec company
before shipping. The oligonucleotide solution was then introduced in a syringe and pushed
towards the needle of an in-house-built electrospray ionization (ESI) source under atmospheric
conditions, using a syringe pump with a flow rate of about 0.15 mL/h. All anions produced by
the ESI source in the negative mode were then guided into a first vacuum chamber where a
radio frequency (RF) ion funnel locates in. After phase space compression in the funnel, the ion
beam had further phase space compression in an octopole RF ion guide. Subsequently, the
deprotonated oligonucleotide ion of a given charge state was selected by mass over charge (m/z)
ratio in a quadrupole mass filter. These selected ions are called precursors and were
accumulated in a three-dimensional RF ion trap for a controlled time (typically 50 ms) to get
sufficient target density. In the trap, a helium buffer gas pulse was used to cool down the
precursors to room temperature by collisions. After accumulation, the photon beam went
through the center of the trap to interact with the precursors. The interaction time was adjusted
between 1000 and 4750 ms to ensure that less than 10% of the precursors were depleted. In this
case, single interaction processes dominated. Because the multiple photon absorption is a
sequential process at these photon fluxes, typically 102 st — 103 s, the absorption events are
independent. Thus, if we set the probability for absorbing one photon as p, then the probability
for absorbing two photons will be p?. If we neglect the absorption of more than two photons,
we can obtain p + p? < 0.1 and therefore p < 0.09 and p? < 0.0081. It means less than 9% of the
product ions come from the absorption of one photon and less than 0.81% from two-photon
absorption, in another word, more than 90% of the product ions come from the absorption of
one single photon. After interaction, either the negatively charged products and precursors left
or the positively charged products were extracted from the trap by a pulsed electric field,

depending on the polarity of the bias voltages on the RF trap end caps. Then, the ions entered
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into a reflectron time-of-flight (Re-TOF) mass spectrometer where they were accelerated by a
uniform electric field, then reflected by an electrostatic mirror, and finally detected by a
microchannel plate (MCP) detector. The MCP had a front plate biased at -2.5 kV and an anode
plate at ground potential for detecting cations, but these values were +2.5 and +4.5 kV for

anions.

The signal from the anode was sent to an oscilloscope (Teledyne Lecroy, waveRunner
625Zi), triggered on the extraction pulse rising edge, to record the analog trace as a TOF
spectrum. For technical reasons, the oscilloscope cannot deal with a too wide range of signals,
so the TOF of the ions was restricted to 200 ps. Then, this TOF spectrum was sent to a computer
program that accumulates a controlled number of spectra (200-600 scans according to the signal
intensity) to get the final averaged TOF spectrum. The experiment was running in cycles of two
TOF spectra. The first one was recorded when the ionic trap content was not irradiated by the
photon beam (labeled as ONLY ESI) and the second one was recorded when the ionic trap
content was irradiated by the photon beam (labeled as ESI + BEAM). The entire 2-step cycle
was repeated typically for several hundred times to get sufficient statistics and satisfactory
signal to noise ratio. The final mass spectrum was the result of the subtraction of the ONLY
ESI spectrum from the ESI + BEAM spectrum, which reflects the net effect of the irradiation

beam on the trapped ions.

4.2.2 Energy calibration

To calibrate the beamline photon energy from 1700 eV to 2500 eV, we used an electron
spectrometer developed at DESY for beamline diagnostic.'?® The main principle is the
following: the time-of-flight (TOF) of electrons coming from photoionization of a gas is
recorded by 16 spectrometers arranged in the geometry shown in Figure 4.1. The plane of these
spectrometers is perpendicular to the photon beam being examined. The gas is injected via a
thin capillary to the interaction region near the center of the 16 electron time-of-flight
spectrometers. The pressures in the operating chamber are typically in the range of 10 mbar.
In the interaction region, the effective target pressure is about 1-2 orders of magnitude higher
than the operating pressure and a base pressure about 3 orders of magnitude lower than the
operating pressure is usually achieved. Each spectrometer has its own entrance apertures and is
well shielded from the others, thus, different retarding potentials for the electrostatic mirrors

can be applied to the four isolated flight tube sections of each electron analyzer.
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Figure 4.1: Schematic drawing of the 16 electron time-of-flight spectrometers. Reprinted from J. Buck, AIP Conference
Proceedings 2054, 060057 (2019), with the permission of AIP Publishing.

The electrons are detected by multi-channel-plates (MCP) fixed on modified hex-cut CF40-
feedthrough-flanges. All detectors contain 3 MCPs with a Z-stack configuration. Every MCP
detector voltage can be optimized for the best detector response (usually less than 3 kV across
all three MCPs). In this electron spectrometer, the FWHM spike width is below 1 ns with
amplitudes in an order of 10 mV in the capacitively decoupled and pre-amplified (> x15) signal
output. The data acquisition electronics (DAQ) include constant fraction discriminators and a
time-to-digital converter (120 ps bins). By plotting the flight time of each electron detected, 16
electron time-of-flight spectra are obtained. The high flux of beamline P04 allows typical

acquisition times to be reduced to a few seconds to obtain meaningful statistics.
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Here, we used two gases, Kr and SFs. In Figure 4.2, we show measurements of the signal

due to electrons coming from photoexcitation of SFs around the sulfur K-edge followed by

Auger decay and emission of an electron of 2486 eV, as well as from photoionization at
threshold of the 2p1/ orbital of krypton (1729 eV*®!). From these measurements, we extracted

the two corresponding values of the beamline photon energy, and plotted the real photon energy

as a function of beamline photon energy (see Figure 4.2). We assumed a linear relationship

between the real and beamline values of photon energy in this range, and thus fitted a linear
function to the two data points in Figure 4.2. From this linear function, we can know that the

real photon energy is about 3 eV higher than the beamline value in this energy range.
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Figure 4.2: (a) Intensity of the signal from electrons coming from photoionization of krypton at the threshold of the 2p12 orbital
as a function of photon energy (b) Intensity of the signal from electrons coming from photoionization of SFs around the sulfur
K-edge as a function of photon energy (c) Linear fit of the real value of photon energy and the beamline value of photon energy.
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4.3 Results and Discussion

4.3.1 Specific photoabsorption at the phosphorus atoms

First of all, we need to prove that in our experiment, around the phosphorus K-edge energy
(2150 eV), the photon is indeed absorbed specifically by the backbone phosphorus atoms of the
isolated deprotonated DNA oligonucleotide of sequence dCGCGGGCCCGCG.

Although the phosphorus K-edge energy of phosphorus atom is reported as 2145.5 eV in

126 it could vary with the atomic environment**2, This change is sometimes

condensed phase
negligible, for example, the phosphorus binding energies shift is less than 3 eV with the
chemical changes (from the covalent orthophosphates to the alkaline and earth-alkaline
phosphates and the ionic transition-metal phosphates). What’s more, an early previous work on
isolated proteins has demonstrated that resonant features in K-shell X-ray photoabsorption
spectra are energetically very similar to the respective data from condensed-phase
experiments.!'® For example, the lowest-energy C 1s — 7 transitions is located at about 285.5
eV in the gas phase while the same feature has been reported at 285.13 — 285.15 eV for the
protein solid films. Therefore, even though there is no report about the specific photoabsorption
at the phosphorus atoms in DNA molecules in the gas phase, we can still refer to the studies in
the condensed phase. Thanks to the X-ray absorption studies on DNA in agueous solution by
Czapla-Masztafia et al.!33, we know that the 2145 — 2185 eV energy range features a sharp
resonance around 2150 eV, due to excitation of a phosphorus 1s electron into an unoccupied

molecular orbital with overlapping P sp® and O 2p atomic orbitals (cf. Figure 4.3).
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Figure 4.3: Top: phosphorus K-edge X-ray absorption spectra of intact and UVA-irradiated aqueous DNA samples. Bottom:
difference between the two above spectra. Reprinted from Joanna Czapla-Masztafia, Biophysical Journal 110, 1304-1311,
March 29, 2016 Copyright (2016), with permission from Elsevier.

In addition, there is a much broader peak around 2165 — 2170 eV, which has been assigned
to photoelectron scattering on oxygen atoms of phosphate groups. Thus, in our measurements,
photoabsorption mass spectra for anionic and for cationic products of the ACGCGGGCCCGCG
oligonucleotide were recorded for X-ray photon energies in this range, namely 2143 eV (below
K-edge), 2151 (on the resonance), 2163 and 2178 eV. For both 4- and 5- charge states of the
oligonucleotide (m/z 911 and 728, respectively), the most abundant negative ion created by
single-photon absorption is due to non-dissociative single electron detachment (NDSED), as
shown in the mass spectra of Figure 4.4: indeed, mostly one peak is observed at m/z 1215 for
[dACGCGGGCCCGCG-4H]* or at m/z 911 for [ICGCGGGCCCGCG-5H]*>. This is not
surprising to observe electron detachment, given the very low electron detachment energy
compared to these photon energies: indeed, the binding energy of outer valence electrons drops
with the charge state of the oligonucleotide procursor, for instance from 3.2 eV for the 2- charge
state of deprotonated dGGGTTT to -0.2 eV for the 5-.1% Thus, the probability to observe
electron detachment increases with the charge. In the spectra of [{CGCGGGCCCGCG-5H]%,
other peaks are also observed at lower m/z, but their intensity is lower, and the relative
abundance of the corresponding ions is even lower because of the falling of MCP detection

efficiency with ion velocity and thus m/z. In addition, we have also obtained the
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photoabsorption mass spectra of anionic and for cationic products of the
[dACGCGGGCCCGCG-4H]* precursor around the carbon K-edge, namely 288 eV (on the
resonance), 300 eV (above K-edge). We observed the most abundant negative ion due to
NDSED at m/z 1215, and additional peaks at the same m/z (466 and 506) as those present at the
P K-edge of [ICGCGGGCCCGCG-5H]* .
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Figure 4.4: Mass spectra of the negative products of [ICGCGGGCCCGCG-4H]* and [dCGCGGGCCCGCG-5H]®> after
single photon absorption. NDSED stands for non-dissociative single electron detachment. The precursor ions’ m/z are
indicated by blue dashes.
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In Figure 4.4, the peaks at m/z 466 and 506 are attributed to anions formed after scission of
the DNA backbone. The possible structure and bond cleavage positions of the resulting internal
fragments are given in Scheme 1: the one at m/z 466 containing cytosine is named as iC", and
the one at m/z 506 containing guanine is named as iG". It is worth noting that these two
fragments are the result of the indicated bond cleavage in the deprotonated DNA
oligonucleotide, accompanied by the loss or transfer of one hydrogen from the fragment if the
GC sequence is initially deprotonated. The same internal fragments after infrared multiphoton
dissociation (IRMPD) of a 50-mer DNA containing 34% C, 20% A, 26% G and 20% T were
also reported by Little et al.*®, but at m/z 467 and m/z 507, respectively. The one mass
difference might be due to the presence of H transfer in the case of photoelectron detachment
and thus formation of radicals. Compared to IRMPD, the loss of hydrogen highlights the fact
that m/z 466 and m/z 506 are the results of an ionization process. Since the DNA oligonucleotide
sequence used in our experiment only contains guanine and cytosine with the same ratio, we
can assume that there is an equal chance to get an internal fragment with guanine and another
internal fragment with cytosine, if the energetics are similar. This is not the case, since our
results show that these two peaks at m/z 466 and 506 have different intensities in the mass
spectra (Figure 4.4). Moreover, as already pointed out, the corresponding fragment ions have
much lower yields as compared to NDSED, especially taking into account the lower detection
efficiency at higher m/z ratios. This very low fragmentation yield is probably due to the large
size of the system: it indicates that fragmentation occurs in the electronic ground state of the
system, after intramolecular vibrational energy redistribution (IVR). We have observed such a
phenomenon after VUV and X-ray photoabsorption of deprotonated oligonucleotides as well

as protonated peptides and proteins.%¢.67:128.135
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Scheme 1: Chemical structure of an internal CG sequence from the dCGCGGGCCCGCG oligonucleotide. The bonds that need
to be cleaved to form the iC and iG" fragments are spotted with green and red lines with arrows indicating on which side of
the bond the negative charge is located.

In Figure 4.5, we show the relative yield of NDSED from [dCGCGGGCCCGCG-4H]* after
single-photon absorption. Around the carbon K-edge, this yield slightly decreases from 288 to
300 eV, consistent with the transition from single to multiple ionization observed in this range
for protonated peptides and proteins.*'81% Strikingly, from 2143 (below edge) to 2151 eV (on
the resonance), the relative yield of NDSED increases by more than a factor of two, which is
expected from the absorption of phosphorus atoms. Indeed, one P 1s electron is excited to an
unoccupied P=0 molecular orbital,*32 and Auger decay ejects one electron, resulting in single
electron detachment. At 2163 eV, the yield of NDSED from dCGCGGGCCCGCG stays
roughly constant, but it decreases at 2178 eV, consistent with the transition from excitation to
ejection of 1s electrons, leading to more multiple- and thus less single-electron detachment. The
same conclusions can be made for [ICGCGGGCCCGCG-5H]> from the data appearing in
Figure 4.5. However, the multiple-electron detachment product is not observed in our data set,
indicating that the multiple-electron detachment products can be fragmented further and thus
not detected. Since this behavior has also been observed at the C, N and O K-edges of proteins'8
as well as the C K-edge of deprotonated DNA oligonucleotides®’, it supports our present
attribution of specific photoabsorption at the backbone phosphorus atoms of the studied
oligonucleotide at photon energies of 2151, 2163 and 2178 eV. This is the first time that this

process is reported for isolated DNA.
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Figure 4.5: Relative yield of non-dissociative single electron detachment from [dCGCGGGCCCGCG-4H]* (left) and
[dCGCGGGCCCGCG-5H]™ (right) after single photon absorption, as a function of photon energy, obtained by calculating
the area under the peak in the mass spectrum and normalizing by the area under the precursor depletion peak. Error bars
represent the standard deviation of the average value from three independent calculations (n=3). The energy regions
corresponding to carbon and phosphorus K-edges are indicated in red and blue, respectively.

In Figure 4.6, we show the relative yield of internal fragments whose m/z equal to 466 and
506 (iC and iG", respectively). Interestingly, both of them show a trend opposite to NDSED: it
falls from below edge (2143 eV) to on the resonance (2151 eV), and increases at higher photon
energy, especially for iG. This behavior indicates that NDSED and formation of these
fragments are in competition, which can imply that fragmentation is subsequent to single
electron detachment, but also putatively to multiple-electron detachment. Indeed, we will see
in the next section that many electrons can be detached from the precursor as a result of X-ray

photoabsorption.
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Figure 4.6: Relative yield of internal fragments from [AICGCGGGCCCGCG-5H]?* after single photon absorption, as a function
of photon energy around the P K-edge, obtained by calculating the area under the peak in the mass spectrum and normalizing
by the area under the precursor depletion peak. Error bars represent the standard deviation of the average value from three
independent calculations (n = 3).

4.3.2 Charge, energy and hydrogen/proton transfer after photoionization

This section will show that charge and/or energy as well as H/H* are transferred from
backbone to nucleobases within the dCGCGGGCCCGCG oligonucleotide after
photoionization. In the previous section, we have seen that NDSED is the main process
responsible for the formation of negative ions from [dCGCGGGCCCGCG-4H]* and
[dCGCGGGCCCGCG-5H]® following photoabsorption around the C and P K-edges. However,
the NDSED relative yield is low, as it appears to be much more probable that the decay of an
initial 1s vacancy involves detachment of several valence electrons. This process is followed
by extensive fragmentation, as very recently demonstrated for deprotonated oligonucleotides.®’
Consistently, in the present case, we detected abundant small fragment cations from
deprotonated  [dCGCGGGCCCGCG-4H]* and [dCGCGGGCCCGCG-5H]*>  after
photoabsorption around the C and/or P K-edges. These results are shown in Figure 4.7 and

Figure 4.8.
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Figure 4.7: Mass spectra of cations formed from [{CGCGGGCCCGCG-4H]* after single photon absorption around carbon
(photon energy 288 and 300 eV) and phosphorus K-edges (photon energy 2143 and 2151 eV). Guanine radical cation and
protonated guanine are denoted G* and [G+H]*, respectively. cC* and cG* correspond to cyclic cytidine and guanosine
nucleosides, BB* to a backbone fragment, Gz2* to the guanine dimer and Gua* to a fragment shown in Scheme 2.
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Figure 4.8: Mass spectra of cations formed from [dCGCGGGCCCGCG-5H]®> after single photon absorption around the
phosphorus K-edge (photon energy 2151 eV). Guanine radical cation and protonated guanine are denoted G* and [G+H]*,
respectively. cC* and ¢cG™* correspond to cyclic cytidine and guanosine nucleosides, BB* to a backbone fragment, G2* to the
guanine dimer and Gua™* to a fragment shown in Scheme 2.

In positive mode, the precursor is not visible because it is negatively charged. In these mass
spectra, the most intense peaks can be assigned to the same singly-charged fragments as for
other deprotonated oligonucleotides. The lightest ones are the guanine radical cation and
protonated guanine (m/z = 151 and 152, respectively) as well as loss of NH3 from the latter.
Cytosine-related ions are not observed because their m/z ratios (around 110) are below the low-
mass cutoff of the Paul ion trap. The peaks at m/z = 232 and 192 are due to fragments containing
the guanine or cytosine nucleobase, respectively, and one sugar ring (see Scheme 2): they have
been observed after collision-induced dissociation (CID) as well as ionization of multiply-
protonated oligonucleotides,®**3" and assigned to cyclic nucleosides, they are thus noted cG*
and cC". The peak at m/z = 301 has previously been assigned to the guanine dimer formed after
cleavage of two glycosidic bonds and one H or proton transfer®’, but another fragment might
also explain the presence of this peak: it is noted Gua®, and includes part of a neutral phosphoric
acid group as well as one guanine moiety (see Scheme 2): this fragment requires the transfer of
two H atoms or one H and one proton. Note that the fragments at m/z = 232 and 192 require the
cleavage of backbone bonds (see Scheme 2) that have been shown to be also broken in the case
of irradiation of DNA in solution by UV or protons at 70 MeV kinetic energy.**® Nucleobase-
related ions are formed after cleavage of the glycosidic bonds linking the backbone to
nucleobases. Interestingly, the two peaks assigned to the fragments noted BB* and BB™-OH are
more intense for ACGCGGGCCCGCG than for previously studied oligonucleotides: these
fragments both contain a sugar moiety and a phosphate group, and are therefore only due to

backbone bond cleavage (cf. Scheme 2).

70



Université de Caen Normandie

H XN Cytosine

o

|
H n

Scheme 2: Chemical structure of the two first nucleotides of the dCGCGGGCCCGCG oligonucleatide. The bonds that need to
be cleaved to form the BB*, cG*, cC* as well as Gua™ fragments are spotted with green, red, blue and purple lines with arrows
indicating on which side of the bond the positive charge is located.

The mass spectrum of [iCGCGGGCCCGCG-4H]* at 2143 eV photon energy is very similar
to the ones at the C K-edge (288 and 300 eV), as shown in Figure 4.7. The reason is that DNA
is mainly composed of carbon atoms, thus the cross-section for ejection of electrons from
carbon dominates at photon energies much higher than the C, N and O K-edges, but lower than
the P K-edge, such as 2143 eV. When increasing the photon energy in the P K-edge region, the
main peaks in the MS are the same, though the intensity of each peak differs. That indicates no
new ion channel is created when the energy increases from the C K-edge energy to phosphorus
K-edge, which is quite surprising. It indicates that no matter which atom absorbs the photon
energy (carbon or phosphorus), the energy tends to be transferred to the same bonds, causing
the same bonds breaking and thus fragmentation. However, BB* becomes much more abundant
at the P K-edge excitation energy of 2151 eV. This increase indicates localized fragmentation
after site-specific photoabsorption at the phosphorus atoms and thus at the oligonucleotide’s
backbone. In addition, a surprising increase of the relative abundance of guanine-related ions
is also observed at 2151 eV and above. Since phosphate groups are the most acidic sites in
oligonucleotides, nucleobases are not expected to carry charge in deprotonated oligonucleotides,
if the oligonucleotide’s charge state is lower than the number of phosphate groups (which is the
case here), as found by CID experiments.’*® The increase in G-related cations thus clearly
demonstrates that inner-shell ionization in the backbone either facilitates hole transfer to the

respective nucleobase, or that emission of valence electrons localized on the nucleobases is part
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of the de-excitation process of the photoinduced P 1s hole. For instance, in the case of [dGe-
3H]*, Daly et al.1% have found by quantum-chemical calculations that the electron density of
molecular orbitals close to the HOMO in energy is high in guanines. Moreover, we have
previously shown that several valence electrons are emitted from deprotonated oligonucleotides
as a result of hole formation in C 1s orbitals.®” Holes located in valence orbitals are likely to be
transferred to guanine-rich regions,®® which would then lead to guanine-related cations after
glycosidic bond cleavage. It is important to notice that in the present case, the observation of
positive fragments from 4- and 5- molecular anions implies ejection of at least five or six
electrons. It is more than previously reported, but the binding energy of outer valence electrons
drops with the charge state of the oligonucleotide procursor, for instance from 3.2 eV for the 2-
charge state of deprotonated dGGGTTT to -0.2 eV for the 5-.1% Negative values of the electron
binding energy do not necessarily imply spontaneous electron emission, because of the
Coulomb barrier between the ejected electron and the negative product ion. Our present results
unambiguously demonstrate transfer of charge and/or energy from backbone to nucleobases
after photoabsorption and ionization.

Formation of protonated nucleobases is a common process after ionization of neutral
nucleosides,®®1?® but also after ionization of protonated or deprotonated oligonucleotides,%’
for a variety of ionizing particles. It is interesting to notice that starting from neutral nucleobase
moieties, this process requires the transfer of two H atoms or of one H and one proton in addition
to cleavage of one of the glycosidic bonds linking nucleobase and sugar moieties. For instance,
here, to create protonated guanine, glycosidic bond cleavage is typically followed by H-transfer
to form either neutral guanine or its radical cation, and a subsequent proton or H transfer is
needed. Although transfer from another nucleobase is in principle possible, it is not supported
by the observation of protonated nucleobases after ionization of sugar groups in neutral

nucleosides, which only contain one nucleobase.*!#

4.3.3 Positive fragments yields

In order to quantitatively study the relationship between the yield of fragment cations from
deprotonated [{CGCGGGCCCGCG-4H]* after photoabsorption and the photon energy, we
plot the yield of fragment cations from [dCGCGGGCCCGCG-4H]* after single photon
absorption as a function of photon energy (Figure 4.9). In general, the yields of some fragment
cations increase from the carbon K-edge to the phosphorus K-edge energy, including [G+H]*-
NHs, G*, [G+H]". These cations are all base-related fragments. They probably all come from

the same largest fragments that further break into these smaller base-related fragments. One of
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these fragments can be cG* since its yield decreases from the carbon K-edge to the phosphorus
K-edge energy. The yield of cC" shows the same behavior, even more pronounced,
unfortunately the cytosine-related ions have m/z lower than the trapping cut-off related to the
RF amplitude and thus cannot be detected. It indicates that the amount of vibrational energy of
the oligonucleotide is higher after photoabsorption at the phosphorus K-edge. This might be
linked to the much higher K-edge energy of phosphorus compared to carbon, allowing for a
higher residual energy, even after ejection of the two 2s electrons (2*190 eV=380 eV) and three
2p electrons (3*130 eV=390 eV). It means that after subtraction of the total 770 eV electron
binding energy, the remaining energy (1381 eV) from the 2151 eV photon energy is still much
higher than that of the carbon K-edge energy. This remaining energy is distributed between
kinetic energy of the ejected electrons and internal energy of the molecule. More information

would be gained by measuring the kinetic energy of the ejected electrons.
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Figure 4.9: Relative yield of fragment cations from [dACGCGGGCCCGCG-4H]* after single photon absorption, as a function
of photon energy around the C K-edge and P K-edge, obtained by calculating the area under the peak in the mass spectrum
and normalizing by the total area under all the listed ion peaks. Error bars represent the standard deviation of the average
value from three independent calculations (n = 3).

4.4 Conclusions

In this chapter, we have investigated the outcomes of selective photoabsorption occurring at
the DNA oligonucleotide backbone in the gas phase, focusing on its effects on charge, energy,
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and hydrogen transfer processes. By interfacing our setup with the variable polarization XUV
beamline P04 at the PETRA 111 synchrotron, we are able to tune the X-ray photon energy around
2160 eV, which corresponds to the K-edge of the phosphorus atoms at the isolated DNA
oligonucleotide backbone. In this way, we have targeted the backbone of DNA. With this setup,
we have analyzed the ionic products by mass spectrometry. We have identified the X-ray
spectral signatures of selective photoabsorption at the DNA oligonucleotide backbone, and
clearly showed the charge, energy and hydrogen transfer from the backbone to the nucleobases.

In the future, we plan to study the timescale of these transfer processes. In addition, further
experiments will be carried out on non-covalent DNA models such as the Watson—Crick double
helix, the i-motif, or the G-quadruplex. It will be interesting to study these non-covalent DNA
systems and see if the H-bond network alters the processes for the covalent DNA system which

we have studied in this chapter.
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5 JIrradiation of isolated DNA oligonucleotides by 0.8 MeV/amu

carbon ions

5.1 Introduction

In the previous chapter, we have discussed the irradiation of isolated DNA oligonucleotides
by photons, which reveals the mechanism of radiotherapy at the molecular level. In particular,
we observed the charge, energy and H transfer between backbone and nucleobases in isolated
DNA oligonucleotides. As we know, hadrontherapy with a hadron beam, such as protons and
carbon ions, is considered as a potential competitor to conventional photon radiotherapy, thanks
to its advantages of precise tumor targeting, superior ballistic properties and biological
efficiency in killing cells.**® With the fundamental interest of comparing the effects of two
different ionizing particles (photons and carbon ions) that have different interaction
characteristics, we wondered if we could observe the same or similar charge, energy and H

transfer in the same DNA sequences.

Among all kinds of ion species for hadrontherapy, carbon ions are widely used worldwide
due to their exceptional properties, which provide the most optimal balance between physical
and biological effective dose localization in tumors.}* This is because the carbon ion beams
offer superior precision in dose delivery compared to photon beams. The key factor contributing
to this precision is the presence of a Bragg peak in the energy deposition profile of the carbon
ion beam. Unlike photon beams, which deliver radiation uniformly along their path, carbon ion
beams concentrate the majority of their energy release at a fixed depth within the tissue,
resulting in the Bragg peak and minimizing radiation exposure to the neighboring healthy
tissues. Moreover, owing to their greater mass compared to protons, carbon ions exhibit a
biological effectiveness that increases as they penetrate deeper into tissue. This effectiveness
peaks at the terminus of the beam's range. Notably, this property is particularly well suited to

the goals of cancer radiotherapy, rendering carbon ions an exceptionally promising choice.

Thus, we have used carbon ion beam for the irradiation of isolated DNA oligonucleotides in
the experiments discussed in this chapter. When recording these mass spectra, we used the same
oligonucleotide sequence and the same setup in the previous chapter, in order to compare the

same ions in positive and negative mode under the similar experimental conditions.

During the beamtime, to simulate the clinical case, the carbon ion beam kinetic energy was

set around 1 MeV/amu because it corresponds to the Bragg-peak energy of the ions used in
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hadrontherapy. In the previous studies, there are some works on ions at this Bragg-peak energy,
targeting peptidest® or RNA nucleobases!#142 but so far only experiments at keV kinetic
energy on oligonucleotides®. However, since genomic DNA that is not at the transcription stage
is mostly in the form of double strand instead of single strand to carry the gene information, it
is of great importance to investigate the effect of irradiation on double strand DNA. Although
there are many works that study the irradiation of double strand DNA in the condensed phase
by ionizing radiation,'3343147 sych a study of double strand DNA in the gas phase has never
been reported before, to the best of our knowledge. One great challenge is to retain the
noncovalently-bound double helix DNA structure from solution to the gas phase. We have
solved the problem and confirmed the presence of the double helix DNA structure in the gas
phase for high charge states of the double strand of the dCGCGGGCCCGCG oligonucleotide
(results shown in Chapter 3). Here, by means of an electrospray ionization source in soft mode
(see the experimental section for details), we have successfully isolated and irradiated
deprotonated oligonucleotide monomers and a double helical dimer by carbon ions in the gas

phase.

5.2 Experimental details

A powder of the ACGCGGGCCCGCG oligonucleotide of up to 85% purity (Reverse-Phase
HPLC purified, Eurogentec, Seraing, Belgium) was dissolved without further purification in a
mixed solvent of 50% HPLC methanol, 50% deionized water and 1% ammonium hydroxide, at
a final concentration of 100 uM. To make double strand DNA from single strand DNA in this
aqueous solution with ammonium hydroxide, we first performed DNA annealing with the
dCGCGGGCCCGCG self-complementary sequence oligonucleotide. DNA annealing is the
process of heating and cooling two single strand oligonucleotides with complementary
sequences. The heating process (95°C for 2 mins) breaks all hydrogen bonds, and then the
cooling process (slowly cooling to room temperature) allows new hydrogen bonds to form
between the two sequences. It should be noted that even without annealing, two complementary
sequences in the solution at room temperature can form double strand DNA spontaneously.
However, the annealing procedure, heating followed by cooling, facilitates the formation of
double strand DNA, because the heating process will break the undesired, no-specific duplexes
or intramolecular hairpins. In this way, even though the hydrogen bonds do not become more
“tight”, the number of hydrogen bonds is increased. In other words, the concentration of the
dimers is higher. Therefore, we have more dimers to be sent to the Paul trap. What’s more, we
tried to minimize collision-induced dissociation when the double strand DNA molecules enter
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the vacuum chamber after the ESI source. To achieve this, we had optimized all the optic
parameters all the way from the capillary to the Paul trap to make sure that the DNA dimers
were in a soft environment before irradiation. The method was to try to get as much precursor

ions as possible during optimization.

Irradiation of DNA oligonucleotides by carbon ions were carried out at the GANIL facility
in Caen (France). It was achieved by coupling the tandem mass spectrometer described in
Section 2.1 to the IRRSUD beamline described in Section 2.3.

The oligonucleotide solution was introduced in a syringe and pushed towards the needle of
an in-house-built electrospray ionization (ESI) source under atmospheric conditions, using a
syringe pump with a flow rate of about 0.10 mL/h. By applying a high voltage around -3.7 kV
to the metal needle of the ESI source placed under atmospheric pressure, a high electric field
was created between the needle and a metal capillary, which played the role of a counter
electrode (-250 V). After the solvent evaporation process between the needle and the capillary,
the ions are transported to the first vacuum chamber at a pressure of about 10"t mbar and focused
along a funnel of 26 electrodes on which a radio frequency of about 730 kHz was applied. Then
they are guided into the next vacuum chamber. The pressure there is close to 10 mbar. Then
the ions are guided using the octopole in this chamber with a radio frequency of 370 kHz and
amplitude of 470 V. Subsequently, the molecular ion of interest is injected during a controlled
time (about 50 ms) and selected according to its mass to charge ratio (m/z) in a quadrupole mass
analyzer (QMS). The filtered ions are then accumulated in a three-dimensional RF trap (Paul
trap) whose annular electrode is brought to a radio frequency voltage whose amplitude is
variable from 0 to 2 kV. After accumulation, the trapped ions are irradiated by MeV ions during
a controlled time. After interaction, either the negatively charged products and precursors left
or the positively charged products were extracted from the trap by a pulsed electric field,
depending on the polarity of the bias voltages on the RF trap end caps. Then, the ions entered
into a reflectron time-of-flight (Re-TOF) mass spectrometer where they were accelerated by a
uniform electric field, then reflected by an electrostatic mirror, and finally detected by a
microchannel plate (MCP) detector. The MCP had a front plate biased at -2.5 kV and an anode
plate at ground potential for detecting cations, but these values were +2.5 and +4.5 kV for

anions.

The same data acquisition method as the one described in Section 4.2.1 was used to extract
mass spectra. During data processing, we had performed the "Fast Fourier Transform™ (FFT)
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filtering to remove the noise from the mass spectra. This filtering was done in the software of

OriginPro 8.5. The filter type was low pass and the cutoff frequency was 20 MHz.

5.3 Results and discussion

5.3.1 Negative and positive ions from the oligonucleotide monomer

In Chapter 4, we presented the results of irradiation of isolated DNA oligonucleotides by X-
ray photons. Here, we irradiated the same deprotonated DNA oligonucleotide
(dCGCGGGCCCGCG) by 3C3* carbon ions at 10.4 MeV kinetic energy. The corresponding
mass spectrum for the negative ionic products of the 4- precursor (m/z 911) is shown in Figure
5.1. The signal corresponding to the precursor ion depletion is negative due to data analysis
(see section 2.1). Positive peaks appear only around m/z 1214, and are assigned to non-
dissociative single electron detachment (NDSED). We also observed NDSED in the case of X-
ray photons (cf. Chapter 4), but two peaks assigned to internal fragments due to backbone
cleavage were present as well, their intensity being much lower (except when the photon energy
was set to 288 eV). It means we observed similar results with both $3C3* carbon ions and X-ray
photons. We expected such similarity since both particles interact with the electrons of the
precursor and eject at least one of them. The absence of fragments in the case of carbon ions
can be linked to the different orbitals targeted by ions at this kinetic energy. Indeed, for MeV
projectiles, the cross-section o for an ion of charge ¢, mass M and kinetic energy E interacting
with one electron of mass m and binding energy Ip is, according to a classical calculation of

ion-electron momentum transfer:

=) 1
a—nm 4mey/ IpE

2

Thus ejection of electrons from valence orbitals dominate with the carbon ions at MeV
kinetic energy, whereas photons of energy close to atomic K-edges excite 1s core electrons and
thus leave the molecule with a higher excess vibrational energy (around 20 eV for the carbon
K-edge) after Auger electron emission.’® Similar results for protonated peptides after
irradiation by X-ray photons and carbon ions were also reported by Lalande et al.*%® It is worth
noting that we observed several peaks at higher m/z (around 1222, 1229, and 1236) than the
peak at m/z 1215 (shown in the insert of Figure 5.1). The same additional peaks are also
observed for the precursor, and in both cases their m/z ratio correspond to additional masses of

+22, +44 and +66 amu: thus, we attribute them to sodium adducts substituting protons in the
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oligonucleotide. These sodium adducts also confirmed that the peak around m/z 1215
corresponds to NDSED instead of a fragment which would have the same m/z ratio. Their
presence is due to the fact that this DNA oligonucleotide had not been desalted by the gel
filtration medium (Sephadex G25) used in Chapter 4, where the mass spectra showed no such
peaks assigned to sodium adducts. Non-dissociative multiple electron detachment is not
observed after carbon ion impact on [{CGCGGGCCCGCG-4H]*, in contrast with the case of
VUV photon (15 - 30 eV) absorption by other deprotonated oligonucleotides of similar length®®,

despite the fact that valence electrons are mostly targeted in both cases.
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Figure 5.1: Top: mass spectra of the negative products of [ACGCGGGCCCGCG-4H]* after irradiation by 3C3* carbon ions
at 10.4 MeV kinetic energy. Bottom: relative yield of non-dissociative single electron detachment from [dCGCGGGCCCGCG-
4H]* after single photon absorption and carbon ion collision. The precursor peak position is indicated by blue dashes. Error
bars represent the standard deviation of the average value from three independent calculations (n = 3).

To calculate the NDSED vyield resulting from carbon ion colliding with
[dACGCGGGCCCGCG-4H]*, the integrated area under the NDSED product peaks (including
the sodium adducts) is divided by the integrated area under the precursor peaks (also including
the sodium adducts). No correction to account for the difference in detection efficiency was
made, since the m/z of the two species are not strongly different. The same calculation is also
done for the NDSED vyield resulting from X-ray photons interacting with
[dACGCGGGCCCGCG-4H]*, except that there are no sodium adducts peaks in that case.
Surprisingly, the NDSED vyield after carbon ion collision is much higher than after X-ray photon
absorption (factors of about 4 and 10 compared to P and C K-edges, respectively), as shown in
Figure 5.1. In the case of [dTGsT-2H]%*, the NDSED vyield was very low for both
photoabsorption at the C K-edge (288 and 300 eV) and collision with ?C** at 11.76 MeV.%
Interestingly, for carbon ion collision, this low yield was not compensated by the yield of
positive fragments formed after the detachment of at least 3 electrons from [dTG4T-2H]?,
which had been explained by formation of neutrals after the detachment of 2 electrons. Here,
for [ICGCGGGCCCGCG-4H]*, we do not detect non-dissociative double-electron detachment
(m/z 1824), neither negative fragments, and we will see later that abundant positive fragments
are created after carbon ion collision. Therefore, we suspect that formation of negative
fragments as well as detachment of 2 electrons are quenched by the size of
dCGCGGGCCCGCG that is twice larger than dTG4T, due to redistribution of the deposited
vibrational energy into the molecular degrees of freedom. It is surprising because single and

multiple electron detachment are believed to be non-statistical.*%

It should also be noticed that in previous and present collisions between oligonucleotides
and carbon ions, the charge state (g = 3 vs. 4) and mass (M = 13 vs. 12) of the carbon projectile
ion were different. However, we do not expect the consequences on electron emission and
fragmentation to be significant, given the results of experiments performed by the group of L.
Tribedi, consisting in irradiating gas-phase uracil molecules by carbon and oxygen ions in the
1 - 10 MeV/amu kinetic energy range: they found very similar mass spectra for the 4+, 5+ and

6+ charge states of carbon as well as for oxygen ions. 4!

As we mentioned, for [ICGCGGGCCCGCG-4H]*, we do not detect non-dissociative

double-electron detachment (m/z 1824), neither negative fragments that could provide the yield
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of 80% complementary to that of non-dissociative single-electron detachment (see Figure 5.1).
Therefore, we expect that abundant positive fragment ions are created after carbon ion collision.
To confirm this, we have switched the detection mode from negative to positive with the same
precursor. The resulting mass spectra are shown in Figure 5.2 and Figure 5.3. Interestingly, the
mass spectrum in Figure 5.2 contains all the peaks observed in the mass spectrum after X-ray
irradiation (Figure 4.7). In addition, they are quite similar even in relative intensity: for example,
the most intense peaks are assigned to protonated guanine, the cyclic guanine nucleoside (cC*)
and the guanine radical cation. On the other hand, we can observe some new peaks compared
to the one after X-ray irradiation at 174, 201, 214, 223, 254, 281 m/z, respectively.. These peaks
are also observed in Figure 5.3, which has eliminated the influence of the residual gas
irradiation. Thus, we can conclude that these peaks are the products of the oligonucleotide after

carbon ion irradiation, although we cannot assign it for this moment.
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Figure 5.2: Mass spectrum of the positive products of [ICGCGGGCCCGCG-4H]* after irradiation by 13C3* carbon ions at
10.4 MeV kinetic energy for a trap RF voltage of 2000 V.

The experimental mass spectrum shown in Figure 5.3 was recorded in similar conditions
with respect to the one in Figure 5.2. However, the data analysis is different in the case of Figure
5.3. As we have described in the experimental part of section 4.2.1, we have recorded an ONLY
ESI spectrum in order to subtract it from the ESI + BEAM spectrum. However, here we have
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also recorded a mass spectrum of the ionized content of the Paul trap filled only by the residual
gas. This spectrum is labeled as ONLY BEAM. To get the mass spectrum in Figure 5.3, the
ONLY ESI and the ONLY BEAM spectra are subtracted from the ESI + BEAM spectrum.
Because the ONLY BEAM spectrum is taken after the ONLY ESI and ESI + BEAM spectra,
the experimental conditions might not be exactly the same. It induces the few undesirable
negative peaks in Figure 5.3. Due to the fact that negative peaks are present here, we will not
go too far in the analysis of this spectrum. We will only comment on some important peaks

here.
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Figure 5.3: Mass spectrum of the positive products of [ICGCGGGCCCGCG-4H]* after irradiation by 13C3* carbon ions at
10.4 MeV kinetic energy for a trap RF voltage of 1650 V.

Importantly, in the mass spectrum of Figure 5.3, we have observed a peak at 112 m/z, which
can be attributed to protonated cytosine, [C+H]*. This peak could not be detected in the case of
photoabsorption in Chapter 4 (cf. Figure 4.7) or in the mass spectrum of Figure 5.2, because of
the higher m/z threshold of the Paul trap. In this experiment, the RF voltage amplitude of the
Paul trap is lower so it can trap ions with lower m/z. We can also observe a smaller peak at 111
m/z, which can be attributed to the cytosine radical cation. The ratio of C*/[C+H]" (0.018) is
much lower than G*/[G+H]" (0.81), which is consistent with a previous report®, where the
intensity of C* is negligible after ionization of the protonated dGCAT oligonucleotide by
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energetic photons (Av = 10 — 570 eV) and keV CY" ions. It points towards an intrinsic property
of cytosine, maybe its high proton affinity (9.85 eV according to the NIST), which would mean
that proton transfer is responsible for the formation of protonated cytosine, whatever the
ionizing radiation used. Note that H transfer to cytosine is also required to form this ion, in
addition to glycosidic bond cleavage. Furthermore, considering the fact that there are equal
amounts of C and G in this oligonucleotide, it is surprising that the [C+H]" peak dominates in
the mass spectrum. The same has been reported for protonated dGCAT oligonucleotide by
energetic photons (v = 10 — 570 eV) and keV C% ijons.% It cannot be explained by proton
transfer or hole transfer because guanine has the highest proton affinity and lowest ionization
energy.? It might be linked to the process of multiple electron detachment after decay of a 1s
vacancy created by the ejection of one core electron, a process that has been shown to occur for

carbon ions,®’ even though ejection of valence electrons is dominant.

5.3.2 Negative ions from the GC oligonucleotide dimer

We have succesfully accumulated the dimer of the dCGCGGGCCCGCG oligonucleotide
with 7 negative charges in the Paul trap. Then we have irradiated it with $3C3* carbon ions at
the same kinetic energy as the monomer oligonucleotide and the corresponding mass spectrum
for negative ions is shown in Figure 5.4. The negative intensity peaks around 1041 m/z are due
to the precursor ion [d(CGCGGGCCCGCG),-7H] " and its sodium adducts. There is only one
group of positive peaks around 1240 m/z. If we zoom in to have more details, we can see that
this peak includes many peaks. The interval between each peak is 3.66 m/z. When we multiply
it by 6, we get 22 m/z, which means these peaks can also be attributed to the sodium adducts
with 6 negative charges. Therefore, we assign these peaks to product ions from non-dissociative
single-electron detachment (NDSED) from the [d(CGCGGGCCCGCG),-7H]” precursor

dimer.
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Figure 5.4: Mass spectrum of the negative products of [d(CGCGGGCCCGCG)2-7H] 7~ after carbon ion irradiation. The dash
line is used to show the same interval (3.66 m/z) between each peak.

Because the precursor dimer [d(CGCGGGCCCGCG).-7H]" is composed of two identical
molecules, its 7 charges should be statistically distributed, thus we expect it to contain one
oligonucleotide [dACGCGGGCCCGCG-3H]* and one [dCGCGGGCCCGCG-4H]*. After
irradiation and electron detachment, the [d(CGCGGGCCCGCG).-7H]® dimer may dissociate
into two monomers. The most likely is symmetrical charge separation to form two 3- monomers.
The theoretical average m/z ratios of the 3- monomer and the 6- dimer are quite close to each
other. However, the interval between the peaks due to sodium adducts for the 3- monomer is
twice that for the 6- dimer. Thus, any significant contribution of the 3- monomer would result
in alternately high and low peak intensities. Figure 5.4 gives evidence that the peaks in this m/z
range are only due to the 6- dimer: the distribution looks mostly gaussian, reflecting a statistical
distribution of sodium atoms in the dimer. Therefore, we conclude that after 3C3* carbon ion
irradiation,  dissociation of the [d(CGCGGGCCCGCG),-7H]®* dimer into two
[dCGCGGGCCCGCG-3H]* is negligible.

When we compare the mass spectra of the negative product ions of the dimer
[d(CGCGGGCCCGCG),-7H]" after carbon ion irradiation with the one of the monomer
[dACGCGGGCCCGCG-4H]*, we find that both of them only contain peaks assigned to NDSED
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products. However, a strong difference appear if we compare the relative yield of their NDSED
products, as shown in Figure 5.5, we find that it is 70% for the dimer [d(CGCGGGCCCGCG),-
7H]", which is much higher than that of the monomer [ICGCGGGCCCGCG-4H]* (20%). In
the latter case, intense positive ions were detected (see the previous sub-section 5.3.1), which
accounted for at least part of the complementary 80% depletion of the precursor ions due to
carbon ion collision. Formation of positive ions from a 4- precursor ion most probably requires
detachment of at least 5 electrons, while for a 7- it would increase to 8 electrons, strongly
decreasing the probability of this process and providing an explanation for the sharp increase
of the NDSED vyield for the 7- dimer. However, we should also consider the twice larger size
of the dimer, which may bring several additional effects. The first is the higher probability of
multiple collisions between the carbon ion and electrons of the precursor target, which has been
shown to cause more fragmentation of a multiply-protonated peptide trimer compared to the
monomer.13 On the other hand, the larger size of the dimer makes it more capable of absorbing
the excess vibrational energy resulting from collision by the carbon ion, which reduces
fragmentation after redistribution of the excess energy into the vibrational degrees of freedom.
One could argue that the hydrogen bonds between the two single strands of the dimer are one
order of magnitude weaker than the covalent bonds of a monomer, but the dimer contains 36
H-bonds if its geometrical structure is a double helix (see Section 1.2), which makes the dimer
binding energy much higher than a single covalent bond. An estimation of this energy can be
given by multiplying the experimental binding enthalpy of the isolated guanine-cytosine base
pair (about 1 eV*®) by 12, giving 12 eV, eventually a very high value compared to covalent
bonds in DNA. As we see a great majority of intact dimers after carbon ion irradiation, it means
that the average vibrational energy present in the dimer after carbon ion collision is lower than
12 eV. This is lower than the value of 20 eV obtained in the case of photoabsorption of a 288
eV photon by peptides and proteins, corresponding to excitation of a 1s electron of carbon.'?8
It would be highly valuable to perform X-ray photoabsorption experiments on the
[d(CGCGGGCCCGCG),-7H]" dimer to see if dissociation occurs.
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Figure 5.5: Relative yield of non-dissociative single electron detachment from the dimer [d(CGCGGGCCCGCG)2-7H]" and
the monomer [dICGCGGGCCCGCG-4H] # after irradiation by 3C3* carbon ions at 10.4 MeV kinetic energy. Error bars
represent the standard deviation of the average value from three independent calculations (n = 3).

5.4 Conclusions

In this chapter, we have studied the results of irradiation of the DNA oligonucleotides by
13C3* carbon ions in the gas phase. By interfacing a tandem mass spectrometer with the
IRRSUD beamline at the GANIL facility, we were able to tune the kinetic energy of the carbon
ion beam to 0.8 MeV/amu, which is at the Bragg-peak energy. For the oligonucleotide monomer,
we have observed non-dissociative single electron detachment (NDSED) as well as extensive
dissociation following the detachment of more than 4 electrons, which is similar as the case of
irradiation by X-ray photons. However, there is no non-dissociative multiple electron
detachment after carbon ion impact, which is different from the case of VUV photon absorption.
Moreover, the NDSED yield is much higher than after X-ray photon absorption. This is broadly
consistent with the fact that carbon ions in the MeV Kkinetic energy range eject mainly valence
but also core electrons, creating 1s vacancies with low but not negligible probability.

What’s more, we have for the first time successfully irradiated a DNA double helix in the
gas phase. After carbon ion irradiation, mainly NDSED occurs, and no single strand products
dissociated from the double strands are observed. Interestingly, the NDSED product yield is
much higher than that for the single strand DNA, because a DNA double strand ion with 7

negative charges most probably requires detachment of at least 8 electrons to form a positive
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ion from the precursor ion. The low probability of this event may explain the sharp increase of
the NDSED yield for the [d(CGCGGGCCCGCG),-7H]" dimer.

In the future, we plan to perform more experiments for the same DNA oligonucleotide after
X-ray photoabsorption, in order to check the difference between X-ray photoabsorption and
carbon ion impact. In addition, we will explore more non-covalent DNA structures such as i-

motif and G-quadruplex after irradiation by carbon ions.
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6 Summary and perspectives

lonizing radiation is a type of radiation that removes electrons from atoms and molecules
found in materials such as air, water, and living tissue, thereby ionizing them. Since the
groundbreaking discovery of X-rays by Wilhelm Rdntgen in 1895 scientists from around the
globe have dedicated their efforts to investigate the characteristics, mechanisms, and impact of
ionizing radiation on human health. The most common and important lesions caused by ionizing

radiation are those that affect DNA, which is the focus of this thesis.

Taking advantage of the DNA damage caused to cancer cells by ionizing radiation,
researchers have developed radiation therapy to treat cancer. In the clinical application of
radiation therapy, several beams of different particles are used: electron beams, photon beams
and hadron beams. We focus mainly on the latter two types of beam, photon beams and ion

beams in this thesis.

In order to study the processes that take place after direct interaction between DNA and
ionizing radiation, such as the transfer of charge, atoms and energy within DNA molecules, we
performed our experiments in the gas phase rather than in the condensed phase. To carry out
the analysis in the gas phase, the experiments were carried out using a powerful gas-phase
analysis tool, the tandem mass spectrometer. We have used two different tandem mass
spectrometers in this thesis. One is a commercial tandem mass spectrometer with an ion
mobility analyzer. It helped us to get the m/z and the ion mobility of the DNA ions we were
interested in. Moreover, it can perform CID experiments. Another is a home-built tandem mass
spectrometer from Thomas Schlatholter’s group. It has a Paul trap, which allows the
accumulation of gas-phase DNA molecules to reach sufficient target density to carry out mass
spectroscopic studies of DNA molecules in response to ionizing radiation. In addition, it is
flexible and portable enough to interface with various sources of ionizing radiation, such as
synchrotron user facilities and heavy ion accelerators. Therefore, it allows us to study and
compare the processes within DNA induced by photons and heavy ions.

In Chapter 3, we have studied a DNA oligonucleotide using ion mobility-tandem mass
spectrometry. The basic aim is to study the geometrical structure of a double strand DNA in the
gas phase and to investigate its CID processes. The sequence of the DNA oligonucleotide is
dCGCGGGCCCGCG, which means that it can self-assemble into a DNA duplex in the solution.
The same sequence is used in Chapters 4 and 5 for the irradiation of isolated DNA

oligonucleotide, in order to compare the different effects of photons and carbon ions. In the MS

89



Radiation-induced processes within DNA in the gas phase

mode, we have identified many different DNA ions with different charges or structures,
including single strand DNA and double strand DNA. We found that the DNA dimers with an
unambiguous mass-over-charge ratio are the ideal targets for studying double strand DNA,
thanks to their purity. In the MS/MS mode, by selecting the double strand DNA with the
quadrupole mass filter, we can trap and accumulate the double strand DNA molecules in the
ion trap, and use them for the following CID experiments. In the CID experiments, we observed
that the precursor [d(CGCGGGCCCGCG),-5H]>" dimer was separated into two monomers
([ACGCGGGCCCGCG-3H]* and [dCGCGGGCCCGCG-2H]*) due to the increase in
vibrational energy caused by multiple collisions with the gas, but other channels are also present,
such as loss of guanine or cytosine without dissociation of the dimer. In addition, we have
obtained the ion mobilities of the DNA ions in the MS mode, which can be converted to the
CCS. The CCS of the [d(CGCGGGCCCGCG),-5H]> dimer is lower than the expected one for
the canonical B-helix, possibly due to novel phosphate-phosphate interactions.'%! Besides, we
found that the CCS of DNA increases with the charge state, due to the unfolding the DNA
structure and the stronger gas-molecular ion (charge-induced dipole) interaction. The structure
of [d(CGCGGGCCCGCG),-6H]® is closer to a canonical B-helix, thus we expect
[d(CGCGGGCCCGCG)2-7H]" to be even closer.

In Chapter 4, we present experimental results from specific photoabsorption at the backbone
of the AICGCGGGCCCGCG DNA oligonucleotide. In particular, we targeted on the phosphorus
atoms, which are located only at the backbone of DNA oligonucleotides by tuning the X-ray
photon energy to about 2160 eV (the phosphorus K-edge) at the U49/2-PGM1 beamline of the
BESSY Il synchrotron facility. After specific photoabsorption, we analyzed the ionic products
by mass spectrometry. Remarkably, the most abundant negative ion produced by single-photon
absorption is due to non-dissociative single electron detachment (NDSED). The vyield of
negative fragments is very low compared to the NDSED vyield. This very low fragmentation
yield is probably due to the large size of the system: it suggests that fragmentation occurs in the
electronic ground state of the system, after intramolecular vibrational energy redistribution
(IVR). We have observed such a phenomenon after VUV and X-ray photoabsorption of
deprotonated oligonucleotides as well as protonated peptides and proteins,®6:67:128.135

Returning to the question we proposed in the introduction, what is the relationship between
the fragmentation pattern and the initial photoabsorption site on DNA? Our results show that
no new ion channel is observed as the energy increases from the C K-edge energy to the P K-
edge energy, indicating that no matter which atom absorbs the photon energy (carbon or
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phosphorus), the energy tends to be transferred to the same bonds, causing the same bonds to
break and thus fragmentation. On the other hand, although the ion channels remain the same,
the abundance of each ion channel differs when the initial photoabsorption site changes. For
example, a fragment due to backbone bond cleavage (BB™) becomes much more abundant at
the P K-edge excitation energy. This increase indicates localized fragmentation after site-
specific photoabsorption at the phosphorus atoms and thus at the oligonucleotide’s backbone.
In addition, an increase in the relative abundance of guanine-related ions is also observed
around the P K-edge, which can be explained by three possible mechanisms: the first is
ionization of the backbone succeeded by hole transfer to the base, the second is electronic
excitation of the backbone and the subsequent transfer of this excitation energy to a base
followed by ionization of this base, and the third is proton transfer to the base.

In Chapter 5, we have studied the consequences of irradiating the dCGCGGGCCCGCG
DNA oligonucleotide with 3C3* carbon ions in the gas phase. As already mentioned in the
introduction, what are the differences and similarities between ion-induced and photon-induced
ionization of DNA? For the same oligonucleotide, we have observed similar NDSED and
similarly abundant positive fragment ions after carbon ion impact as in the case of irradiation
by X-ray photon irradiation. However, there is no non-dissociative multiple electron
detachment after carbon ion impact, which is different from the case of VUV photon
absorption.®® Nevertheless, valence electrons are mostly targeted in both cases. In addition, the
NDSED vyield after carbon ion impact is much higher than after X-ray photon absorption. This
indicates that the NDSED process is most likely due to the emission of valence orbital electrons,

which is different from that after photoabsorption.

The final question is how do the hydrogen bonds between the two strands of the double helix
DNA affect the fragmentation after irradiation? As we have successfully irradiated the DNA
double strands in the gas phase by carbon ion impact for the first time, we observed that
although no single strand products dissociated from the double strands are observed, the
NDSED products from the DNA double strands are in high abundance, and much higher than
that for the single strand DNA. Considering that we used a DNA double strand ion with 7
negative charges, which most probably requires the removal of at least 8 electrons to form a
positive ion from the precursor ion, the low probability of this event may explain the sharp
increase in the NDSED vyield for the [d(CGCGGGCCCGCG),-7H]’- dimer. Meanwhile, the
dimer contains 36 H-bonds if it is a double helix (see Section 1.2). The total energy of all the
36 H-bonds is much higher than that of a single covalent bond. This explains how do the
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hydrogen bonds between the two strands of the double helix DNA affect the fragmentation after

irradiation.

In the future, we plan to perform more experiments for the same DNA dimer after X-ray
photoabsorption, in order to compare the difference between carbon ion impact and X-ray
photoabsorption. We can also extend the target models to more DNA non-covalent structures
such as i-motif and G-quadruplex. The timescale of the processes after carbon ion impact and
X-ray photoabsorption is also worth investigating. Such studies will help us to understand more

about the intrinsic mechanism of radiation therapy.
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7 Appendix: UV-VUV Photofragmentation Spectroscopy of

Isolated Neutral Fragile Macromolecules

7.1 Introduction

UV spectroscopy is one of the most widely used techniques in analytical chemistry,
especially for measuring the absorption of molecules in solution. The obtained spectra are
crucial for identifying whole molecules or chemical groups within a larger system. UV
spectroscopy also allows probing the electronic structure of molecular systems, which is useful
to understand and predict the consequences of light-molecule interaction, as well as the
reactivity of these systems. However, solution-phase spectra suffer from the dependence
towards the solvent, and the difficulty in controlling the stoichiometry of noncovalent
complexes, which are key issues in many fields of chemistry and biology, including host-guest
chemistry, molecular recognition, drug screening, sensors, etc. UV spectroscopy of molecular
systems in the gas phase is an alternative approach that probes the intrinsic molecular properties,

which can directly be modelled by state-of-the-art calculations.4®

One major advantage of studying isolated molecular systems is the ability to extend the
spectral range to the short wavelengths, i.e. in the VUV or even soft X-ray regions, increasing
the amount of information obtained, by allowing electrons from inner-valence and even core
orbitals to be excited or ejected from the molecule. Such investigations have benefited, in the
last decades, from the advent of high-flux and tunable sources of ionizing photons such as
synchrotrons, triggering a wealth of studies on small neutral systems.*%152 However, they all
rely on detecting the product ions coming from ionization of the target neutral molecular system,
which is not always possible with UV light. Therefore, several experimental techniques have
been applied to the measurement of the absorption of neutral molecular systems without
ionizing them, notably cavity ring-down spectroscopy.>® Nevertheless, in all these studies, the
size of the molecule is limited, because the vaporization techniques used most often involve
thermal heating, which induces chemical reactivity for relatively large thermolabile and floppy
molecules. Notably, regarding biologically-relevant molecules,®®*%¢ a trade-off between
thermal decomposition and signal intensity exists.>”*>” The use of aerosol thermodesorption
may allow a slight extension of the size range of neutral studies but with limited target

densities,158-160

93



Radiation-induced processes within DNA in the gas phase

An alternative consists in taking advantage of the soft ion sources such as electrospray
ionization (ESI) or matrix-assisted laser desorption ionization (MALDI): they have allowed
action spectra of molecular ions to be measured in the UV, VUV or soft X-ray ranges, notably
of biologically-relevant systems,*?® in particular proteins®®118.161 pyt also peptides,120:127162-164
carbohydrates!® and DNA strands.®**?! In action spectroscopy, the mass spectrum of ionic
products from photoabsorption is usually recorded as a function of photon energy. A great
advantage of action spectroscopy as compared to direct absorption lies, in certain cases, in its
very high sensitivity as a zero-background technique. However, very often, the action spectrum
of an isolated molecular system depends on charge state: for instance, the number of protons in
a protonated molecule usually changes its fragmentation yield and channels, because proton
transfer can lead to bond cleavage, for instance in protonated peptides.®® Increasing the charge
state has also an effect on the geometrical structure of the system, it often induces unfolding of
proteins for instance, and can thus influence reactivity (notably charge transfer).?616” These
undesired effects can be circumvented by studying the neutral molecule and record its
photofragmentation yield as a function of photon energy. But then one is facing the issues of
bringing intact fragile neutral molecules into the gas phase. In this context, we propose here the
following strategy: in order to detect, by mass spectrometry, the fragment ions from
photofragmentation of a given neutral molecule, the latter can be noncovalently bound to an
ion acting as a charged tag: such a noncovalent complex can be brought intact into the gas phase
by ESI or MALDI for instance. Several conditions must be fulfilled in order to obtain the

photofragmentation spectrum of the neutral molecule:

1. The yield of product ions formed after photoabsorption by the tag ion is negligible

compared to that of the neutral molecule in the photon energy range considered,

2. The noncovalent interactions between the tag ion and the neutral molecule do not
strongly modify the electronic states of the latter.

Condition 1 might be fulfilled in the UV-VUV range by using singly-charged negative ions
as tags: indeed, their electron photodetachment energy is very low (on the order of a few eV,
for instance 2.15+0.15 eV for deprotonated phenol and 2.31+0.15 eV for deprotonated
indole)!®8, so they are expected to mainly create neutrals after photoabsorption at higher photon
energy, which are not detected by mass spectrometry. Therefore, these events will not pollute
the photofragmentation spectrum of the neutral molecule. Note that in the high energy VUV
range, two electrons will possibly be ejected from the tag anion, leading to the formation of a
monocation: however, it is not expected to dominate below 14 eV, in the photon energy range

94



Université de Caen Normandie

studied here. Besides, electron detachment is known to be a process occurring before inter- and
intramolecular vibrational energy redistribution (IVR), thus noncovalent binding with a large
molecule would not quench it.2% However, electronic excitation without electron detachment
might still happen, and must be quantified in the singly-charged negative tag ion. Positive tag
ions are not expected to be a good choice, because their photoabsorption can trigger ionization
and/or fragmentation of the complex, and thus positive ions that may pollute the spectrum of
the neutral molecule. Condition 2 must be checked case-by-case by considering the type of

noncovalent interactions existing in the complex and the photon energy range probed.

In this article, we report the proof-of-principle that the UV-VUV photofragmentation
spectrum of an isolated fragile neutral macromolecule can be obtained by action spectroscopy
of its noncovalent complex with a small anion. We use synchrotron radiation as a source of
photons, irradiate the anionic complexes in an ion trap, and detect photoabsorption thanks to
mass spectrometry analysis of the produced anionic fragments. As a test-case, we choose the
noncovalent complex between vancomycin (denoted V) and the deprotonated Acz"KPAPA
peptide (denoted R). Vancomycin is a last-resort antibiotic against infections caused by Gram-
positive bacteria: it specifically recognizes a precursor of the main constituent of the bacterial
cell wall, preventing its renewal and leading to cell death. Previous studies have established
that the peptidic C-terminal PAPA sequence is mandatory for high affinity between vancomycin
and the receptor.'®® The noncovalent interactions responsible for this behavior have been
revealed by structural investigation of the crystallized V+R complex by X-ray diffraction,'’
and they are depicted in Figure 7.1. Five H-bonds link the two peptidic moieties, three of them
with ionic character since they involve the CO2 group of [R-H]. By means of infra-red
multiphoton dissociation (IRMPD) spectroscopy, this biologically-active structure has been
found to be conserved for deprotonated V+R complexes in the gas phase,'’* but not for the
doubly-protonated complex,t’ in line with early low-energy collision-induced dissociation
experiments.t”® Indeed, in the protonated complex, R is neutral and the native H-bonding
network is lost, thus noncovalent binding is not specific anymore.}’? The advantages of the

[V+R-H] complex as a test-case for this study are the following:

1. The 3D geometrical structure of the complex in the gas and condensed phases is known,
establishing that vancomycin is neutral and R is deprotonated in the complex. Moreover,
the noncovalent interactions do not involve the aromatic chromophores of vancomycin,
namely modified side-chains of the amino acid tyrosine, indicating that condition 2 above
is fulfilled.

95



Radiation-induced processes within DNA in the gas phase

2. R does not contain any aromatic UV chromophore, and it is relatively small compared to
vancomycin, we thus expect its absorption cross-section to be lower than that of
vancomycin (condition 1 above), with little contribution in the UV range.

3. Photoabsorption of [V-2H]? as well as of the [V+R-2H]?> complex in the gas phase has
been studied previously, notably with synchrotron radiation in a complementary VUV
range of higher energy.'’* Thus, the reported fragmentation channels will provide a basis

for our present investigation.
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Figure 7.1: Chemical structure of vancomycin (CesH75Cl2NsO24, average mass 1449.3 amu) bound to the Ac2"KPAPA peptide
that mimics the receptor. The standard nomenclature is used for the peptide backbone as well as for oligosaccharide
fragmentation, and hence for the main fragments observed after photoabsorption. Arrows indicate on which side of the cleaved
bond the charge is located.

7.2 Experimental details

Vancomycin hydrochloride and Ac,"KPAPA have been purchased from Sigma-Aldrich as
powders of over 80 % purity, and used without further purification. Electrospray solutions have
been prepared in 50:50 (volume ratio) water/methanol at 50 uM concentration with 1 % of
ammonia to deprotonate the molecules. For the experiments conducted with a UV-visible
spectrophotometer, the concentration of the solution sample was 6.7 uM in deionized water.
The UV-visible spectroscopy experiments in solution phase were conducted at CIMAP using a
Varian Cary 300 spectrophotometer in the 190-900-nm range, with a 1 nm step. The solution
was located in a quartz cell with an optical path of 10 mm. The blank solution was made of
deionized water, and the “blank spectrum” was subtracted from the spectrum of vancomycin in

deionized water.

The UV-VUV gas phase tandem mass spectrometry experiments were performed using a

commercial mass spectrometer (Thermo Finnigan LTQ XL) coupled to the DESIRS beamline
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at the SOLEIL synchrotron radiation facility.>”® The set-up has previously been described in
detail,}’® only a brief description is given here. The molecular ions were put in the gas phase
from the solution by electrospray ionization using a syringe pump with a flow rate of about 5
pL/min and a needle biased at 5 kV in front of a capillary held at 35 V. lons were then guided
through a quadrupole and an octopole, before being injected, thermalized by helium buffer gas
and trapped in a commercial linear triple quadrupole ion trap. In this trap, the ions of interest
were selected by mass-to-charge ratio (m/z) with an isolation width of 6 — 10 depending on the
ion; for example, for deprotonated vancomycin (m/z 1446.42) all ions with m/z between 1443.42
and 1449.42 were trapped, in order to obtain the main isotopic pattern. After isolation, the ions
were irradiated by photons from the DESIRS VUV beamline of the SOLEIL synchrotron
facility in Saint-Aubin (France).!”® Product anions from photoabsorption as well as remaining
precursors were then analyzed with respect to m/z in the ion trap, and these mass spectra were

accumulated until sufficient statistics was reached (typically 30 spectra).

Mass spectra were recorded for different photon energies, using 0.2 eV steps between 4.5
and 7.5 eV and between 7.2 and 13.8 eV. The UV/VUV beam was free of high harmonics owing
to the use of a Kr gas filter (7.2 — 13.8 eV) and a quartz window (4.5 - 7.5 eV). The photon flux
was in the 102 - 10*® photons/s range and was measured independently using an AXUV100
photodiode (International Radiation Detectors) under the measurement conditions. The total
number of photons for a given ion and energy was tuned to obtain a maximum of 10%
conversion of the precursor ions to photoproducts, in order to limit the occurrence of sequential
two-photon processes. It was regulated by adjusting the exit slit (100 — 600 pum) of the
monochromator and a mechanical shutter that controlled the irradiation time of the trapped ions
between 200 and 1000 ms.

Results were obtained in the form of one mass spectrum for each photon energy. To quantify
the formation of photoproducts as a function of photon energy, action spectra were constructed.
These spectra show the yield of each photoproduct as a function of photon energy. This yield
has been calculated from the intensity of the peaks in the mass spectra, corrected for the number
of incident photons (to account for photon flux variations upon scanning) and for the precursor
ion intensity (to account for fluctuations of the number of precursor ions in the ion trap). The
yield of photoproduct A can thus be calculated for a given photon energy according to the
following:

Iy
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where 14 is the abundance of photoproduct A, measured by the sum of the peak intensities
of all isotopes. Ipre is the abundance of the precursor ion peak (sum of all isotopes). The incident
number of photons Npnot is given by:

Wexp

N. =@, - At -

phot q Wref

where @y is the photon flux measured in the reference scan with the photodiode, At is the
irradiation time, Weyp Is the slit width during the experiment, and wret is the slit width during the

reference scan.

7.3 Results and discussion

First, we explain our method to obtain the UV-VUV photofragmentation spectra and
demonstrate that in this photon energy range, the probability of fragmentation following
photoabsorption of the deprotonated R peptide ([R-H]) is negligible compared to that of
deprotonated vancomycin ([V-H]). In Figure 7.2, the mass spectra of these two anions after
single photon absorption at 6.5 eV are shown: the peaks observed can only be due to
photofragmentation, not to photodetachment of one electron, because the latter process creates
a neutral that is not detected with the present mass spectrometer. For [R-H]", the most intense
fragment is detected at m/z 223, which we attribute to cleavage of the peptidic backbone to give
the [b2-H] fragment of m/z 282, together with loss of CH;CONH> from either the N terminal
or the lysine side-chain, after H transfer from the fragment. We also observe loss of one as well
as two CH3CO radicals from the precursor, but also backbone cleavage leading to the [y2-H]
fragment ion, as minor channels. Backbone cleavage and loss of neutrals are very common in
photofragmentation’” or collision-induced dissociation (CID) of deprotonated peptides.'’
Loss of radicals are less common, although Brunet et al.'’’ reported loss of radical tryptophan
and tyrosine side-chains from deprotonated peptides upon photoabsorption in the same photon
energy range as the one studied here. The most abundant process detected after photoabsorption
by [V-H] is loss of CO2, which has already been reported for mass spectrometry activation
techniques such as CID,'"® surface-induced dissociation (SID)!"® and IRMPD,*"* where
fragmentation occurs in the electronic ground state of the system. This channel is also common
in organic molecules containing a deprotonated carboxyl group, which is an indication of the
deprotonation site of vancomycin. HCI can also be lost in addition to CO>, but to a much lower

extent. Other minor channels are loss of H,O and H,O+CO:».
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We plot the photofragmentation yield of the main channels for [V-H] and [R-H] as a
function of photon energy in Figure 7.2, in the UV-VUV range 4.5 — 13.8 eV. One can see that
for both molecules, the fragmentation yield is much higher in the low photon energy region,
which might be explained by a higher absorption cross-section in this region and/or the increase
of electron detachment cross-section with photon energy. The spectrum for [R-H] features a
maximum around 6.3 eV (~ 197 nm), which is consistent with the peak observed around 6 eV
in the action spectra reported for [WVVVV-H] and [YVVVV-H] deprotonated peptides.t’’
Electronic n-n* transitions involving the peptide backbone have been predicted around this
energy by ab initio quantum chemical calculations on peptides.t® In the case of [V-H], the
peak is broadened towards low photon energy, and the fragmentation yield is still high at 4.5
eV. This is due to the presence of five aromatic rings coming from modified tyrosine side-
chains (cf. Figure 7.1): indeed, tyrosine strongly absorbs light around 275 nm (4.5 eV) in the
gas phase, due to m-m* transitions located in the phenol moiety.!%® Note that these rings also
contribute to absorption at higher photon energy, since phenol has excited states with very high
oscillator strength around 6.8 eV, and also Rydberg states at even higher energy but with lower
oscillator strength,'8! the latter probably being responsible for the still high level of CO2 losses
well above 6 eV in Figure 7.2. The crucial conclusions here are: first, in the whole photon
energy range, the probability of photoexcitation leading to fragmentation of [R-H]  is clearly
negligible compared to that of [V-H] (by about two orders of magnitude), and second, the
fragmentation signal of these singly-charged species becomes much lower for photon energies
over 7 eV, notably due to the increasing yield of electron photodetachment processes as

compared to photofragmentation, as we will demonstrate in the next paragraph.
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Figure 7.2: Mass spectra after single photon absorption at 6.5 eV (top) and partial fragmentation yields in the UV-VUV range
4.5 -13.8 eV (bottom) of [V-H]" (left) and [R-H]" (right), for the main fragmentation channels observed (for [R-H], the lack
of data between 7.6 and 8.2 eV is due to a technical problem). The arbitrary units for the yields are the same for both [V-H]
and [R-H], the yields can thus be directly compared.

Second, we confirm that charge state influences the UV-VUV spectrum of deprotonated
vancomycin, and we present the electron detachment-related processes. In Figure 7.3, the mass
spectrum of [V-2H]? after absorption of a single 6.5 eV photon is depicted: loss of CO from
the precursor anion is a major channel (and much weaker subsequent loss of 2H>0 is also
present), like for [V-H]", but here loss of CO; is also abundant from the radical anion [V-2H]
formed as a consequence of single electron photodetachment. We have already observed the
latter process from the same molecular system after single-photon absorption at 16 eV,™ as
well as formation of the Y1~ fragment after glycosidic bond cleavage, which is also detected in
the present lower-energy range, but as a minor process. Other low-intensity peaks are attributed
to non-dissociative electron detachment and subsequent peptidic backbone cleavage leading to
loss of the a; fragment. In Figure 7.3, we show the evolution of the yield of channels associated

with loss of CO- as a function of photon energy in the 4.5 — 11.2 eV range. Although the yield
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of COz loss is dominant in the low photon-energy region, its evolution looks different from the
case of [V-H] : there is only one maximum around 6.2 eV, the shoulder around 5.2 eV is almost
vanishing. This shows that charge state has an effect on the UV-VUV excitation spectra of gas-
phase vancomycin. CO> loss associated with electron detachment has lower yield between 4.5
and 9 eV, but progressively increases from 8 eV and dominates at high photon energy (see
Figure 7.3). This is consistent with our previous mass spectrum at 16 eV photon energy,'’ and
confirms our hypothesis of photodetachment quenching the photofragmentation of singly-
deprotonated vancomycin at high photon energy (see previous paragraph). At low photon
energy, the yield of [V-2H-CO2]" shows a maximum at 6.6 eV, and then falls with the same
yield as COz loss from the precursor. It is unusual for the yield of electron detachment-related
processes to show a peak falling to almost zero in this low photon energy range, since the cross-
section for ejection of one valence electron usually rises monotonically with photon energy
from the detachment threshold energy, as electrons from deeper valence orbitals can be
involved in the photodetachment process. Therefore the peaked shape of the CO> loss associated
to photodetachment might be the signature of photo-induced resonant transitions to electronic
states of [V-2H]? followed by CO- loss and subsequent delayed electron detachment. Such an
assumption is supported by the fact that the peaks for the yield of both CO> loss without and
with electron detachment are observed in the same photon energy range (5 — 7 eV). Delayed
electron detachment has only been reported once, in the doubly deprotonated peptide
gramicidin, by photoelectron spectroscopy.'®? Furthermore, this process most probably occurs
after internal conversion to the ground state of the radical anion, because it is associated with
CO: loss, the main fragmentation channel of [V-H] and [V-2H]? after UV photofragmentation
but also CID at low collision energy.
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Figure 7.3: Top: mass spectrum of [V-2H]? after single photon absorption at 6.5 eV. The unassigned peaks are unaffected by
the photon beam. Bottom: partial fragmentation yields of [V-2H]? in the UV-VUV 4.5 — 11.2 eV range for the main
fragmentation channels observed.

In order to show that the UV-VUYV spectrum of neutral vancomycin can be obtained by
recording, as a function of photon energy, the photofragmentation of the [V+R-H] noncovalent
complex between neutral vancomycin and the deprotonated Ac.KAA receptor, we have to
investigate the mass spectra of [V+R-H]" after photoabsorption. In Figure 7.4, the mass spectra
of [V+R-H] at 6.5 and 12 eV photon energies are visible and appear to be strongly different.
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After absorption of a single photon of 6.5 eV, the mass spectrum is dominated by loss of neutral
molecules from the precursor (H20, HCI and CO.), which implies covalent bond cleavage (and
rearrangement for HCI and H2O, see Fig. 1) without breaking of the H bonds linking the
complex. This process is highly unusual for closed-shell noncovalent complexes, in contrast to
the case of radicals: indeed, we have already observed CO; loss from [V+R-2H] after electron
photodetachment from [V+R-2H]? in the 16 — 24 eV range.'’* Loss of H.O, HCI and CO> has
also been observed from deprotonated vancomycin (see Figure 7.2), whereas CH3CO loss
occurs from [R-H] (cf. Figure 7.2), which strongly indicates that H>O, HCI and CO; are lost
from neutral vancomycin in the [V+R-H]" complex. These losses are much less abundant after
photoabsorption at 12 eV, while [V-H-CO] is the most abundant species, like in other
activation techniques such as CID,'"® SID'"® and IRMPD*"* where it is formed in the electronic
ground state of the system. This is somehow surprising, since we would expect [V-H-CO2] to
dominate at low photon energy after internal conversion. This behavior indicates a key role
played by excited electronic states of vancomycin in the loss of neutral molecules observed at
low photon energy. On the contrary, observing [V-H-CO2] at 12 eV photon energy implies
dissociation of the complex, and thus substantial redistribution of the available energy into the
vibrational modes of the system, in line with dissociation occurring in the electronic ground
state, as in CID, SID and IRMPD.

Moreover, we know from previous studies (see the introduction) that vancomycin is initially
neutral in the [V+R-H] noncovalent complex, thus the negative charge of [V-H-CO2]" means
that intermolecular charge transfer has been triggered upon photoabsorption. [V-H-CO2] can
be formed by proton transfer from neutral vancomycin to [R-H]", followed by CO> loss, which
would imply photoabsorption by vancomycin. [V-H-CO2]" may also come from electron
transfer from [R-H]" to vancomycin, followed by CO2H loss, which would mean that the photon
has been absorbed by [R-H]. However, we have shown earlier in this article that the
photofragmentation yield of [R-H]  is negligible compared to that of vancomycin in the whole
photon energy range studied here (see Figure 7.2). Therefore, we attribute the formation of [V-
H-CO2] to the sole photoexcitation of neutral vancomycin followed by proton transfer to [R-
H]", associated with the formation of [\VV-H] and CO> loss. This is supported by the presence of
[V-H] in the mass spectra of [V+R-H] (see Figure 7.4). To our knowledge, proton transfer
within a negatively-charged molecular system in the gas phase has never been reported,
additional work is thus needed to confirm this interpretation. A reasonable hypothesis for the

origin of the proton relies on the observation of massive CO2 loss from deprotonated
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vancomycin in our mass spectra: it is the lowest-energy decay channel of deprotonated
vancomycin in its electronic ground state.}’* Vancomycin is deprotonated at the C-terminus of
the peptidic moiety, and CO: loss occurs from this carboxylate group. Therefore, the proton
most probably comes from the carboxyl group of vancomycin. A low-intensity peak present at
6.5 and 12 eV photon energy is observed at m/z 1633: from the isotopic pattern, we assign it to
bond cleavage in [R-H] to form the x> fragment, without dissociation of the complex: we call
this species [x2r+V-H]". Again, the negligible photofragmentation yield of [R-H]" implies
photoabsorption in vancomycin followed by energy transfer and fragmentation of [R-H]" within
the complex. Note that the x> fragment has not been observed after photoabsorption by the
isolated [R-H], consistent with this mechanism. This is also supported by the crucial fact that
none of the fragmentation channels observed for the isolated [R-H]  is present for [V+R-H]".

Now, let us investigate the evolution of the photofragments from [V+R-H]" as a function of
photon energy (cf. Figure 7.4). The low-energy part is dominated by loss of neutral molecules
from the complex, the shape of their peaks being similar to the cases of [V-H] and [V-2H]% (cf.
Figure 7.2 and Figure 7.3). It supports our conclusion that these losses come from vancomycin
in the complex (see the previous paragraph). In the high-energy range (9 — 13.8 eV), the most
abundant species is [V-H-CO2], and from our measurements, we can extract its appearance
energy at 8.2+0.4 eV. Its yield smoothly increases up to 12 eV, and then falls. This kind of
behavior has been reported for a protonated peptide after photoabsorption in the same energy

range,'%*

and has been attributed to excitation in high-lying electronic states: we can assume
that the same process occurs here. Moreover, electronic transitions over 8 eV have been
predicted in peptides, formamide and N-methylacetamide by ab initio calculations.'8%18 These
transitions are not visible in [V-H] (cf. Figure 7.2), probably because they are associated with
electron detachment (which does not apply to neutral vancomycin): this is supported by the

spectra measured for [V-2H]? (see Figure 7.3).
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Figure 7.4: Top: mass spectra of [V+R-H] after single photon absorption at 6.5 eV (left) and 12 eV (right). Bottom: partial
fragmentation yields of [V+R-H] in the UV-VUV 4.5 — 13.8 eV range for the main fragmentation channels observed.

After having commented the main channels after photofragmentation of [V+R-H] in the 4.5
— 13.8 eV range, we now present in Figure 7.5 the overall UV-VUV photofragmentation
spectrum of [V+R-H], obtained by summing the yield of all fragments. [V+R-H] is a
noncovalent complex composed of neutral vancomycin and [R-H]", and we have shown that in
this photon energy range, the photofragmentation probability of [R-H] is negligible compared
to that of vancomycin (see Figure 7.2 and Figure 7.3). Moreover, photoabsorption by
vancomycin does not seem to massively induce electron detachment from [R-H]" since we still
detect abundant negative ions up to 14 eV (cf. Figure 7.4), even if electron detachment
dominates for negatively-charged molecules in the high photon energy range (see Figure 7.3).
Therefore, the spectrum of Figure 7.5 can be considered as the UV-VUV photofragmentation
spectrum of neutral vancomycin, to a first approximation. Strictly speaking, some of the photo-
induced electronic transitions within vancomycin are, of course, influenced by the presence of

[R-H], but the H-bonds between the two molecules do not involve the aromatic chromophores
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of vancomycin, and these H-bonds are expected to induce only modest shifts in the energy of
electronic states relative to the ground state. For instance, for neutral serotonin (an important
neurotransmitter), UV-UV hole-burning spectroscopy experiments have shown that the
transition from the ground state to the first excited state is red-shifted by only 0.1 eV upon H-
bonding to two water molecules (that would induce a shift of about 3 nm at 200 nm).*®* The
limited resolution of our measurements made at room temperature makes our spectrum
insensitive to such small shifts. One might also argue that the proton transfer process observed
here (from neutral vancomycin to [R-H] in the complex) can change the photofragmentation
spectrum of neutral vancomycin. However, it is most probably not the case here. Indeed, this
proton transfer process occurs in the electronic ground state of the system, and is therefore
decoupled from the formation of the excited states of vancomycin. As soon as photoexcitation
eventually leads to fragmentation in a hot ground state, which is the case for photons of 8 — 14
eV absorbed by these systems,*’* the VUV action spectrum is unaffected by the subsequent
proton transfer. That said, to our knowledge, Figure 7.5 displays the first photofragmentation
spectrum of such a large neutral organic molecule in the gas phase. Moreover, the wavelength
range extends down to 90 nm, which is unreachable by absorption spectroscopy in solution. An
example of such a spectrum is given in Figure 7.5 for vancomycin in aqueous solution: in the
290 — 200 nm region, the absorbance rises, in good agreement with the gas-phase spectrum.
The latter allows recording the whole band peaking around 195 nm, in addition to another band
with a maximum around 100 nm, attributed to high lying excited states of neutral vancomycin

(see previous paragraph).
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Figure 7.5: Top: total fragmentation yield of isolated [V+R-H] in the UV-VUV 4.5 — 13.8 eV range. The yields of all channels
have been added and the photon energy has been converted to wavelength. Bottom: UV spectrum of a solution of vancomycin
in deionized water.

7.4 Conclusions

In this article, we have presented data from experiments consisting in irradiating trapped
gas-phase molecular anions with a synchrotron beam in the UV-VUV range, and recording the
mass spectrum of negatively-charged photoproducts as a function of photon energy. By taking
advantage of the fact that electrospray ionization is a soft technique that allows bringing fragile
noncovalent complexes in the gas phase, we recorded the photofragmentation spectrum of the
complex between neutral vancomycin and the singly-deprotonated Ac,"KPAPA peptide. We
show that the recorded spectrum can be considered as the UV-VUV photofragmentation
spectrum of neutral vancomycin in the gas phase, because in this wavelength range (90 — 275
nm), the probability of photofragmentation of the singly-deprotonated Ac,'KPAPA is
negligible compared to that of vancomycin. Furthermore, noncovalent binding does not induce

sufficient spectral shifts to have an influence on our spectrum, given the experimental resolution.

This proof-of-principle of charge-tagging action spectroscopy opens up new possibilities
regarding UV-VUV spectroscopy of gas-phase neutral organic/biological molecules, thanks to
the versatility of the coupling of electrospray ionization and mass spectrometry techniques. The
next step is, first, to test our method with other complexes composed of fragile neutral
molecules noncovalently bound to small tag anions. Then, it would be worth exploring the soft

X-ray energy range, even if electron detachment is expected to be even more dominant over
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photofragmentation than in the UV-VUV range. Another perspective takes advantage of the
enantiospecific aspect of noncovalent binding of vancomycin to Ac,"KPAPA: it has been shown
that the PAPA termination is required for the receptor to locate in the binding pocket of

189 in line with the dissociation energy of the doubly-

vancomycin in the condensed phase,
deprotonated complex being much larger for Ac,"KPAPA than for Ac.°K-ALA in the gas
phase.” Thus, it would be interesting to record the action spectrum of the singly-deprotonated
noncovalent complex between vancomycin and Ac.PK-ALA with the same method as applied

here: we expect major differences with the results presented here.
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Abstract / Résumé

Title: Radiation-induced processes within DNA in the gas phase

DNA damage is generally considered to be the most common and most important type of lesions in cells
caused by ionizing radiation. While DNA damage caused by ionizing radiation poses serious risks to human
health, it also makes radiation therapy a powerful tool for Kkilling cancer cells and saving lives. For these
reasons, a great deal of research has focused on radiation-induced processes within DNA. However, most of
this work has been carried out in the condensed phase, which cannot remove the influence of the surrounding
environment. In order to investigate the consequences of direct interaction of DNA with ionizing radiation
at the molecular scale, we have irradiated a self-complementary DNA sequence in the gas phase with
synchrotron radiation or ion beams, and analyzed the resulting product ions by mass spectrometry. Thanks
to ion mobility spectrometry, we have established that deprotonated double strands of this sequence indeed
form a double helix that is stable in an ion trap, if the charge state is higher than 5-. Then, we have investigated
the consequences of specific photoabsorption occurring at the DNA oligonucleotide backbone in the gas
phase. By monitoring non-dissociative single electron detachment from deprotonated precursors as a function
of photon energy around the phosphorus K-edge, we have identified the X-ray spectral signature of selective
photoabsorption at the phosphorus atoms located only in the backbone. We also detected abundant
nucleobase fragment cations resulting from multiple electron detachment and thus demonstrated the charge,
energy and hydrogen transfer from the backbone to the nucleobases. In the final part of the thesis, we present
the results of irradiation of the DNA oligonucleotides by carbon ions in the gas phase. We have observed
similar non-dissociative single electron detachment and similarly abundant positive fragment ions after
carbon ion impact as in the case of irradiation by X-ray photons. More importantly, we have successfully
irradiated a helical DNA double strand in the gas phase for the first time. 70% of the resulting ionic products
come from non-dissociative single electron detachment, which is much higher than the case of single strands.
Therefore, direct ionization of a DNA double helix after interaction with a single carbon ion does not lead to
separation of the strands, which has important implications regarding DNA damage, notably in the context
of hadrontherapy.

Key Words : Mass spectrometry, Gas phase, X-ray photons, carbon ions, DNA, Radiation.

Titre : Processus induits par les rayonnements ionisants au sein de I'ADN en phase gazeuse

Les dommages a I’ADN sont généralement considérés comme les lésions cellulaires les plus courantes et
le plus importantes parmi celles causées par les rayonnements ionisants. Ces dommages présentent de graves
risques pour la santé humaine, mais ils font également de la radiothérapie un outil puissant pour tuer les
cellules cancéreuses et sauver des vies. Pour ces raisons, de nombreuses recherches se sont concentrées sur
les processus induits par les radiations au sein de I’ADN. Cependant, la plupart de ces travaux ont été réalisés
en phase condensée, ce qui ne permet pas d'éliminer I'influence du milieu environnant. Afin d'étudier les
conséquences de l'interaction directe de I'ADN avec les rayonnements ionisants a I'échelle moléculaire, nous
avons irradié une séquence d'ADN auto-complémentaire en phase gazeuse avec un rayonnement synchrotron
ou des faisceaux d'ions, et analysé par spectrométrie de masse les ions moléculaires produits. Grace a la
spectrométrie de mobilité ionique, nous avons établi que les doubles brins déprotonés de cette séquence
forment bien une double hélice stable dans un piége a ions, si I'état de charge est supérieur a 5-. Ensuite, nous
avons étudié les conséquences de la photoabsorption spécifique se produisant au niveau du squelette
oligonucléotidique de I'ADN en phase gazeuse. En surveillant le détachement non dissociatif d'un seul
électron des précurseurs déprotonés en fonction de I'énergie des photons autour du bord K du phosphore,
nous avons identifié la signature spectrale des rayons X de la photoabsorption sélective au niveau des atomes
de phosphore situés uniquement dans le squelette. Nous avons également détecté d’abondants cations de
fragments de bases nucléiques résultant du détachement de plusieurs électrons et avons ainsi démontré le
transfert de charge, d’énergie et d’hydrogéne du squelette vers les bases nucléiques. Dans la derniére partie
de la thése, nous présentons les résultats de I'irradiation des oligonucléotides d'ADN par des ions carbone en
phase gazeuse. Nous avons observé un détachement non dissociatif d'un seul électron et des ions fragments
positifs tout aussi abondants aprés I'impact d'ions carbone, comme dans le cas de l'irradiation par des photons
de rayons X. Plus important encore, nous avons réussi pour la premiére fois a irradier un double brin d’ADN
hélicoidal en phase gazeuse. 70% des produits ioniques résultants proviennent d’un détachement non
dissociatif d’un seul électron, ce qui est beaucoup plus élevé que dans le cas des simples brins. Par conséquent,
I’ionisation directe d’une double hélice d’ADN aprés interaction avec un seul ion carbone n’entraine pas de
séparation des brins, ce qui a des implications importantes concernant les dommages a I’ADN, notamment
dans le contexte de I’hadronthérapie.

Mots-clés : Spectrométrie de masse, Phase gazeuse, Photons X, ions carbone, ADN, Rayonnement.
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