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Abstract

State-of-the art 3rd generation synchrotron sources provide high photon flux densities.
With advanced X-ray optics it has become possible to focus a large amount of photons
into spots of less than a micron in size. This offers the possibility to obtain large amounts
of high resolution data in a short amount of time. On the other hand, such high doses
cause severe radiation damage, especially in case of biological materials, such as proteins.
Radiation damage is known to alter the structure of the sample and can therefore lead to
misinterpretations of the underlying biological principles.

X-ray radiation damage is generally categorised into global and specific damage. Global
damage leads to an overall degradation of the sample. Specific damage occurs at specific
sites of the sample. X-ray induced photoreduction, cleavage of disulfide bridges and de-
carboxylation are examples for specific radiation damage.

Radiation damage has been investigated extensively. However, no conclusive model cover-
ing all different aspects could be found so far. Cryocooling to liquid nitrogen temperatures
is routinely applied in order to reduce the effects of radiation damage. Understanding of
the underlying mechanisms is essential to develop methods to further reduce X-ray radi-
ation damage.

The aim of this work was to systematically investigate the effects of specific and global
X-ray radiation damage to biological samples and obtain a conclusive model to describe
the underlying principles.

Based on the systematic studies performed in this work, it was possible to propose two
conclusive mechanisms to describe X-ray induced photoreduction and global radiation
damage. The findings of this work can therefore be seen as an important step in improv-
ing X-ray data collection.

The influence of chemical composition, temperature and solvent on X-ray induced pho-
toreduction was investigated by X-ray Absorption Near Edge Spectroscopy and single
crystal X-ray diffraction of two B12 cofactors - cyano- and methylcobalamin - as well

as iron(II) and iron(IIl) complexes. The obtained results revealed that X-ray induced
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photoreduction is a ligand dependent process, with a redox reaction taking place within
the complex. It could further be shown that selective hydrogen abstraction plays an im-
portant role in the process of X-ray induced photoreduction.

Based on the experimental results of this work, a model to describe X-ray induced pho-
toreduction of metal organic complexes could be proposed: As initial step, a low energy
electron generated upon X-ray irradiation of the sample, interacts with the metal cen-
tre. This leads to a short-lived excited state with a temporary reduced metal centre. In
the second step, two possible reactions can take place. If the ligand cannot be oxidised,
the metal centre reacts back into its initial, oxidised state and the low energy electron
is released. If an oxidation reaction takes place within the ligand, the metal centre is
permanently reduced. Hydrogen abstraction from or decarboxylation of the ligand are
two possible oxidation reactions. In case of a hydrogen abstraction as oxidation reaction,
the photoreduction process is temperature dependent.

The process of X-ray induced hydrogen abstraction was further investigated in a com-
bined X-ray and neutron diffraction study on the amino acids L-serine and L-alanine,
which were used as model compounds for proteins, and the nucleoside deoxythymidine
(thymidine) as a model for DNA. Hydrogen abstraction preferentially takes place at pri-
mary hydroxyl groups, leading to the formation of hydrogen gas. This process is also a
main contributor to global radiation damage. A damage mechanism for L-serine could be
found. It involves the abstraction of two hydrogen atoms, one from the hydroxyl group
and one from the adjacent methylene group. Such a hydrogen abstraction results in the
formation of a carbonyl group.

X-ray diffraction measurements on cyano- and methylcobalamin as well as on three metal
amino acid complexes, containing nickel(II) and copper(II), respectively, were conducted
to investigate the contribution of X-ray induced photoreduction to global radiation dam-
age. Results from these measurements combined with the results from L-serine, L-alanine
and thymidine allowed to propose a model to describe global radiation damage.

It is proposed that global radiation damage is mainly caused by hydrogen abstraction. The

hydrogen gas formed in the sample exerts stress on the crystal lattice. Since crystals are
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anisotropic, their response to stress is also anisotropic. This results in a different expan-
sion or contraction behaviour of the cell axes with dose, which also depends on the crystal
symmetry. The changes in the unit cell axes generally cause an expansion of the unit
cell. With increasing dose the amount of gas formed in the sample and, thus, the stress
within the crystal increases. At a certain dose, the stress exceeds the tensile strength of

the crystal. This disrupts the crystal lattice, which is reflected in an increase in mosaicity.
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Kurzfassung

Synchrotronquellen der dritten Generation zeichnen sich durch ihre hohen Photonenfliisse
aus. Mithilfe hochentwickelter Rontgenoptiken konnen diese hohen Fliisse auf sehr kleine
Foki (<pm) konzentriert werden. Dadurch kénnen in kiirzester Zeit grofe Datenmengen
gesammelt werden. Ungliicklicherweise werden durch diese hohen Photonendichten die
untersuchten Proben stark geschadigt. Diese rontgeninduzierten Schaden machen sich
besonders im Falle biologischer Materialien bemerkbar. Ofmals fiithren sie zu grundlegen-
den Anderungen innerhalb der Molekiilstruktur, was zu Fehlinterpretationen von biolo-
gischen Vorgangen fithren kann.

Generell wird zwischen zwei Sorten von Strahlenschaden unterschieden: Zum einen globale
Schaden, die nicht-lokalisierte Veranderungen der Probeneingeschaften zur Folge haben
und bis hin zum vollstandigen Zerfall der Probe fithren konnen. Zum anderen werden
auch spezifische Strahlenschéaden beobachtet. Diese fiihren zu lokalisierten Verdnderungen
innerhalb der Probe. Beispiele sind hier rontgeninduzierte Photoreduktion von metallor-
ganischen Komplexen, Spaltung von Disulfidbriicken sowie Decarboxylierung.

Die zugrundeliegenden Mechanismen rontgeninduzierter Strahlenschaden sind bis heute
ein wichtiger Bestandteil der Forschung mit Photonen. Trotzdem konnte bis dato kein
schliissiges Modell zur Beschreibung aller auftretenden Effekte aufgestellt werden. Zur
Verringerung von ronteninduzierten Schaden werden die meisten Proben heutzutage stan-
dardmaéssig bei einer Temperatur von 100 K gemessen. Um réntgeninduzierte Effekte noch
weiter zu verringern, ist allerdings ein tieferes Verstandnis aller involvierten Prozesse drin-
gend erforderlich.

Es war das Ziel dieser Doktorarbeit, die Effekte spezifischer und globaler rontgeninduzierter
Strahlenschaden an biologischen Materialien systematisch zu untersuchen und auf Basis
dieser Untersuchungen ein schliissiges Modell zur Beschreibung der zugrundeliegenden
Mechanismen vorzustellen.

Im Laufe dieser Arbeit konnten zwei Modelle vorgeschlagen werden, mit denen zum ainen

die Mechanismen der réntgeninduzierten Photoreduktion und zum anderen die globaler



Strahlenschéden beschrieben werden konnen. Die Ergebnisse dieser Arbeit konnen somit
als wichtiger Schritt in diesem Bereich angesehen werden.

Mithilfe von Rontgenabsorptionsspektroskopie und Einkristall-Rontgendiffraktion konnte
der Einfluss der Faktoren chemische Zusammensetzung, Temperatur und Losungsmittel
auf rontgeninduzierte Photoreduktion bestimmt werden. Hierfiir wurden sechs Mod-
ellsysteme untersucht: zwei B12 Cofaktoren, Cyano- und Methylcobalamin, sowie zwei
Eisen(III)- und zwei Eisen(II)-Komplexe.

Die Messungen zeigten, dass rontgeninduzierte Photoreduktion ein ligandenabhangiger
Prozess ist und tiber eine Redoxreaktion innerhalb des Molekiils ablauft. Selektive Wasser-
stoffabstraktion scheint hierbei eine wichtige Rolle zu spielen.

Auf Basis dieser Ergebnisse wurde ein Modell zur Beschreibung der Reaktionsmechanis-
men aufgestellt. In diesem Modell wird ein niedrigenergetisches Elektron vom Metallzen-
trum eingefangen, was zu einem kurzlebigen, angeregten Zustand und einem reduzierten
Metallzentrum fiithrt. Im Anschluss an den Einfangprozess kann ein zweiter Reaktion-
sprozess stattfinden. In diesem verldasst das Elektron entweder das Metallzentrum und
hinterlésst die Probe im Grundzustand, wenn keine Oxidation im Liganden stattfindet,
oder aber es verbleibt im Metallzentrum, falls eine Oxidation im Liganden ablauft. Nur im
zweiten Fall kann eine permanente Photoreduktion beobachtet werden. Abstraktion von
Wasserstoff vom Liganden oder Decarboxylierung eines Liganden sind hierbei mégliche
Oxidationen. Unsere Messungen zeigten, dass im Falle einer Wasserstoffabstraktion als
Oxidationsprozess die Photoreduktion temperaturabhangig ist.

Wie bereits erwahnt, scheint selektive Wasserstoffabstraktion eine wichtige Rolle im Prozess
rontgeninduzierter Strahlenschaden zu spielen. Mithilfe eines kombinierten Rontgen- und
Neutronendiffraktionsexperiment an Einkristallen sollte diese These genauer untersucht
werden. Hierbei wurden die Aminosauren L-Serin und L-Alanin, als Bausteine von Pro-
teinen, sowie das Nukleosid Deoxythymidin, als Baustein der DNA, ausgewahlt. Unsere
Experimente konnten zeigen, dass selektive Wasserstoffabstraktion bevorzugt an priméaren
Hydroxylgruppen stattfindet und zur Bildung von Wasserstoffgas fiithrt. Dieses Gas spielt

im globalen Schadensprozess eine wichtige Rolle.
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Im Rahmen dieser Untersuchungen konnte zudem der Schadensmechanismus von L-Serin
aufgedeckt werden: Hier werden ein Wasserstoffatom der primaren Hydroxylgruppe und
ein Wasserstoffatom der benachbarten Methylengruppe durch die Rontgenstrahlung se-
lektiv abgespalten, was zur Bildung einer Carbonylgruppe fiihrt.
Rontgendiffraktionsmessungen von Cyano- und Methylcobalamin, sowie drei Metallamino-
saurekomplexen mit Ni(IT) bzw. Cu(II) als Metallzentren konnten den Beitrag rontgenindu-
zierter Photoreduktion zum globalen Schadensprozess aufzeigen. Auf Basis samtlicher
Diffraktionsmessungen wurde ein Modell zur Beschreibung globaler Strahlenschaden in
Kristallen vorgestellt.

In diesem Modell werden globale Schaden hauptsachlich durch selektive und nicht-selektive
Wasserstoffabstraktion verursacht. Im Zuge dieser Abstraktion entsteht Wasserstoffgas
innerhalb der Probe, welches zu einer Spannung des Kristallgitters fiihrt. Kristalle sind
anisotrope Gebilde und besitzen entsprechend einen Elastiztatstensor. Abhangig von der
Kristallsymmetrie fiihrt dieser zu unterschiedlichem Ausdehnungs- und Kontraktionsver-
halten der Zellachsen als Funktion der Dosis. Diese Veranderung der Zellachsen fiihrt im
Allgemeinen zu einer Vergroflerung des Zellvolumens. Mit steigender Dosis wird immer
mehr Wasserstoffgas innerhalb der Probe generiert und entsprechend mehr Spannung wird
auf das Kristallgitters ausgetibt. Ab einem bestimmten Punkt tibersteigt diese Spannung
die Zugfestigkeit des Kristalls. Dies fiihrt zu Storungen im Kristallgitter, die sich durch

ein Anwachsen der Kristallmosaizitat bemerkbar machen.
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Introduction

In this work different aspects of X-ray radiation damage were systematically investigated.
X-ray induced photoreduction, selective hydrogen abstraction and global radiation dam-
age, as well as their possible relation to each other, were explored by the application of
different methods. It was the main goal of this work to obtain a conclusive model for X-
ray induced photoreduction of metal organic compounds and for global radiation damage
to organic samples in general.

X-ray radiation damage to biological samples is a major limitation in X-ray data collec-
tion. With the development of highly brilliant synchrotron sources and the possibility to
focus a high amount of monochromatic photons into spots of less than a micrometre in
size it has become possible to obtain high resolution structural information from large
complexes, such as the ribosomes. The ultimately achievable resolution, however, is still
limited by radiation damage,'” as it alters the structure of the sample under investigation
and ultimately destroys it.

X-ray radiation damage is generally divided into three categories. Primary radiation dam-
age is a consequence of the direct inelastic interaction between the X-ray photons and
the sample. The energy deposited in the sample by inelastic scattering processes and
photoelectric absorption is released into a cascade of hundreds to thousands of low en-
ergy electrons.® These low energy electrons cause radiolytic reactions within the sample,
which lead to secondary damage. Both, primary as well as secondary radiation damage,
cause localised changes in the molecule and are therefore referred to as specific damage.

Another effect caused by X-rays are long-range rearrangements within the sample. This



process is called tertiary or global radiation damage. To date, no conclusive model to
cover all of these processes involved has been found.

In order to mitigate X-ray radiation damage, the samples are conventionally cooled to 100
K.? However, radiation damage is still a major problem, especially in case of biological
samples. In order to obtain further mitigation or even fully prevent radiation damage, it

is essential to understand the underlying mechanisms of these processes.

Although it was widely believed that radiation damage is mostly non-specific, damage
at specific sites of several proteins has been observed.!® '3 This specific radiation damage
can be observed, e.g. in the form of the cleavage of disulfide bridges,!* deamination of
amino acids'® or decarboxylation reactions of acidic residues.'% 17
Many biological samples, such as metalloproteins or flavoproteins, show X-ray induced
photoreduction of their metal centre as the predominant (specific) damage process.'® 2!
Such a change in oxidation state alters the structural arrangement in the direct coordi-
nation of the metal center. Thus, incorrect structural data from X-ray crystallography
makes it difficult to understand the underlying enzymatic reactions in many proteins as
the electron densities observed no longer reflect the native state of the protein.??

X-ray induced photoreduction of biological molecules has been reported for several ele-
ments such as Co(IIT)?* (in B12 cofactors), Ni(IIT)?*% (superoxide dismutase) or man-

19,26 (e.g. photosystem IT). Complexes containing Cu(1I)?"28

ganese in higher oxidation states
and Fe(I1T)?%2% are also known to be reduced upon X-ray irradiation. The consequences
and possible mechanisms of X-ray induced photoreduction are widely discussed in the lit-
erature.’*3> Although Compton scattering also occurs upon irradiation with X-rays, the
predominant inelastic process is photoelectric absorption. This results in the ejection of a
photoelectron. The general consensus in the literature is that this photoelectron directly
interacts with the metal center.3¢

Observations show that X-ray induced photoreduction occurs at much lower doses than

those typically applied in X-ray crystallography. Therefore, photoreduction cannot occur

as a primary event. A possible explanation might be the aforementioned generation of



tens to thousands of low energy (low eV) electrons per incident X-ray photon during the
inelastic interaction of the photons with the sample.® The chemical interaction of these
electrons with the sample then causes the photoreduction of the metal centres.

Another factor assumed to play a significant role in the photoreduction process is the
presence or absence of water. The free electrons generated by photoelectric absorption
and subsequent water photolysis are believed to enhance the photoreduction as well as

t.16:31 No consensus

the general damage process by formation of radicals within the solven
on the role of water has yet been found.

It is well-known for both, X-ray crystallography and electron microscopy, that the ex-
periment temperature also has a strong influence on radiation damage.?”3® It has been
shown that cryocooling slows down the damage process of biological samples.? 4 This
is believed to be a consequence of the mitigation of diffusion processes of free radicals
generated by X-rays. A significantly higher amount of statistically significant X-ray data
can be obtained at 100 K compared to measurements at room temperature. However,
recent studies at temperatures between 5 K to 100 K have shown that the standard tem-
perature of 100 K might not always be ideal.®”4?2™4* Ounly a few studies have addressed
the temperature dependent behavior of the X-ray induced photoreduction process.?! 4346
Until now, no conclusive results could be obtained.

Another topic widely discussed in the literature is the influence of hydrogen radicals on X-
ray induced photoreduction of metal centres and X-ray radiation damage in general.?!-31:35
Recent results show that the interaction of X-rays with organic materials leads to hydro-
gen formation by cleavage of mainly aliphatic CH-bonds.?”4" X-ray induced abstraction
of hydrogen atoms by photoexcitation of the sample is proposed as an explanation for this
process.®® Due to the X-ray scattering cross section of hydrogen, hydrogen abstraction

could not be directly observed, and changes of bond lengths between heavier atoms had

to be used as an indicator.

It was the goal of this work to systematically investigate the influence of these different

parameters on X-ray induced photoreduction and global radiation damage. The influ-



ence of temperature, solvent and chemical composition on X-ray induced photoreduction
was investigated using X-ray Absorption Near Edge Spectroscopy (XANES) and high
resolution X-ray diffraction. Measurements were performed on the B12 cofactors cyano-
and methylcobalamin and four iron compounds, ammonium ferric citrate and potassium
hexacyanoferrate (both containing Fe(IIT)) as well as pyrite and an organic iron sulphur
cluster (both containing Fe(II)).

B12 cofactors are of significant importance in the functioning of the human blood pro-
duction process, the brain and the nervous system. They were first discovered in 1948
as Merc, Sharp and Dohme were able to extract a crystalline red compound from liver
tissue.*® This extract, namely vitamin B12, was later on used to treat several health
impairments, such as vitamin B12 deficiency, cyanide poisoning or pernicious anemia.’®
B12 cofactors possess a Co(III) metal centre surrounded by a corrin ring. Each cofactor is
defined by the upper axial ligand of the cobalt, which can be enzymatically exchanged or
removed upon protein binding. While methylcobalamin is a biologically active form, that

! cyanocobalamin is an artificial cofactor often found in

binds to methionine synthase,’
food supplements.’? Cyanocobalamin is known to be very stable in air but can easily be
converted to aquocobalamin through aquation by the human body, making it biologically
active. The remaining cyanide only appears in such low doses that it does not have any
toxicological effect.5%53:54

B12 cofactors offer the possibility to obtain high-quality crystals and thus to collect high
resolution X-ray data. Therefore, these B12 cofactors have been selected as ideal models
to investigate X-ray induced photoreduction of metal organic compounds or metallopro-

teins.

55,56 5861

Complexes containing iron, such as heme proteins, are of equal biological rel-
evance, especially in the human metabolism. Ferric citrate plays an important role in
the iron uptake of the human body.52 % The mechanism of this uptake is still not fully
understood, but it is assumed that it goes along with a reduction of the metal centre
from Fe(IIl) to Fe(II). Since X-ray irradiation might also lead to photoreduction from

iron(I1I) to iron(II), care has to be taken when investigating a ferric citrate complex us-



ing X-ray methods. In this work, ammonium ferric citrate was investigated in order to
obtain information about the X-ray photoreduction process of this complex. Ammonium
ferric citrate is well-known to undergo photoreduction already upon irradiation with UV
or blue light.%> The proposed mechanism for this involves a decarboxylation reaction of
the citrate ligand.%667

Potassium hexacyanoferrate, also containing the photosensitive Fe(III), is known to not

undergo X-ray induced photoreduction.%

Furthermore, it does not contain hydrogen
atoms and was therefore an ideal model to investigate the influence of the chemical com-
position of the ligand and the presence of hydrogen atoms on X-ray induced photoreduc-
tion.

In addition to this, the influence of the chemical composition and the presence of hy-
drogen atoms within a compound on radiation damage in general were investigated by
XANES measurements on pyrite and an organic iron sulphur cluster. Since they both
contain Fe(II) no photoreduction was expected. Both compounds contain a FesSs cluster,
so any different damage behaviour should originate from the difference in their chemical
composition. The organic iron sulphur cluster contains hydrogen atoms, whereas pyrite

does not. Due to this, these compounds are ideally suited to investigate the influence of

hydrogen abstraction on the global damage process.

Single crystal X-ray and neutron diffraction were applied to further investigate the
role of X-ray induced hydrogen abstraction from organic molecules and its role in X-
ray induced photoreduction and X-ray radiation damage in general. Selective hydrogen
abstraction has been proposed as an important factor in global radiation damage and
is in agreement with the observation of the temperature dependence occurring in many
cases.>” The formation of hydrogen gas as a result of irradiation with ionising radiation
is a well-known phenomenon in electron microscopy.®® A formation of bubbles formed by
radiolytic products upon irradiation with electrons has recently been reported for DNA.™
Furthermore, it could be observed, that long-term irradiation of crystals of organic com-

pounds with X-rays leads to the formation of gaseous radiolytic products as well. It is



assumed that these bubbles consist of hydrogen gas.3”7%7

The goal of the combined X-ray and neutron diffraction measurements conducted in this
work was to further explore the hypothesis that selective hydrogen abstraction plays an
important role in global and specific radiation damage to metal organic and organic sam-
ples.

The amino acids L-serine and L-alanine, as well as the nucleoside deoxythymidine (thymi-
dine), which pairs with deoxyadenosine in double stranded DNA, were chosen as model
systems for more complex molecules, such as proteins or DNA. All three compounds
offered the possibility to grow large crystals, which are required for neutron diffraction
experiments. They furthermore allowed the collection of high resolution X-ray data due

to their excellent crystal quality.

The single crystal X-ray data, collected in order to investigate X-ray induced photore-
duction and selective hydrogen abstraction, were also used to investigate global radiation
damage in general and the contribution of these two factors to the global damage process.
In single crystal X-ray diffraction, radiation damage is known to lead to a loss in contrast
as well as a decrease in diffraction intensity and, thus, a loss in resolution. Expansion of
the cell volume, an increase in mosaicity, loss in isomorphism of the sample and an in-
crease of the atomic displacement parameters are also known to occur as consequences of
high doses of X-ray radiation.'’»1416:47:73:74 Ag a consequence of these structural changes
an increase of the reliability index R1, that describes the agreement between the model
and the measured structure, is observed.

In addition to the aforementioned measurements, the influence of the standard electrode
potential of a metal centre on the susceptibility of a metal organic compound to global ra-
diation damage was investigated in single crystal X-ray diffraction experiments on Ni(II)
and Cu(II) complexes of L-serine.

The transition metals Ni(II) and Cu(II) are located right next to each other in the periodic
table of elements (atomic numbers 28 (Ni) and 29 (Cu)) and thus differ in their coordina-

tion chemistry (square pyramidal for Cu(II), octahedral for Ni(IT)).”™® Despite this, they
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display several chemical similarities™ while differing strongly in their standard electrode
potential for a M*" /M* reduction (+0.159 V for Cu(II) to Cu(I), whereas Ni(II) is not
reduced to Ni(I),”® both values at standard conditions and measured in water). There-
fore, these compounds allow for investigation of the influence of the standard electrode

potential on radiation-induced changes of metal organic compounds.

In the following chapters the basic principles of X-ray diffraction, X-ray absorption,
neutron diffraction and X-ray radiation damage are presented. Experimental procedures
and sample preparation are explained in all detail in the experimental section of this work.
In the results section, the results from this work are presented. A detailed discussion of
the findings and a proposed mechanism to describe X-ray induced photoreduction of
metal organic compounds and global radiation damage to organic samples is given in the
following discussion. In the last chapter, conclusions from the experiments are drawn and
an outlook to experiments to further investigate the proposed findings from this work is

made.
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II Principles






1 X-ray diffraction

This chapter deals with the principles of (single crystal) X-ray diffraction. A more detailed

description can be found e.g. in the books by Woolfson” and Nielsen.™

1.1 Lattice and reciprocal lattice

f

C

I

- a

Figure 1.1: Labeling scheme of a unit cell

A three-dimensional crystal is defined as an object that “consists of atoms arranged in a
pattern that repeats itself periodically in three dimensions”.™

If the lattice points of a crystal are connected to each other, small parallelepipeds are
built. Their repetition by translation from one lattice point to another generates the

crystal lattice. A single parallelepiped is called the unit cell. In three-dimensional space,

it consists of three basic vectors a, b and c (fig. 1.1).
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The volume of the unit cell is given by
1
V = abc [1 — cos’a — cos® 8 — cos”y + 2 - cosa - cosf3 - cosy]? (1.1)

The geometry within one unit cell defines the crystal system and space group. In three-
dimensional space, seven crystal systems (cubic, tetragonal, orthorhombic, hexagonal,
rhombohedral, monoclinic and triclinic) and 230 space groups are distinguished.

Crystallographic experiments are carried out using the reciprocal lattice. The reciprocal
lattice is the analogue of a crystal lattice in reciprocal space and is defined by the vectors

a* b* and c* and the Miller indices h, k and 1.
h = ha* + kb* 4 Ic* (1.2)
where h, k and [ € N and the vectors a*, b* and c* are correlated to a, b and ¢ through

a*-a=1 a*-b=0 a*.c=0
b*.a=0 b*.-b=1 b*.c=0 (1.3)

c¥*.a=0 c*-b=0 c*-c=1

1.2 Scattering

X-rays were first discovered by Wilhelm Conrad Rontgen in 18958 and are electromagnetic
radiation in the wavelength range of A (107 m). For an ideally collimated, monochro-

matic beam, X-rays can be described by assuming a plane wave E(r - t):
E(r-t)=¢-Eg-explilk-r—w-1t)] (1.4)

where € is the polarisation perpendicular to the propagation direction of the plane wave.
Each photon has an energy Aw and a momentum hk.

X-ray diffraction experiments utilise the interaction between electromagnetic waves and
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scattering
object

Figure 1.2: Definition of the scattering vector s in a diffraction experiment.

matter. They are used for determination of the lattice, intensity and symmetry of a crys-
tal.

Coherent Thomson scattering is the most important component of the elastic scatter-
ing process exploited in X-ray diffraction measurements. It leads to a fixed phase relation
between the diffracted waves from each atom. During a measurement, the electrons within
the sample are excited to oscillations in the electric field of the incident beam. Since the
mass of a nucleus of an atom is large as compared to that of an electron, the movement
of the nuclei cannot follow the electron oscillations. Thus, electrons are the primary

scattering unit of X-ray radiation.

1.2.1 Scattering vector and constructive interference

A more graphical approach to the scattering process of X-rays in crystals is the scattering
vector s. It is defined as the difference vector of the incident beam Sy and the diffracted

beam S where |S| = |So| = 1/\. The angle between Sy and S is denoted 26 (see fig. 1.2).

Crystals are three-dimensional, periodic structures. Therefore, the allowed diffraction

angles in a crystal are determined by the wavelength of the X-ray radiation and by the

17



1 Principles

repeat distances of the periodicity of a crystal. Constructive interference of the diffracted

waves at single crystals can be observed, if the Laue equations

a-s=h b-s=k c-s=1 (1.6)

are fulfilled concurrently. Hereby h, k and [ have to be integer numbers. As can be derived
easily from eq. 1.3, the Laue equations are fulfilled for all points of the reciprocal lattice.
Therefore, constructive interference of the scattered waves can be observed for h = s.

A scalar approach of the Laue equations is the Bragg equation
A = 2dy, sinf (1.7)

which describes the relation between the diffraction angle 26, the distance d}, between
two lattice planes and the wavelength A. Hence, constructive interference only occurs
if wavefronts that have been scattered at different lattice planes propagate in the same
phase. Otherwise the interference will be destructive. This superimposition of interference
maxima and minima leads to clearly defined Bragg spots. Their intensity, shape and
distribution is influenced by different factors. These factors will be explained in the

following sections.

1.2.2 Structure factor and atomic form factor

An X-ray diffraction experiment does not provide a real space image, but the modulus of

the Fourier transform of the electron density distribution p(r) of the sample:

Foryst(s) = /Vp(r)exp[Qm' r-s|dV (1.8)
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As mentioned before, constructive interference will only occur in case of h = s. Therefore,

the integral in eq. 1.8 can be quantised to a sum over all unit cells

Fcryst(h) = F(h) Z exp[Qm' -h- g] (19)
g

where F'(h) is the so called structure factor:

N
F(h) =) fi(h)exp[2mi-h-1;]. (1.10)

j=1
fj is named the atomic form factor and describes the scattering ability of a single, free
atom j within a unit cell. r; describes its position within the unit cell. The atomic form
factor is defined as the Fourier transform of the electron density p(r) of the respective

atom

fi(s) = /p(r)exp[?m’ ‘r-s]dr? (1.11)

1.2.3 Friedel’s law

Friedel’s law states that in the absence of anomalous scattering
I(h) = I(h) (1.12)

holds for one scattering process. Accordingly, it can be said that even if the crystal
structure lacks a centre of symmetry, the diffraction pattern will be centrosymmetric.
The crystal then appears to be in one of the 11 Laue groups.

Friedel’s law fails when anomalous scattering becomes significant. A pair of reflection
sets (h,k,l) and (h,k,1), known as a Friedel pair, will then show a small difference in
their respective intensities. This can be used to determine the absolute configuration of
a molecule.882 Tt is important to note that even for a high contribution of anomalous

scattering Friedel’s law stays valid for centrosymmetric structures.
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CCD - detector

crystal / °
y g reciprocal lattice

T,
rotation angle ¢

Figure 1.3: Basic setup for X-ray data collection of single crystals by rotation photographs.

1.3 Data collection

X-ray data collection is performed on single crystals by taking rotation photographs using
a 2-D detector: During the collection of a rotation photograph the shutter is opened and
the crystal is rotated at a constant angular velocity for a defined angle increment while
being exposed to the X-ray beam. After that, the shutter is closed and the rotation is
stopped. The detector is then read out. All lattice points that fulfill eq. 1.7 during that
rotation can be observed in the respective image. Fig. 1.3 shows the basic alignment
of such an experiment. The crystal is rotated around ¢. For each ¢ different points of
the reciprocal lattice fulfill eq. 1.7 (marked green in fig. 1.3). Thus, the image of Bragg
peaks appearing as result of the constructive and destructive interference of the scattered
radiation varies depending on the orientation.

A complete dataset will include all Bragg peaks and is completed after a full 360° rotation,
although, depending on the crystal symmetry, a full rotation is not always necessary to
collect all Bragg peak positions. Evaluation programs can be used to assign an index

(hkl) to each Bragg reflection and determine the reflection intensity.
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2 X-ray absorption

The following section provides a short overview over X-ray absorption spectroscopy, which
is based on the effect of photoelectric absorption. A more detailed description can be found

in the literature.”” 788384

2.1 Absorption

Absorption of X-rays is the second important photon-matter interaction. The resulting

intensity through a sample is given by
I(d) = Ipexp(—pd) (2.1)

where I is the incident intensity, p is the linear absorption coefficient and d the sample
thickness.

Upon photoelectric absorption of an X-ray photon the energy is transferred to an
electron and this electron is ejected from the atom if the photon energy is higher than the
electron binding energy. During this process, a hole is created in the inner shells of an
atom. The following processes can then take place when this hole is filled by an electron

from an outer shell:”®

e The energy difference between the binding energies of the electron from the outer
and inner shell is simultaneously emitted in form of a photon of the respective
energy. This process is called fluorescence.

Due to the very specific energy transitions for each atom in a molecule, the resulting
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Figure 2.1: Photoelectric absorption process.

monochromatic fluorescence is a specific fingerprint of each atomic species.

e The energy difference between the binding energies is transferred to another electron
in the atom. This leads to an ejection of the respective electron. This process
is called Auger emission and the secondary emitted electron is called Auger

electron.

The absorption coefficient p(E) of a material, which describes how strongly X-rays are
absorbed, has a distinct dependence on the incident photon energy. Generally, it decreases
with increasing energy (roughly following 1/E?). At energies characteristic for each atom
within a material the absorption cross section o,, which is proportional to u(E) shows
jumps. These jumps are called absorption edges and originate from photoelectric absorp-
tion.

If the binding energy of an electron is higher than the energy of the incident photon
photoelectric absorption is no longer possible and the absorption cross section decreases
again. Photoelectric absorption is the main contributor to the absorption cross section
whenever the photon energy is much smaller than the mass of an electron. The photoelec-
tric absorption cross section varies with Z*, where Z is the atomic number of the absorber.
The resulting material specific behaviour of the absorption cross section is exploited in

XANES and EXAFS® measurements.
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2.2 EXAFS and XANES

X-ray Absorption Spectroscopy (XAS) exploits details during the absorption of high en-
ergy photons by matter. In contrast to UV or visible light spectra, X-ray photons excite
and liberate inner shell electrons. The photoelectron wave scatters from the atoms in
the direct vicinity of the absorbing atom and leads to interferences between the outgo-
ing and scattered parts of the photoelectron wavefunction. This interference leads to an
energy-dependent variation in the probability of X-ray absorption. This probability is
proportional to the X-ray absorption coefficient. Therefore the X-ray absorption coeffi-
cient is the quantity measured in X-ray absorption spectroscopy.

X-ray absorption spectra are usually divided into two regions, the XANES (X-ray Absorp-
tion Near Edge Spectroscopy) region and the EXAFS (Extended X-ray Absorption Fine
Structure) region, which can be seen in fig. 2.2 for a spectrum of Molybdenum metal.®®

The features of an X-ray absorption spectrum are listed below.

XANES
M EXAFS

ABSORPTION
[

|

19800 20000 20200 20400 20600 20800 21000 21200 21400
PHOTON ENERGY (eV)

Figure 2.2: X-ray absorption spectrum of Molybdenum metal showing the distinction between the
XANES and the EXAFS region.®®

e Especially in case of transition metal XANES, pre-edge peaks can be found in the
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region below the absorption edge. They are correlated to the valence of the absorb-
ing atom and provide information about the electron transitions between different
shells, following dipole-selection rules. Furthermore weaker pre-peaks appear, due

to quadrupole-allowed electron transitions.

e An important part of the XANES component of a spectrum is the region around the
absorption edge. The energy-position of the absorption edge is a measure for the
chemical valency of the absorbing atom. In case of transition metals, the oxidation
state of the metal under investigation can be determined by the position of the

absorption edge.

e The edge peak(s) - also called the white line(s) - are part of the XANES-region.
They correspond to transitions of core electrons to unfilled bound states close to
the continuum of the absorbing atom and therefore offer information about these

electronic states.

e The EXAFS region above the white line consists mainly of the gentle oscillations
which result from the interference of the outgoing photoelectron wave with the
backscattered wave from the atoms in the immediate vicinity of the absorbing atom.
These oscillations carry information about number, species and distance of the atoms

close to the absorbing atom.

Usually the pre-edge as well as the edge region are investigated in XANES experiments
while the oscillations are investigated in EXAFS experiments. Due to the high sensitivity
of the edge region to the atomic valency of the target atom, XANES is a well-suited tool to
probe the oxidation state of a sample. The position of the absorption edge is independent
of the aggregation state of the sample, so a wide range of samples can be investigated

with this method.

24



2 Principles

Monochromator

sample
Ic2 %F IC1 = o Xraybeam

Fluorescence

detector

Figure 2.3: Experimental setup of a XAS experiment for either transmission (IC1 and 1C2) or fluo-
rescence (IC1 and fluorescence detector) measurements.

2.3 Data collection

XAS experiments can be performed in transmission or fluorescence mode. Figure 2.3
shows the basic experimental setup at a synchrotron source. A double crystal monochro-
mator is used to produce monochromatic X-rays. During data collection the X-ray energy
is changed in defined steps for a defined energy spectrum. The incident beam intensity is
determined by a first ion chamber. Behind this chamber, the beam hits the sample. In
transmission mode, a second ion chamber is used to determine the intensity transmitted
through the sample.

In fluorescence mode, an energy sensitive detector is used to collect the fluorescence pho-
tons emitted from the sample. To minimise the contribution from scattering processes
in this case, the detector should be aligned in an 90° angle to the beam axis. In this
case the polarisation factor for Thomson scattering of linearly polarized synchrotron light
equals 0. Analysis of XAS spectra is usually performed by using a normalised absorption

coefficient (ftnorm)-
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3 Neutron diffraction

This section deals with the most important principles of neutron scattering. More detailed
information about neutron scattering on single crystals can be found in the literature.8"88
The diffraction experiments conducted in the frame of this thesis were usually performed
with neutrons of a wavelength of 1.8 A (energy of 0.025 eV).% Their de-Broglie wave-

length is in the range of interatomic distances in solids and liquids, which makes these

thermal neutrons an excellent tool for the investigation of matter.”®

3.1 Elastic neutron scattering

The principles of single crystal neutron diffraction are similar to those of X-ray diffrac-
tion. Single crystal neutron diffraction can be seen as a complementary method to X-ray
diffraction because the scattering lengths of neutrons for certain elements do not directly
depend on the atomic number Z. Neutrons are uncharged, hence, they do not face the
Coulomb barrier. This means they are not diffracted by the electron distribution in the
sample, but scattered by nuclear forces. Therefore, it is possible to determine the position
of the nucleus independent of the electron distribution in the sample.

The scattering length of each nucleus is isotope-specific. Hydrogen - which is poorly visi-
ble in X-ray diffraction experiments - has a very high scattering cross section for neutrons
and can thus directly be observed in a neutron diffraction experiment.

However, hydrogen scattering contains a large inelastic component, which might com-

plicate data evaluation. Since deuterium does not show this strong inelastic scattering
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component, it is more viable to deuterate a sample containing large amounts of hydrogen
prior to a neutron experiment. The cross sections of hydrogen and deuterium are different

in sign. This allows for contrast variation within experiments.

Figure 3.1: Detector arrangement of the ISIS SXD-beamline.? Each detector is assigned a number
that is used for indexing all reflections.

3.2 Neutron sources

Neutrons can be produced either by nuclear fission in reactors or by spallation sources.”?

Nuclear reactors produce large amounts of neutrons, which can then be moderated to
thermal neutrons and used for neutron scattering experiments.

Spallation sources utilise a high-power accelerator, such as a synchrotron, that focuses an
intense proton beam onto a spallation target. When the proton hits the target, spalla-

tion particles, such as neutrons and muons, are produced. Due to the high energy of the
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neutrons, moderators are used to slow down the neutrons to a thermal level.

Wavelength selection of the neutron beams can be achieved by various methods, such as
utilisation of a neutron chopper, in which velocity and tilting angle are used for selec-
tion of the wavelength or of a single crystal monochromator, by which Bragg reflected
neutrons are used in selective angular ranges corresponding to the respective energy and
wavelength.”? The flux of neutron beams is small compared to that of an X-ray beam. In

order to minimise the time needed for a structure solution larger crystals are required.

3.3 Data collection

In many cases, time-of-flight measurements with polychromatic beams are applied for
neutron diffraction. This way the energies of the incident neutrons can be sorted easily
and no monochromator has to be used. For this, a number of time-resolving detectors is
arranged around the sample for data collection to cover a large solid angle.

191

Such an alignment can be seen in fig. 3.1°° where the detector arrangement of the ISIS

SXD-beamline is shown.
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4 X-ray radiation damage

X-ray radiation damage to biological samples is a major limitation for obtaining struc-
tural information from radiation sensitive samples by X-ray methods.”* Cryocooling to
liquid nitrogen temperatures is known to slow down this damage process and, thus, is
commonly applied in many experiments. It is assumed that the diffusion processes of
radicals created during X-ray irradiation are slowed down at lower temperatures.” 37 92,9
Although the origin and consequences of X-ray radiation damage have been investigated
extensively, the underlying processes are still not fully understood.

X-ray radiation damage is known to result from inelastic scattering processes and pho-
toelectric absorption. In contrast to early assumptions, it is not a purely stochastic
process.” Radiation damage can be classified into three categories: Primary radiation
damage, secondary damage and tertiary radiation damage. Primary radiation damage
originates from the direct interaction between X-ray photons and the sample. Compton
scattering and photoelectric absorption cause the formation of tens to thousands of low
energy (low eV) electrons in an electron cascade.® Secondary radiation damage is a re-
sult of the radiolytic reactions caused by these electrons. Possible results of primary and
secondary damage are bond cleavage of specific bonds, generation of free radicals in the
sample and the surrounding solvent and decarboxylation as well as redox reactions. Such
localised damage processes are also referred to as specific radiation damage.

Long-range rearrangements between different molecules within a sample are referred to
as tertiary damage and also as global damage.”

In crystallography, global radiation damage manifests itself in a loss of crystalline order

and, thus, a decrease in diffraction power. The global damage process can be followed by
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the analysis of different parameters.

Due to the nature of the global damage process, the indicators used for global radiation
damage are not suited to follow the damage progression within a crystal on an atomic
scale from its very first onset. As mentioned before, specific damage occurs before global
damage can be observed.'* The effects of specific radiation damage can therefore already
be significant before global damage indicators show measurable changes.

Nowadays, an experimental temperature of 100 K is commonly applied in X-ray crystal-
lography on biological samples. Cooling to temperatures of 50 K has been demonstrated
to further mitigate radiation damage.?” This can be explained by the fact that upon
irradiation, mainly hydroxyl as well as hydrogen radicals are produced. At temperatures
below 100 K the hydroxyl radicals cannot diffuse anymore and, thus, cause less damage.
Hydrogen radicals, however, can still diffuse and prevent pronounced damage to the crys-
tal structure. It has been shown that cooling down to 30 K, which is the temperature at
which hydrogen radicals become immobile, is therefore not effective due to the resulting
trapping of hydrogen gas within the crystal. This trapping leads to a deterioration of the
crystalline structure.’7-42

It has been proposed that the presence of solvent has a strong influence on the suscepti-
bility of a compound to radiation damage. Solvent molecules are suspected to favour the
formation of radiolytic products that can diffuse within the sample. This is assumed to
accelerate the damage progression via radical diffusion.416

This work investigates the origin and nature of several specific as well as global damage

processes. In the following sections the main indicators of radiation damage to crystalline

as well as non-crystalline samples are presented.

4.1 Global radiation damage

This work investigates global radiation damage by application of single crystal X-ray

diffraction. Global radiation damage affects several parameters describing a crystalline
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sample. ! 14:16:47.73,96  The most important indicators of global X-ray radiation damage

are summarised in this section.

4.1.1 Wilson-Plot, B-factor and mean intensity

In general, the positions of atoms within a unit cell are considered to oscillate around their
mean equilibrium positions. For a first approximation, these positions are considered to
follow a Gaussian distribution around their mean value. Deviation from these mean
positions can be either dynamic due to thermal vibrations, which is the predominant
contribution in case of small molecules, or static, e.g. in forms of disorders between
different unit cells, which is the predominant contribution in case of macromolecular
crystals. In order to take this effect into account, the so-called temperature factor or
B-factor B has been introduced.

Assuming the thermal vibrations are isotropic and the values of B are equal for all atoms,

the scattered intensity for a certain temperature is defined as
I(h)r = I(h)exp [-2- B - sin®© /\?] (4.1)

The exponential term is the well-known Debye- Waller factor. 1t is assumed in eq.4.1 that
the B-factor has the same value for all atoms (“global B-factor”).

A straight-forward method to determine the global B-factor of a structure was first sug-
gested by Wilson” and is thus called a Wilson-plot. The (polarisation and Lorentz cor-

rected) intensity of each reflection is given by
I(h) =K ’FhT‘Q exp [—2- B - sin®©/\?] (4.2)

where K is a scaling factor, F},. the structure factor of the atoms in their equilibrium
position, © can be deduced from the diffraction angle 20 and A is the wavelength. As-

suming a statistical distribution of the atoms within the unit cell the mean value of the
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structure factor for N atoms can easily be determined.

The loss of crystalline order upon exposure to high doses of X-ray radiation leads to a
decrease in Bragg reflection intensity. This loss in intensity first becomes visible for re-
flections in the high resolution range. In data evaluation processes of single crystal X-ray
diffraction, the loss in Bragg intensity is investigated using the so-called mean intensity. It
is calculated by integration over all Bragg reflection intensities. For a number of observed

intensities within a narrow range of sin© the mean intensity is described as
(Io) = K <|Fhr|2> exp [~2- B - sin?0/\] (4.3)

The mean intensity decreases as function of dose.

With <\Fr]2> = Yo eq.4.3 can be written as

In {%} =InK —2- B -sin’0/\? (4.4)
If In {%?} is plotted as function of sin?0/\? a straight line with axis intercept InK and
slope —2 - B is obtained.

In order to compare two or more datasets to each other, the relative Wilson B-factor
can be used. It is a factor obtained from scaling of two or more datasets with XSCALE

according to the formula
lose = Klomeast®p [—2Byasin*0© /N°] (4.5)

where B,.; is the relative B-factor and Ig,. and Ig,,.,s are the scaled and measured in-
tensities.

If X-ray radiation induces changes to the crystalline order, this is reflected in the Wilson
B-factor. Significant structural rearrangements result in an increase of the relative Wilson

B-factor with dose.
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Figure 4.1: Graphical illustration of crystal mosaicity.

4.1.2 Correlation coefficient

The correlation coefficient describes the correlation between two datasets. It is defined as

S FLFR = S LY, BN »
(B2 — (S0 FDR/N IS0 (R — (5, FRP/NTY

CCp —

with N being the number of reflections and F} and F}? the respective reflection sets. With
increasing dose the correlation between the measured datasets and the reference dataset

decreases. In this work the reference dataset is usually the first dataset that is collected.

4.1.3 Crystal mosaicity

Real crystals are not perfectly periodical objects. A real single crystal consists of small
mosaic perfect blocks in the order of microns, which are slightly misaligned with respect
to each other.

In fig. 4.1 a graphical explanation of the principle of crystal mosaicity is shown. The gaps
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between every perfect block are non-parallel and, thus, each block has its own orientation
within the single crystal. This orientation is commonly distributed over an angular range
from close to 0.0 to several tenth of a degree. Consequently, no systematic phase relation
is given for the radiation that is scattered from different parts of a crystal. Therefore, the
total intensity is obtained by adding up all intensities from different regions of the crystal.
Two aspects of mosaicity influence the shape of the reflections observed on the detector:
the size of each block and the angular distribution of the blocks.

The mosaicity of a crystal is also affected by X-ray irradiation. Radical and gas formation
within a crystal are known to be consequences of X-ray radiation damage. This exerts a

disruptive force on the crystal lattice, which leads to an increase in mosaicity.

4.1.4 Unit cell volume

It has been observed that in most cases the unit cell volume of a crystal increases upon

irradiation.® 11, 14,16,73

4.1.5 R1 value from structure refinement

The agreement between the model amplitudes and the amplitudes determined from an

experiment is expressed by the so-called reliability index or Rl-value:

F,| - |F,
Ry = 2 AEol — ||
2. |Fol

(4.7)

where the sum over all structure factors is taken into account. The lower the R1 value
the higher the agreement.

With increasing X-ray dose the alterations within the molecules become more promi-
nent. Hence the agreement between the model and experimentally determined structure

decreases. Thus, radiation damage leads to an increase in R1 value from structure refine-
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ment.

4.2 Specific radiation damage

Damage located at a specific site of the sample is referred to as specific radiation damage.
In this section the special cases of specific X-ray radiation damage relevant for this work
are presented.

Important examples for pecific radiation damage are cleavage of disulfide bridges,'* deami-

16,17

nation of amino acids,'® decarboxylation reactions of acidic residues or X-ray induced

18721 Tp this work,

redox reactions, which occur at specific sites such as metal centres.
X-ray induced oxdidation state changes are directly followed by X-ray Absorption Near
Edge Spectroscopy (XANES).

Furthermore, single crystal X-ray diffraction and single crystal neutron diffraction were

applied to follow specific changes upon X-ray irradiation on the atomic level.

4.2.1 X-ray induced photoreduction

Redox state changes of metal organic compounds and metalloproteins play an impor-
tant role in many chemical and biological processes, e.g. as homogeneous catalysts used
in chemical synthesis or in photosynthesis. Therefore, X-ray induced photoreduction to
metal centres of such compounds is a severe problem which has been addressed in the lit-
erature for samples like Photosystem IT' (PSIT) and B12 cofactors.?® X-ray induced
photoreduction occurs at doses of a magnitude lower than for global radiation dam-

19,23,35,45,46 and is not as significantly mitigated upon cooling as the global events.3?

age
Photoionisation is an event leading to X-ray induced photoreduction. The core electrons
within lighter atoms such as oxygen, carbon or nitrogen are liberated by the incident
X-ray photons. A cascade of secondary ionisation events then leads to the formation of

radicals and to the population of excited states.”®% This in turn leads to reactions within
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the compound resulting in the photoreduction of the metal centre.

A slightly higher susceptibility to X-ray induced radiation damage and X-ray induced
photoreduction was observed for compounds in solution.!® This might be a consequence
of the mediation of hydroxyl radicals upon irradiation with X-rays.

Spectroscopic measurements on PSII have shown that X-ray induced photoreduction
seems to be directly proportional to the aborbed X-ray dose.? It could also be demon-
strated that the oxidising potential of a metal site has an influence on the photoreduction
rate.?® Due to the temperature dependent behaviour of the X-ray induced photoreduc-
tion process of PSII, it was assumed that protein dynamics are rate-limiting the radical
chemistry by influencing the electron transfer steps leading to the reduction of the metal
centre.®®

This work mainly investigates the X-ray induced photoreduction of B12 cofactors using
XANES and X-ray diffraction. The photoreduction process in B12 cofactors most prob-
ably corresponds to the reaction Y-Co(III)-X + e — Y-Co(II)-X, where Y is the lower
and X the upper axial ligand.?3

Previous investigations have shown that not all B12 cofactors with a Co(III) centre are
photoreduced upon irradiation with X-rays* and a commonly applicable model for X-ray
induced photoreduction of B12 cofactors has not been found so far.

X-ray induced photoreduction is known to cause rearrangements in the neighbourhood of
the metal centre. It is not possible to determine the oxidation state directly from X-ray
diffraction experiments. However, bond length changes around the metal centre caused
by photoreduction can be observed using this method.

The oxidation state of a sample can be probed directly in XANES measurements by in-

23.83.85 A ghift in the edge position

vestigation of the position of the absorption edge.
towards lower energies implies a reduction; a shift to higher energies implies an oxidation
of the sample. The value Ejy, which is the energy at which zt,0m see eq. 2.3 in the
“Principles” section) reaches 0.5, was chosen as a measure of the absorption edge position

in the XANES investigations presented in this work.
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4.2.2 Hydrogen abstraction

Recent studies have shown that the abstraction of hydrogen atoms from specific sites of
a molecule is a main contributor to global radiation damage in crystalline samples.3” 47
The abstracted hydrogen atoms form hydrogen gas that can diffuse through the crystal.
This exerts a disruptive force on the crystal and increases the crystal mosaicity.

Hydrogen atoms are only poorly visible in X-ray diffraction experiments. However, it is
possible to investigate bond length changes caused by the abstraction of hydrogens. In
contrast to their poor visibility in X-ray diffraction, hydrogen atoms can be observed well
in neutron diffraction. Therefore, hydrogen abstraction can directly be investigated in

neutron diffraction experiments. Here, the position of the hydrogen atoms can be directly

derived from the nuclei density maps.
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1 X-ray diffraction measurements

In this chapter the experimental procedure for radiation damage studies by single crys-
tal X-ray diffraction is explained. It was the goal of these studies to obtain a model to
describe the global damage process. Furthermore, localised structural changes occuring
upon X-ray irradiation were investigated.

The B12 cofactors cyanocobalamin and methylcobalamin as well as the metal amino acid
complexes were investigated in order to gain a deeper understanding of the contribution
of X-ray induced photoreduction to the global damage process.

The amino acids L-serine and L-alanine, as well as the nucleoside thymidine were investi-
gated to obtain further information about the influence of selective hydrogen abstraction

on the global damage process.

1.1 X-ray diffraction experiment strategy

This section presents the beamline parameters and experimental strategy for X-ray diffrac-
tion measurements. Information about the data evaluation procedure and data analysis

to investigate X-ray radiation damage in single crystals are given.
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1.1.1 Beamlines
PXI (X06SA) - Swiss Light Source

PXI is an undulator beamline for macromolecular crystallography. The beamline is
equipped with a fixed-exit Si(111) double crystal monochromator. The second crystal
is bendable and used for sagittal focusing. A dynamically bendable mirror is used for
meridional focusing. The assigned photon flux of PXI at an energy of 12.4 keV and a ring
current of 400 mA is above 2 x 102 ph/s.

The beamline is equipped with a Pilatus 6M detector, an open-flow nitrogen cryojet and
a high precision air-bearing rotation axis. The focused beam size is 85 x 10 ym? (h x
v). The energy range of the beamline is 5.7 to 17.5 keV. The closest sample-to-detector

distance is 150 mm.

PXIII (X06DA) - Swiss Light Source

PXIII is a super-bending magnet macromolecular crystallography beamline with a 2.9 T
magnet and a critical energy of 11.46 keV. The beamline optics consist of a vertically col-
limating mirror followed by a four bounce Si(111) monochromator and a toroidal mirror
for vertical and horizontal focusing of the beam. At an energy of 12.4 keV and a ring
current of 400 mA, the photon flux of PXIIT is 5 x 10! ph/s.

The beamline is equipped with a mar225 mosaic CCD detector, an open-flow nitrogen
cryojet and a high precision air-bearing rotation axis. The focused beam size is 80 x
45 pm? (h x v). The energy of the beamline ranges from 6.0 to 17.5 keV. The closest

sample-to-detector distance is 60 mm.

X13 - DORIS III

The EMBL-beamline X13 is a bending magnet macromolecular crystallography beamline

at DORIS III. The beamline optics consist of a Si(111) single crystal monochromator and
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a bending mirror for horizontal and vertical focusing of the beam. The maximum photon
flux at an energy of 14.76 keV, a ring current of 190 mA and for a beam size of 0.3 x 0.3
mm? is 2 x 10 ph/s.

X13 is equipped with a marCCD 165mm detector and an open-flow nitrogen cryojet.
During experiments, the beam size was slit down to 0.3 x 0.3 mm? (h x v). X13 is a
fixed energy beamline operated at 15.3 keV. The closest sample-to-detector distance is 35

min.

1.1.2 X-ray data collection

Data collection was performed using rotation photographs of single crystals (see section
1.3 of the “Principles” section). For this method the crystal is accelerated to a defined
angular velocity and then rotated for a fixed angle increment Ay at a constant velocity
during exposure to the beam.

In case of the marCCD detectors, which use a shutter, this shutter is opened and the
crystal irradiated while rotated. The crystal rotation is stopped after measurement of
each angle increment and the shutter is closed. The detector is then read out.

The Pilatus 6M enables shutterless operation. In this case the shutter is open all the time
and the crystal is constantly rotated with a fixed velocity. The detector is read out at
defined frequencies.

In order to follow radiation induced changes, the following strategy was applied: Series
of adjacent complete datasets from the same sample were collected using rotation pho-
tographs. A complete dataset is defined as a full 360° rotation.

Depending on the photon flux and crystal size, up to 65 complete datasets were collected
until a decrease in diffraction spot quality and loss in (high) resolution became visible. In

the following text this procedure is referred to as dose series.
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1.1.3 Data evaluation and structure refinement

Data integration, analysis of diffraction spots and lattice parameters as well as structure
refinement of each dose series was automated with Perl scripts. In the automated process
each dataset was evaluated with the XDS package!®® using the same input file. Afterward,
reprocessing of the data at a fixed sample-to-detector distance was performed with XDS
in order to obtain more precise unit cell parameters. All datasets of a dose series were
scaled and merged using XSCALE. Structure solution and refinement was performed by
direct methods using SHELX.'1%' An initial model for refinement was determined from
the first dataset. All subsequent datasets of a dose series were then refined automatically

against this model.

1.1.4 Diffraction parameters to follow radiation damage

Each dataset out of a dose series was evaluated in the same way. Several Perl scripts were
written to extract parameters from data processing with XDS and XSCALE as well as
structure parameters from refinement with SHELX. These parameters were further used
to analyse radiation damage as function of dose.

Due to the differences in photon flux, crystal size, unit cell volume and R1 values from
structure refinement, normalised values were used when necessary. For normalisation the
absolute values were divided by the starting value of each series of parameters. The pa-

rameters were then zero-dose corrected.

Parameters from data evaluation with XDS and XSCALE
The effects of global radiation damage were followed by investigation of the

e Mean intensity: The mean intensity is defined in eq. 4.3 in chapter 4 of the “Prin-
ciples” section and is well known to decrease with dose. It was extracted from the

merged datasets from XSCALE.
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e Mosaicity: The mosaicity can be used as a rough estimate of the crystalline order.
The mosaicity is known to increase with dose, since the crystalline order usually
decreases as a consequence of global radiation damage. It was extracted from XDS
for each dataset of a dose series. Since the mosaicity is influenced by the properties
of each crystal, care has to be taken when comparing mosaicities of different crystals

to each other.

e (Correlation coefficient: The correlation coefficient is defined in eq. 4.6 in chapter 4
of the “Principles” section. Radiation induced changes lead to a decrease in
correlation between the current and the reference dataset. The correlation coefficient

was extracted from the merged datasets from XSCALE.

e Relative Wilson B-factor: Hereafter called “relative B-factor”, this factor increases
upon exposure to high doses of radiation. Since the temperature during an experi-
ment is kept constant, the increase must originate from radiation induced structural

disorders. The relative B-factor was obtained by scaling with XSCALE.

e Unit cell volume: Upon exposure to high doses of radiation the unit cell volume of
a crystal is known to increase. It was extracted from XDS for each dataset of a dose

series.

Parameters from structure refinement with SHELX

o R1 wvalue from structure refinement: Radiation damage alters the structure of a
molecule and deteriorates the crystalline order. Therefore, the agreement between
the model amplitudes and the measured amplitudes decreases and, thus, the R1
value increases with dose. The R1 value was extracted from the structure refinement

of each dataset.

e Bond length changes: High resolution datasets allow precise determination of bond
lengths. A bond length determined from X-ray diffraction is an average of the

respective bond lengths of all molecules in the sample. Significant changes in this
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average bond length imply a change in the statistical distribution between two or
more discrete states (e.g. single bond, double bond, bond cleavage, etc.) between
the specific atoms. Bond length changes as function of dose could, in some cases,

be observed as a consequence of radiation induced changes.

e Thermal displacement parameters: Hereafter called “TDP”, the isotropic (ITDP)
or anisotropic (ATDP) thermal displacement parameter is a measure of the extent
to which the electron density of an atom is distributed. This usually describes the
thermal movement of each atom around its centre of gravity.

In case of radiation damage, an increase in TDPs can be observed as a result of
radiation induced perturbations of the molecule. This increase can reflect displace-
ments, disorders, or a change in occupancy, if a more pronounced increase of one

specific TDP compared to the others is observed.

1.1.5 Dose calculation

In order to make a comparison of all measurements possible, the dose was taken as a
common measure for radiation damage. The dose is defined as the absorbed energy [J]
per mass [kg.

Dose calculation required knowledge of the beam size, beam shape, photon energy and the
photon flux at the sample position as well as the crystal size and shape, the absorption
coefficient of the sample and the exposure time.

Calculation of the dose D [J/kg] = D [Gy] was performed using

D
p-V

t (1.1)

where fi,. [1/s] is the incident photon flux, which depends on the fraction of beam seen
by the crystal, E [eV] is the photon energy in eV, u [cm™!] is the linear absorption coeffi-
cient, d [cm] is the average thickness of the crystal along beam direction, p [kg/m?] is the

density of the sample, V' [m?] is the volume of the sample and ¢ [s] is the exposure time.
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The linear absorption coefficients for all compounds at the respective energy were calcu-
lated using XOP.1%2 The respective strategy for dose calculation depended on the beam-
line.

At PXI and PXIII, flux determination at the position of the sample was performed during
measurements. The photon flux was permanently displayed on the graphical user inter-
face at the beamlines. The Swiss Light Source is operated in top-up mode at a constant
ring current of 400 mA, so no intensity decay of the beam had to be considered.

Dose calculation at beamline X13 was performed slightly different. Measurements were
conducted in so-called “dose mode”. In dose mode a fixed dose setting is chosen for a
measurement. Due to the intensity decay of DORIS III the crystal rotation speed is ad-
justed to the incident photon flux, so that each image is exposed to the same dose. With

decaying photon flux the rotation is slowed down.

1.2 X-ray diffraction measurements

1.2.1 B12 cofactors

Sample preparation

B12 cofactors contain a cobalt(III) centre and are well known for their high susceptibil-
ity to photoreduction to cobalt(IT).?*1% The biological significance and characteristics of
B12 cofactors have been discussed widely in the literature, although - interestingly - their
biological function is still not fully understood.?%:53:54

The X-ray radiation damage of two cofactors of B12, cyano- and methylcobalamin (see
fig. 1.1), was investigated by single crystal X-ray diffraction experiments. Both cofactors
were purchased in the highest available purity from Sigma Aldrich* and were used without

further purification.

Single crystals were grown from an aqueous solution of the B12 cofactor, diluted in an iso-

*http://www.sigmaaldrich.com/germany.html
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Figure 1.1: Structure of cyano- (X=CN) and methylcobalamin (X=CH3)

propyl alcohol /water mixture. Crystals were obtained by vapour diffusion of this mixture
against isopropyl alcohol. A more detailed description of the crystal growth procedure can
be found in section A.4. Small rectangular crystals grew within a few days (see fig. 1.2).
Isopropyl alcohol was expected to be part of the crystal structure for both cofactors. In
order to prevent any evaporation of the solvent from the crystals, all mounting procedures
were performed at cryogenic temperatures. Therefore, the mother liquor containing the
crystals was cooled by an open flow cold nitrogen gas stream. Crystals were then mounted
in 0.1 - 0.2 gm and 0.2 - 0.3 pum nylon loops at this temperature. The mounted crystals
were plunged in liquid nitrogen immediately after mounting and stored at cryogenic tem-
peratures until the X-ray diffraction measurements were carried out.
Measurements were performed in two different beamtimes at the macromolecular crys-
tallography beamline PXIII (X06DA) at the Swiss Light Source with a mar225 mosaic
detector. Experiments were conducted at 100 K for both, cyano- and methylcobalamin.
Additionally, cyanocobalamin was measured at 200 K.
Dose series of subsequent datasets consisting of 180 images measured with a rotation an-
gle of Ay = 2° were collected at an energy of 0.7537 A (16.45 keV) until spot quality and

resolution decreased significantly. The subsequent datasets showed a loss in data quality
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Figure 1.2: Photograph of cyanocobalamin crystals in an isopropyl/water-solution of cyanocobal-
amin powder.

upon long exposure to X-rays.

Cyanocobalamin

3747 of two cyanocobalamin crystals at 100 K and one cyanocobalamin crystal

Dose series
at 200 K were collected during the first beamtime.

Crystal CNCbl 1 was measured at 100 K and was 400 x 200 x 200 pm? in size. The
exposure time during measurements was set to 1 s. Data acquisition was performed at
a sample-to-detector distance of 70 mm. Filters were set to 15.6 % transmission of the
beam, leading to a photon flux of 1.5 x 10 ph/s, resulting in a dose of 0.98 kGy per
image. 4860 images, yielding 27 complete datasets, were recorded. The obtained images
showed small well-defined spots and no ice rings were visible, thus proving a good cryo
handling of the samples. The data quality had visibly suffered after the full dose series.
However, further processing showed that the crystal was not as severely damaged as ex-

pected.
As a consequence of this, crystal CNCbl 2 (400 x 400 x 300 gm?®) was measured without
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filters and exposed to the full intensity of the beam using the same parameters used for
the first crystal. The photon flux was determined to be 9.8 x 10'° ph/s which lead to a
dose of 2.62 kGy per image. The data was of excellent quality. After a few full rotations a
significant loss in diffraction quality and resolution could be observed. Data collection was
continued until a dose series of 4860 images had been obtained, resulting in 27 complete
datasets.

Dose series at 200 K were performed on a crystal of 380 x 150 x 150 um? in size (CNCbl
3). The determined photon flux was 10.8 x 10! ph/s, resulting in a dose of 6.84 kGy
per image. The exposure time of 1 s was kept, but the sample-to-detector distance was
changed to 65 mm. After 3600 images, corresponding to 20 complete datasets, the data

collection was stopped.

Methylcobalamin

Dose series of two methylcobalamin crystals were collected at 100 K in a second beam
time. Both crystals absorbed a significantly higher dose than the crystals of cyanocobal-
amin. This higher dose on the samples was a result of the much higher incident photon
flux during this beamtime and the smaller crystal size.

The first crystal (MeCbl 1, 150 x 60 x 80 pm?) was measured at a sample-to-detector
distance of 65 mm with an exposure time of 1 s. First, a complete dataset was collected
with a filter transmission of 20 % to gather better low-resolution information. This col-
lection was followed by a dose series of 4320 high resolution images, yielding 24 complete
datasets, collected without filter. After the dose series was completed, a second data
collection of 180 low-resolution images with a filter transmission of 20 % was conducted.
The first low-resolution dataset was merged with the first (high-resolution) dataset of the
dose series to obtain a well-fitting model for structure solution of the high resolution data.
The incident photon flux without filter was 19.2 x 10 ph/s, yielding in a dose of 33.61
kGy per image.

Crystal MeCbl 2 measured 250 x 50 x 40 pm? in size. All experimental parameters were
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kept the same as for MeCbl 1. The measured photon flux was 19.3 x 10'° ph/s, resulting
in a dose of 38.0 kGy per image. 4500 images, resulting in 25 complete datasets, were

collected.

Data evaluation

Owing to differences in photon flux and crystal size during the beamtimes as well as
chemical composition of the samples, normalised mean intensity, bond length parameters
and relative cell volumina had to be used for comparison. The dose delivered to the
cyanocobalamin samples was significantly lower than that on the methylcobalamin crys-

tals.

1.2.2 Amino acids and thymidine
Sample preparation

Crystals of L-serine, L-alanine and thymidine were all grown from a saturated aqueous
solution. To obtain anhydrous crystalline samples, crystal growth was performed at tem-
peratures above 40° C. Since the crystals were also needed for neutron diffraction, the
main goal of the crystal growth was to obtain large crystals. Further information on the
crystal growth is given in the appendix (section A.5).

In order to cause significant damage to the crystals, a high photon flux is required for
X-ray diffraction measurements. At the same time overload of the detector has to be
prevented. Hence, small crystals have to be used. Therefore, larger crystals of all three
compounds were cut into small pieces for these measurements. The samples were then
glued on graphite fibres which were attached to glas tips using two-component adhesive
(see fig. 1.3). Afterward, the crystals were stored at room temperature. Since the crystals

did not contain any solvent, no loss of crystal quality due to solvent evaporation during
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Figure 1.3: L-alanine crystal (within the red frame) attached to a graphite fibre. The picture was
taken at beamline PXIII at the SLS.

storage and transfer was expected.

Measurements

Measurements on L-serine and thymidine were performed at the macromolecular crys-
tallography beamline PXI at a wavelength of 0.7085 A (17.5 keV). Measurements on
L-alanine were conducted at beamline PXIIT at 0.7560 A (16.4 keV).

L-serine

X-ray diffraction images of L-serine (see fig. 1.4) were collected at beamline PXI at 90 K
from a small single crystal (120 x 60 x 20 ym?) with a Pilatus 6M detector. The sample-
to-detector distance was 185 mm. An oscillation range of Ay = 1° and an exposure time
of 1 s per image were chosen. The beam size at the sample position was defocused to 80

x 150 ym? (h x v). The incident photon flux was 4.2 x 10'° ph/s which resulted in a
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Figure 1.4: Molecular structure of anhydrous L-serine solved from X-ray data.

Figure 1.5: Molecular structure of L-alanine solved from X-ray data.

dose of 9.52 kGy per image. In total, 22680 images, yielding 63 complete datasets, were

collected.

L-alanine

X-ray diffraction images of single crystals of L-alanine (fig. 1.5) were collected at beamline
PXIII at 100 K with a mar225 mosaic detector from a small single crystal (60 x 20 x 10
pm?) which was cut from a larger crystal. The oscillation range for each image was set
to Ap = 2° with an exposure time of 1 s. During this experiment the sample-to-detector

distance was set to 80 mm. The beamsize was 80 x 45 pum? (h x v) and therefore the
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Figure 1.6: Molecular structure of thymidine solved from X-ray data.

crystal was fully irradiated. Measurements were conducted at an incident photon flux of
13 x 10'° ph/s, yielding a dose of 12.33 kGy per image. 4140 images, corresponding to

24 complete datasets, were collected.

Thymidine

For X-ray diffraction measurements a small single crystal (70 x 30 x 20 um?) of thymidine
was chosen. The mounting procedure was performed similarly to L-serine. The incident
flux during measurements was 9 x 10'° ph/s with the filter set to 20 % transmission. The
oscillation range was Ap = 1°. The sample-to-detector distance was set to 165 mm and
the exposure time was 0.5 s. The calculated dose per image was 5.10 kGy. The beam size
in this case was similar to the L-serine measurements. In total 19080 images, resulting in

54 complete datasets, were collected.
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Figure 1.7: Molecular structures of CuSer (a), NiSer (b) and Culso (c) as obtained from SHELX.

1.2.3 Metal amino acid complexes

Sample preparation

Single crystals of bis(L-serinato)copper(IT) (CuSer)'% (fig. 1.7 (a)), diaquobis(L-serinato)nickel (IT)%*
(NiSer) (fig. 1.7 (b)) and bis(L-isoleucinato)copper(I[)!% (Culso) (fig. 1.7 (c)) were di-
rectly mounted at the beamline in 0.1 - 0.2 gm nylon loops. The loops were supported
with small amounts of glue at the end of the metal holder to prevent vibrations in the

cryostream. The crystals were flash-cooled to 100 K directly after mounting.
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Measurements

Measurements were conducted at the EMBL beamline X13 during two subsequent beam-
times. All crystals were measured at 100 K. Seven dose series of subsequent X-ray diffrac-
tion datasets of 180 images with rotation increments of 2° per image were collected.

In all cases the sample-to-detector distance was set to 40 mm. The beam size in all cases
was slit down to 0.3 x 0.3 mm? (h x v). The NiSer crystals were of poor diffraction qual-
ity. CuSer and Culso diffracted to 0.9 A resolution. Each full dataset consisted of 180
images. Two to three dose series were collected per compound at different dose settings.
Spot quality and resolution decreased significantly with increasing dose.

Data evaluation of all three compounds was performed as described in section 1.1.3 of
this chapter. Due to the large beam divergence at X13, the crystal mosaicity could not be
determined from the measurements. The mosaicity values obtained from XDS represent a
convolution of the beam divergence and the crystal mosaicity. At X13 the refined mosaic-
ity value is determined by the beam divergence, rendering any mosaicity measurements

pointless.

CuSer

Three small blue single crystals of CuSer were selected for the measurements. Data col-
lection was performed using different dose settings.

The first crystal (CuSerl) had a size of 250 x 100 x 20 um?®. The dose mode was set
to 200 kHz, resulting in a dose of 6.6 kGy per image. 4860 images, yielding 27 complete
datasets, were collected.

The second crystal (CuSer2) was similar in size to CuSerl. For CuSer2 the data collection
was conducted in dose mode at 400 kHz per image. The resulting dose per image was
13.2 kGy. 1440 images, corresponding to 8 complete datasets, were collected.

The dimensions of the third crystal (CuSer3) were 250 x 150 x 30 pum?®. The dose mode
setting was 400 kHz, resulting in a dose per image of 12.8 kGy. 4140 images, resulting in

23 complete datasets, were collected.
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NiSer

Measurements of NiSer were performed on two small light green crystals. Both crystals
showed poor diffraction quality.

The first crystal (NiSerl) was 100 x 60 x 20 gym?® in size. The dose mode setting for this
crystal was 200 kHz, resulting in a dose of 4.5 kGy per image. A total of 4680 images,
corresponding to 26 complete datasets, was collected from this crystal.

The dimensions of the second crystal (NiSer2) were similar to the first one. For NiSer2
the dose mode setting was 400 kHz, resulting in a dose of 9.0 kGy per image. 4860 images,
yielding 27 complete datasets, were collected.

In case of NiSerl data processing as well as structure refinement were performed. The
data of the second crystal could be processed, but no structure refinement could be per-
formed due to the poor data quality. The mean intensity values as well as the correlation
coefficient for both NiSer complexes showed strong deviation between each other. Only
the normalised unit cell volume and relative B-factor were taken to follow the X-ray dam-

age process for all metal amino acid complexes.

Culso

Two small blue single crystals of Culso were selected for the measurements. Two different
dose mode settings were chosen for the data collection.

The first crystal (Culsol) was 120 x 150 x 10 pum? in size. This crystal was measured
at a dose mode setting of 100 kHz, which resulted in a dose of 6.2 kGy per image. 4860
images, corresponding to 27 complete datasets, were collected.

The second crystal (Culso2) was 150 x 150 x 10 ym? in size. The dose mode was set to
400 kHz, resulting in a dose of 24.9 kGy per image. A total of 1800 images, resulting in

10 complete datasets, were collected.
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2 X-ray absorption measurements

In the following chapter the experimental procedure for X-ray Absorption Near Edge Spec-
troscopy (XANES) measurements is described. The main goal of these measurements was
to investigate X-ray induced photoreduction, which can be directly probed by a shift in
the absorption edge in a XANES spectrum. The influence of the factors temperature,

solvent and chemical composition was investigated.

2.1 X-ray absorption experiment strategy

2.1.1 Beamline: SuperXAS (X10DA) - Swiss Light Source

The SuperXAS beamline is a super-bending magnet beamline for X-ray Absorption Spec-
troscopy. It is equipped with a Si(111) double crystal monochromator followed by a
toroidal mirror for higher harmonic suppression and focusing. The beam size at the sam-
ple was determined to be 0.08 x 0.11 mm? (h x v). The photon flux on the sample is
approximately 1 x 10'? ph/s for a ring current of 400 mA.

The beamline is equipped with two 30 cm long ion chambers in front of and behind the
sample filled with a He/Ny mixture for transmission measurements. For fluorescence mea-

surements, a 13 element LNy cooled solid state Germanium detector is available.
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2.1.2 XANES data collection

In transmission geometry, XANES spectra were collected by changing the incident energy
over a defined range and measuring the incident intensity as well as transmitted intensity
behind the sample as function of energy. In fluorescence geometry, the fluorescence from
the sample is measured as a second variable. These measurements are conducted at de-
fined energy steps.

Spectra collected for cyanocobalamin and the four iron compounds were measured in three
regimes. For each regime, different energy steps were chosen.

In the pre-edge region energy steps of 2 eV were used. Since the most important feature
of the XANES measurements is the horizontal shift of the absorption edge and a change
in the white line, measurements were conducted at smaller energy steps in this part of
the spectrum. Acquisition of data points was performed in 0.5 eV steps around the edge
region. Above the absorption edge, energy steps of 1 eV were used.

The acquisition of a spectrum deposits a defined dose of radiation in the sample. With
each spectrum that is collected, the dose to the sample increases. Therefore, subsequent
spectra can be used to monitor radiation induced changes in the sample. This series of
adjacent spectra will be called dose series in agreement with the nomenclature applied in
the X-ray diffraction measurements. In case of the iron compounds, additional exposure

times at an energy of 7280 eV were added after the collection of each spectrum.

2.1.3 Data evaluation

Normalisation of all spectra was performed using the IFFEFFIT package.'®” The pre-edge
region was fitted by a linear background function and the post-edge region was fitted by
a spline function. Normalisation was performed so that the inflection point of the first
oscillation above the absorption edge was assigned to a zfi,e-m of 1 for all spectra of all
compounds®.

*This method was proposed in the Athena User’s Guide which can be found at
http://cars9.uchicago.edu/ ravel/software/doc/Athena/mobile/index.html.
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For comparison of the different compounds it was necessary that all spectra were nor-
malised in the same way. In all cases, where a change in the spectra could be observed,
these changes mainly manifested themselves in the absorption edge position and the in-
tensity of the white line.

The energy value of the edge position where @ fi,orm, the normalised absorption coefficient,
reached 0.5 was named Ey. This value was used for investigation of the edge shift and,
thus, as an indicator of photoreduction. This method was first proposed by Champloy
et al. A Perl script was used to extract the values of Ej for the subsequent spectra.
Ey was then plotted as function of dose. The position of Ej represents the distribution
between the two discrete states of the cobalt centre (Co(III) and Co(II)). In the beginning
all cobalt centres within the sample are Co(III). This amount decreases with dose, finally
leading to an equilibrium between the unreduced (Co(III)) and the reduced (Co(II)) state.
Therefore, Ey should reach a threshold at higher doses.

2.1.4 Dose calculation

The dose was determined in an automated process. Summation of the absorbed energies at
every photon energy was performed using a Perl script. The theoretical X-ray absorption
coefficients of the sample, the incident photon flux at the respective energy, the exposure
time, sample thickness and mass, as well as the beam size were taken into account.
Additionally, fluorescence escape and self-absorption of the X-ray fluorescence photons
were included into the calculations.

The applied doses per spectrum for cyanocobalamin were 0.39 MGy, while for the iron
compounds the doses per spectrum varied between 0.03 and 0.06 MGy, depending on the
photon flux at the beamline and the different absorption coefficients determined for the

compounds.
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2.2 X-ray absorption measurements

Cyanocobalamin (fig. 2.1 (a)), potassium hexacyanoferrate (fig. 2.1 (b)), ammonium ferric
citrate (fig. 2.1 (c)) and pyrite (fig. 2.1 (e)) were obtained from Sigma Aldrich. The organic
iron sulphur cluster (u-propyldithiolate diiron carbonylaminepropyl, fig. 2.1, in this work
referred to as diiron-dithiolate (d)) was kindly provided by Dr. Ott from Stockholm
university.'%”

XANES measurements of all compounds were performed during four beamtimes at the

SuperXAS beamline (X10DA) at the Swiss Light Source, Villigen, Switzerland.

2.2.1 Sample preparation

Solid samples of cyanocobalamin, ammonium ferric citrate, potassium hexacyanoferrate,
diiron-dithiolate and pyrite were measured in transmission geometry in boron nitride
pellets. Boron nitride was used to obtain samples of sufficient thickness, so they would
not break during the preparation and cooling process.

The compounds were pestled with boron nitride in a fixed ratio (see table 2.1 for details
on the composition) until a homogeneous distribution was reached. The mixtures were
then pressed into pellets of a thickness of 0.2 mm, cut into small pieces in dimensions of
about 0.3 x 1 mm? and glued onto a sample holder.

For measurements in aqueous solution, cyanocobalamin was dissolved in water (see table
2.1 for concentration) and filled into quartz capillaries with a diameter of 1 mm and a
wall thickness of 0.01 mm. The samples were measured in fluorescence geometry.
Ammonium ferric citrate was dissolved in water (see table 2.1 for concentration) and
placed in a wet cell which consisted of a metal plate of 0.2 mm with a 1 mm drill hole
containing the solution. The wet cell was then sealed with Kapton foil on both sides (see
fig. 2.2). The samples were measured in transmission geometry.

Solid samples were measured at temperatures between 5 and 300 K for cyanocobalamin
and between 100 and 300 K for the iron compounds. Aqueous solutions were measured at

temperatures between 100 K and 250 K. This way they were kept in a solid state, thereby
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Figure 2.1: Compounds measured using XANES: Cyanocobalamin (a), ammonium ferric citrate (b),
potassium hexacyanoferrate!®® (c), diiron-dithiolate!® (d) and pyrite!'? (e).
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inhibiting convection, which would cause diffusion of unirradiated material in the beam.
Temperatures between 100 K and 300 K were realised using an open flow nitrogen cryostat.

Temperatures below 100 K down to 5 K were achieved by a helium cryostat.

Table 2.1: Molecular formula, molecular weight and amount of the measured compounds. The
overall molecular formula is obtained by determination of the ratio between the amount of the
compound and the boron nitride/water.

Compound | Molecular | Molecular | Amount| Boron | Water | Overall
formula | weight [mg] Nitride | (18.015 | molec-
of com- | [g/mol] (24.83 | g/mol) | ular
pound g/mol) | [ml] for-

[mg] mula

Solid CoCgs 1355.39 94.30 106.0 - CoCgs

cyanocobal— H88N14014 H88B61

amin P N75014P

Aqueous CoCgs 1355.39 61.50 - 200.0 CoCegs

cyanocobal- HggN140q4 Hs333N1y

amin P Ogs9P

Solid ammo- | FeCgHj 252.00 50.00 200.0 - FeCgHj

nium  ferric | NO~ B42N4307

citrate

Aqueous am- | FeCgHj 252.00 105.00 - 0.3 FeCgHgy

monium ferric | NO; NOyg

citrate

Potassium Ks 329.22 50.00 350.0 - K;

hexacyanofer- | [Fe(CN)g] [FeCg

rate B93N99]

Diiron- FGQCH 417.07 19.05 106.0 - FGQCH

dithiolate HisNOj5 S, Hi5Bo4

Nos

0555
Pyrite FeS, 119.99 1520 | 184.8 |- FeS,

BsgNsg
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Kapton
foil

Aqueous
ammonium
ferric citrate

/

Wet cell (0.2 mm) with 1 mm drill hole

Figure 2.2: lllustration of the wet cell for XANES measurements of the aqueous ammonium ferric
citrate solution.

2.2.2 Cyanocobalamin

For cyanocobalamin dose series of adjacent spectra were recorded using the full intensity
of the X-ray beam. The samples were exposed to high doses of radiation during this
procedure, so no further exposure time was needed after each spectrum. This led to
equidistant steps in terms of dose, meaning that each dataset absorbed the same amount
of dose.

Spectra of cyanocobalamin were collected for energies ranging from 7680 eV to 7890 eV.
The pre-edge region ranged from 7680 eV to 7705 eV, the edge region of the spectra was
ranging from 7705 eV to 7740 eV. Above 7740 eV up to 7890 eV the first few EXAFS
oscillations were measured.

Measurements of the solid and aqueous compounds at temperatures between 100 K and
300 K in steps of 50 K were performed during the first beamtime.

During a second beamtime the photoreduction process of solid cyanocobalamin at tem-
peratures of 5 K, 25 K, 50 K, 75 K and 100 K was investigated. The spectra appeared to
be very noisy, most probably due to perturbations of the helium cryostream which lead

to a movement of the sample within the beam and thus prevented a homogeneous irradi-
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ation. Therefore, extraction of the absorption edge position required a slightly different
procedure than performed for samples cooled with nitrogen: The spectra were normalised
as described above. Since the absorption edge was noisy, the Ey position could not be
directly derived as it was not only influenced by a possible shift, but mainly by the er-
ror of the obtained data. Although a direct extraction of the value F, would have been
preferred, it was necessary to fit the absorption edge and first white line by a Gaussian
function. This way it was possible to find a “corrected absorption edge position”. Eq was
therefore extracted from the Gaussian fit instead of the noisy absorption edge itself in

order to erase the error occuring due to the quality of the data.

2.2.3 Iron compounds

Series of adjacent spectra of all iron compounds were recorded by collecting spectra with
a beam attenuated to 8% of the full photon flux. For beam attenuation a filter wheel
equipped with boron nitride pellets of different thicknesses was placed in front of the first
ion chamber. Each spectrum was followed by an exposure to the unattenuated beam at
7300 eV. Then a second XANES spectrum was taken, again followed by an exposure to
the unattenuated beam and so on. The exposure time (¢) after each spectrum (n) was
increased exponentially according to the formula ¢ [s] = 2 4 2™.

Radiation damage follows an exponential decay law. Therefore, it was necessary to obtain
a large amount of data at lower doses to gather detailed information about the damage
process. Plotting of the extracted parameters as function of dose lead to an exponential
increase of the step-size between data points in terms of dose.

XANES spectra of all iron compounds were collected for energies from 7080 eV to 7300
eV. The pre-edge region was defined as the region from 7080 eV to 7105 eV. The edge
region ranged from 7105 eV to 7150 eV and above this, the first oscillations of the EXAFS
region followed.

Spectra of the solid samples were collected from all four compounds at temperatures of

68



2 Experimental

100 K and 300 K. Ammonium ferric citrate was the only compound also measured in

solution. In this case measurements were performed at 100 K and 200 K.
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3 Neutron diffraction measurements

In this chapter, the experimental procedures for combined X-ray irradiation and neutron
diffraction measurements on the two amino acids L-serine and L-alanine, as well as the
nucleoside thymidine are explained. The goal of these measurements was to directly ob-
serve X-ray induced hydrogen abstraction and gain an understanding of the global damage

processes of these compounds.

3.1 Neutron diffraction experimental strategy

Single crystal neutron diffraction data were collected from previously X-ray irradiated
crystals and non-irradiated crystals of a control group, in order to investigate different

states of X-ray damage.

3.1.1 Beamlines
F4 - DORIS III

X-ray irradiation of the crystals was conducted at the HASYLAB beamline F4. F4 is a
bending magnet beamline at DORIS III, located 8 m from the source. It is a white X-ray

beamline with a critical energy of 16 keV. The maximum beam size is 15 x 8 mm? (h x

V).
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polyester

Figure 3.1: A crystal for neutron measurements mounted onto vanadium wire using polyester glue.

SXD - ISIS

Neutron measurements were conducted at the SXD-beamline at the ISIS neutron source.
Beamline SXD is dedicated to single crystal neutron diffraction. It is equipped with a
water moderator. The wavelengths at this beamline range from 0.2 to 10 A. The beamsize
at the sample position is about 15 mm.

The beamline provides eleven position sensitive detectors. The detectors are optically
encoded ZnS scintillators, each with an active area of 192 x 192 mm? and 64 x 64 pixels.
The resolution of the detectors is 3 x 3 mm?.

Temperatures during measurements can be selected by using a closed cycle liquid helium

cryostat which provides a temperature range from 1.5 K to 300 K.

3.1.2 Sample preparation

For the neutron diffraction measurements crystals were cut to pieces of the same size.
L-serine and L-alanine crystals were cut using a Well 6234 wire saw equipped with a 0.5
mm thin diamond wire, which was immersed in water prior to cutting. Thymidine was
cut into pieces of the same size using a scalpel.

The crystals were then glued onto a vanadium wire using a polyester-based two-
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Figure 3.2: Experimental setup for X-ray irradiation.

component adhesive (fig. 3.1). The scattering length of neutrons for vanadium is close to

! so vanadium is almost transparent for neutrons. The chosen adhesive contains

zero,'!
only few hydrogen atoms, so it did not contribute significantly to the neutron diffraction

measurements and only added slightly to the background.®’

3.1.3 X-ray irradiation

X-ray irradiation was performed beforehand at the HASYLAB white beam beamline F4
at DORIS IIT in Hamburg. For irradiation, the maximum beam size was used. This way,
it was possible to expose the entire crystal volume to the X-ray beam. For irradiation
crystals were mounted on a single axis goniostat and cooled to 100 K by an open flow
nitrogen jet (fig. 3.2). Crystals were then centered into the beam and slowly rotated
during X-ray exposure. The low energy X-ray spectrum of the incident photon flux was
filtered out by a 500 pm silicon filter, that was positioned in front of the sample. This
way, a more homogeneous dose deposition in the crystals was obtained. Since all crystals

were of the same size and irradiation was performed with hard X-rays, the absorption
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was assumed to be similar for all crystals of one compound. Intensity changes due to the
decay of the DORIS III ring current were taken into account and normalisation of the
exposure time was performed for data evaluation.

After each X-ray irradiation crystals were unmounted and stored at liquid nitrogen tem-

peratures until the neutron diffraction measurements.

3.1.4 Neutron data collection

Crystals were transferred to vanadium canes at liquid nitrogen temperatures. The canes
containing the previously X-ray irradiated crystals were then transferred into the SXD
cryostat whilst keeping them at liquid nitrogen temperatures. For the measurements the
crystals were then further cooled to 5 K. Measurements took between 8 to 48 hours, de-

pending on the damage level of the crystal.

3.1.5 Data evaluation and structure refinement

Data evaluation was conducted directly during measurements using an IDL-based analy-
sis software.”? For structure refinement SHELX!?! was used.

Determination of a possible hydrogen abstraction was performed by a refinement consist-
ing of three steps. This refinement aimed at the investigation of the isotropic thermal
displacement parameters which, as mentioned in section 4.1.1 in “Principles”, repre-
sent a combination of the thermal displacement of an atom, the atomic displacement at
specific sites by radiation damage and the general, global disorder generated by long ex-
posures to X-ray irradiation.

As a first refinement step the occupancy as well as the anisotropic displacement factors
of the heavy atoms and the hydrogen atoms were refined freely for the undamaged and
slightly damaged crystals. The free refinement gave no significant occupancy decrease

for the heavy atoms, but in case of damaged crystals an occupancy decrease for specific
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hydrogen atoms could be found.

In a second refinement step the occupancy of all atoms (including the hydrogens) was
kept at 1.0 and the isotropic thermal displacement parameters (hereafter simply called
“ITDPs”, similar to X-ray data collection) were freely refined. The refinement was per-
formed isotropically since no anisotropic refinement was possible for the more damaged
crystals.

The third refinement step differed slightly for each compound and will be explained in

the following sections.

L-serine

In the case of the X-ray irradiated crystals of L-serine free refinement of the occupancies
as well as the ITDPs of all atoms showed an increase in ITDP and a decrease in occu-
pancy for two specific hydrogen atoms (H5 and H6). In the second (isotropic) refinement
step the occupancy of all atoms was kept at 1.0. A general increase in ITDPs as function
of dose could be observed. However, the ITDPs of the two hydrogen atoms H5 and H6
showed a more pronounced increase.

In order to distinguish an increase in I'TDP due to global damage of the crystal from an
increase in ITDP due to a specific change in the position of a certain atom, the following
procedure was applied: The strong increase in all ITDPs required the assignment of a
common ITDP to all hydrogen atoms connected to the same heavy atom. By this, it is
implied that all hydrogen atoms bound to a certain heavy atom are chemically equal.
Additionally, the relation of the hydrogen I'TDPs to the respective heavy atom ITDP was
determined. In case of the hydroxyl group (OH group), the ITDP increase was set in
relation to the increase of the ITDPs of the methylene group (CH, group) (see fig. 1.4).
All relations were kept constant during structure refinements for all X-ray irradiated crys-
tals of L-serine. The occupancy of all hydrogen atoms was then refined freely, while the
ITDP was kept fixed to a value calculated from the relation between the heavy and the

corresponding hydrogen atom.
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L-alanine and thymidine

In case of L-alanine, no global nor specific increase in I'TDPs or decrease in occupancy
could be observed in the first refinement step even at higher irradiation times. In the
case of thymidine, an increase in a specific hydrogen I'TDP could be observed in the first
refinement step. The second refinement step confirmed the observations for both com-
pounds. L-alanine did not show any pronounced increase in I'TDPs and thymidine only
showed an increase of the ITDP of hydrogen atom H7.

Since no significant global increase of the ITDPs was observed, even at long X-ray irra-
diation times, it was not necessary to find a relation between the hydrogen ITDPs and
their heavy atoms. Therefore, a common I'TDP was assigned to all hydrogen atoms con-
nected to the same heavy atom in the third refinement step. This common I'TDP was the
mean value of the freely refined ITDPs obtained from the second refinement step. The

occupancy of all hydrogen atoms was then refined freely in this final step.

3.2 Neutron diffraction measurements

Neutron diffraction measurements of crystals of L-serine, L-alanine and thymidine were
performed at the ISIS SXD-beamline at the Rutherford Appleton Laboratory in England.
Crystals were prepared as described in section 3.1.2 of this chapter. The exact crystal

size and respective irradiation times are given in this section.

3.2.1 L-serine

L-serine crystals (fig. 3.3 (a)) were cut to cubes of 3 x 3 x 3 mm?® in size and were

X-ray irradiated for 375, 600 and 1680 seconds. Additionally, unirradiated crystals were
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Figure 3.3: L-serine crystal (a) and thymidine crystals (b) grown from a saturated aqueous solution.
The crystals were cut into small cubes of equal size for neutron diffraction measurements.

prepared as a control group.

3.2.2 L-alanine

The L-alanine crystals were slightly smaller than the L-serine crystals and were cut to
cubes of 2 x 2 x 2 mm? in size. X-ray irradiation was performed for 600 and 3600 seconds.

No unirradiated crystal was investigated.

3.2.3 Thymidine

Thymidine crystals (fig. 3.3 (b)) were obtained as long needles and were cut to pieces of
2 x 2 x 1 mm? in size. The crystals were X-ray irradiated for 600 and 1200 seconds. An

unirradiated crystal was also measured.
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IV Results






1 X-ray diffraction measurements

1.1 B12 cofactors

X-ray induced photoreduction of the two vitamin B12 cofactors cyanocobalamin and
methylcobalamin was investigated at 100 K using X-ray diffraction. Additional diffrac-
tion measurements of cyanocobalamin at 200 K revealed a temperature-dependent be-
haviour. Furthermore, differences as well as similarities of the radiation damage process
to cyanocobalamin and methylcobalamin could be found.

Detailed information on experimental details and crystallographic data for all crystals
can be found in the appendix in section A.4. Fig. 1.1 shows the behaviour of different
radiation parameters as function of dose for the two cyanocobalamin crystals (marked
bright and dark red) and for the two methylcobalamin crystals (marked dark and light
blue). The behaviour of these parameters for samples of the same compound with dose
agrees well.

Fig. 1.1 (a) shows the absolute mean intensity for all four crystals. The starting value of
the mean intensity of CNCbl 2 is much higher compared to the other crystals and decreases
strongly with dose. Since the mean intensity depends on the diffraction properties on the
crystal and the flux, normalised values had to be used for comparison. All normalised
values used were obtained as described in section 1.1.4 in chapter 1 in “Experimental”.
Fig. 1.1 (b) shows the normalised mean intensity for both cyanocobalamin (bright and
dark red) and both methylcobalamin (dark and light blue) crystals.

Linear fitting (not shown) of the normalised mean intensity was performed for the two

dose series of cyanocobalamin and the two dose series of methylcobalamin up to 34 MGy.
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Figure 1.1: Absolute (a) and normalised (b) mean intensity, mosaicity (c), relative B-factor (d),
correlation coefficient (e), R1 value from structure refinement (f), absolute (g) and normalised unit
cell volume (h) of both cyanocobalamin crystals (red) and both methylcobalamin crystals (blue)
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measured at an energy of 16.45 keV and a temperature of 100 K as function of dose.
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Comparison of the slopes reveals a three- to fourfold reduction of the mean intensity decay
with dose for methylcobalamin with respect to cyanocobalamin.

Fig. 1.1 (c) shows the mosaicity changes as function of dose. In case of cyanocobalamin the
mosaicity first slightly decreases from 0.20° to 0.19°, but then increases again with dose
to 0.22°. Mosaicity values of the two methylcobalamin crystals show a similar behaviour
to each other. The mosaicity value of MeCbl 1 starts at 0.20° and increases slightly to
0.22°. Above 20 MGy, it stays constant up to 60 MGy, where it continues to increase to
0.26° at the maximum dose of 120 MGy. MeCbl 2 starts at 0.14° and increases slightly
to 0.16 at 20 MGy. Between 20 MGy and 80 MGy the mosaicity stays constant. Above
80 MGy, it continuously increases to 0.22° for 160 MGy.

The increase of the relative B-factor, obtained from scaling with XSCALE, with dose
(fig. 1.1 (d)) reveals a fourfold higher radiation susceptibility of cyanocobalamin. For
cyanocobalamin the B-factor increases from 0.0 to 0.5 after only 15 MGy of dose whereas
for methylcobalamin a value of 0.5 is reached at 60 MGy. At a maximum dose of 160
MGy the relative B-factor of methylcobalamin reaches 1.3.

The correlation coefficients of the first to the subsequent datasets (fig. 1.1 (e)) of all four
crystals show a behaviour similar to that of the normalised mean intensity: Both samples
of the same compound show a similar decrease in correlation with dose. Cyanocobalamin
shows a faster decrease with dose compared to methylcobalamin. In case of cyanocobal-
amin the correlation coefficient decreases from 1 to 0.945 after a dose of 18 MGy whereas
for methylcobalamin a similar reduction occurs at a dose of 62 MGy.

The range of the R1 value from structure refinement with increasing X-ray dose is shown
in fig. 1.1 (f). The R1 value starts at around 0.06 for all four samples. This value agrees
well with literature data.''? The R1 value for both cyanocobalamin crystals stays con-
stant up to 8 MGy, at which the R1 value of the second crystal starts to increase linearly.
The first cyanocobalamin crystal was not measured to this dose. Both R1 values for
methylcobalamin first remain relatively constant up to a dose of around 20 MGy. At
higher doses, the R1 value increases with dose in a more or less linear fashion.

Fig. 1.1 (g) shows the change of the absolute unit cell volume of all four crystals. The
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cell volumina for methylcobalamin are much smaller than for cyanocobalamin. Therefore,
normalised values were used once again. Fig. 1.1 (h) shows the normalised unit cell vol-
ume increase as function of dose. In case of methylcobalamin the observed increase can be
fitted by an exponential function. However, for comparison of both B12 cofactors a linear
fit was applied for cyano- and methylcobalamin, respectively. Methylcobalamin was fitted
linearly to a dose of 34 MGy. Fitting reveals a four- to fivefold stronger unit cell volume
increase for cyanocobalamin (a slope of 0.00050, respective 0.00051 for cyanocobalamin,
0.00015, respective 0.00011 for methylcobalamin). The strong difference between both
cyanocobalamin crystals observed for the decay of the normalised mean intensity could
not be detected here. The normalised unit cell volume of methylcobalamin seems to reach
a threshold at 1.012. In other words: The cell volume seems to increase by around 1.2%
compared to the initial unit cell volume and seems to remain constant afterwards. How-
ever, this observation still has to be verified.

The R1 values from structure refinement of all four measurements were relatively small,
which allows the analysis of bond length changes. Bond elongations between the upper
(Co-C-bond) and lower (Co-N-bond) axial ligand (see fig. 1.1) of the cobalt centre have
been of wide interest in investigations of the enzymatic mechanisms of B12 cofactors.!t3 711
Therefore, it is essential to exclude that this effect is a result of radiation damage. Fig. 1.2
(a) and (c) show the absolute Co-C- and Co-N-bond length values for all four crystals.
Bond length changes were investigated using normalised values which can be found in
fig. 1.2 (b) for the Co-C- and fig. 1.2 (d) for the Co-N-bond, respectively. Both bond
length changes were fitted by an exponential function in case of methylcobalamin. For
the normalised Co-C-bond a plateau is reached at a value of 1.045 and 1.065, respectively.
The normalised Co-N-bond also reaches a plateau at higher doses, in this case at 1.060.
Similar to the normalised unit cell volume a linear fit was also applied for both bond
length changes in order to compare the changes for both B12 cofactors. Both dose se-
ries of methylcobalamin were fitted linearly to a dose of 34 MGy. Both normalised bond
lengths show a twofold linear increase for cyanocobalamin compared to methylcobalamin.

Fig. 1.3 (a) shows the normalised a-axis lengths as function of dose for both, cyanocobal-
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Figure 1.2: Co-C-bond length (a), normalised Co-C-bond length (b), Co-N-bond length (c) and
normalised Co-N-bond length (d) for both cyanocobalamin crystals (red) and both methylcobalamin

crystals (blue) at 100 K as function of dose.
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Figure 1.3: Normalised lengths of the a-axis (a), b-axis (b) and c-axis (c) for both cyanocobalamin
crystals (red) and both methylcobalamin crystals (blue) at 100 K as function of dose.
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amin and methylcobalamin. In case of both methylcobalamin crystals, it decreases linearly
with dose. An overall decrease of 0.5% can be observed at maximum dose for the first
methylcobalamin crystal and a decrease of 0.6% for the second crystal. In case of the first
cyanocobalamin the normalised value decreases slightly with dose. In case of the second
cyanocobalamin crystal, a more or less constant value can be observed.

The normalised b-axis lengths of all four samples are shown in fig. 1.3 (b). In case of
the methylcobalamin crystals, the b-axis first slightly decreases, reaches a local minimum
and then increases again at higher doses. In case of both cyanocobalamin crystals, the
b-axis decreases strongly with dose. For the second cyanocobalamin crystal a shortening
of 0.4% can be found.

Fig. 1.3 (c¢) shows the normalised c-axis lengths for all four samples as function of dose.
The axis length increases in all four cases with the linear increase being three times more
pronounced for cyanocobalamin with respect to methylcobalamin. In case of methylcobal-
amin the increase can be distinguished into two regimes. The axis length first increases
strongly by 1.0% up to a dose of 60 to 80 MGy. At higher doses the increase is less
pronounced. The increase for the second cyanocobalamin crystal also reaches 1.0% at
maximum dose.

Both cyanocobalamin datasets show a drastic increase of the ITDP of one specific hy-
drogen atom, H9 (see fig. 1.5), which is part of a primary hydroxyl group, located at
the ribose moiety of the cofactor. ITDPs of H9 for all four crystals are shown in fig. 1.4
(a). For methylcobalamin the hydrogen ITDP remains constant with dose, whereas for
cyanocobalamin the ITDP strongly increases with dose. Fig. 1.4 (b) shows a plot of the
ITDPs for cyanocobalamin on a dose scale between 0 and 15 MGy. The ITDP only in-
creases slowly up to a dose of 2 MGy and then starts to grow rapidly. Above doses of
3 and 4 MGy, respectively, it reaches a constant value at 2.0000 A% which corresponds
to the diverging of the I'TDPs. This is an indicator for an abstraction of the respective
hydrogen atom.

Fig. 1.4 (c¢) and (d) show the absolute and normalised bond length change of the C56-
09-bond, at which the hydrogen abstraction appears to take place, respectively. A slight
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Figure 1.4: ITDPs of hydrogen atom H9 for cyanocobalamin (red) and methylcobalamin (blue) for

the full dose series (a) and on a dose scale up to a maximum dose of 15 MGy (b).

Absolute (c)

and normalised (d) bond length change of the C56-09-bond of cyanocobalamin (red) and methyl-
cobalamin (blue) for the full dose series. Absolute (e) and normalised (f) bond length change of the

C56-09-bond up to a maximum dose of 15 MGy.
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Figure 1.5: Position of the H9 atom in cyanocobalamin.
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increase of the bond length can be observed for both methylcobalamin samples. However,
the bond length change displays a large standard deviation at higher doses.

In fig. 1.4 the absolute (e) and normalised (f) bond length change for cyanocobalamin is
shown on a dose scale between 0 and 15 MGy. Here, no pronounced change in the bond

lengths can be observed for both cyanocobalamin crystals.

1.1.1 Temperature dependent X-ray diffraction measurements of

cyanocobalamin

In this section, a comparison between dose series of cyanocobalamin collected at 100 K
and 200 K is made. Detailed information on experimental details and crystallographic
data for both crystals can be found in the appendix in section A.4. The data obtained
for crystal CNCbl 2 was chosen as the 100 K dataset.

Fig. 1.6 (a) and (b) show the absolute and normalised mean intensity of cyanocobalamin
at 100 K (red) and 200 K (blue) as function of dose, respectively. Since the measurements
were conducted during the same beamtime with a similar incident photon flux, comparison
of the absolute mean intensity values was performed. The absolute starting value of the
mean intensity at 100 K is higher than the starting value for 200 K. However, it is possible
that after only one full rotation the crystal measured at 200 K has suffered a significant
loss in diffraction intensity and that the initial mean intensity is comparable. Evaluation
of only the first 90° of the 200 K dataset was therefore performed. The initial mean
intensity obtained from this evaluation, however, was not different from that obtained for
the full rotation.

The decrease in intensity at 200 K takes place up to a dose of 6 MGy and remains constant
afterward, whereas at 100 K the decrease appears to be more pronounced. The intensity
keeps decaying above 12.5 MGy.

Fig. 1.6 (c) shows the mosaicity as function of dose at 100 K and 200 K. At 200 K the
mosaicity increases linearly with dose up to 11 MGy where a sudden jump occurs, followed

by a further linear increase to 0.6°. Above 20 MGy, no further increase in mosaicity can
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Figure 1.6: Absolute (a) and normalised (b) mean intensity, mosaicity (c), relative B-factor (d),
correlation coefficient (e), R1 value from structure refinement (f), absolute (g) and normalised (h)
unit cell volume of cyanocobalamin at 100 K (red) and 200 K (blue) as function of dose.

91



1 Results

be observed. At 100 K the mosaicity stays approximately constant around 0.2° with only
a slight increase at higher doses.

The relative B-factor shown in fig. 1.6 (d) shows a more or less linear decrease up to a
dose of 14 MGy at 100 K. The relative B-factor at 200 K first increases strongly with
dose, but shows a less pronounced increase at higher doses. A similar behaviour might
also take place at 100 K, but is not visible due to the much lower dose on that sample.
The correlation coefficient for both measurements can be seen in fig. 1.6 (e). At 100 K the
correlation coefficient remains nearly constant at first and starts to decrease in a linear
manner above a dose of 8 MGy. At 200 K a linear decrease, which is more pronounced
than at 100 K, is observed right from the start.

Fig. 1.6 (f) shows the increase of the R1 value from structure refinement at 100 K and 200
K as function of dose. The initial R1 value for 200 K is of the same order of magnitude as
the R1 value for maximum dose at 100 K and increases strongly with dose. The R1 value
from structure refinement at 200 K seems to reach a plateau at 0.12 at higher doses. In
contrast to this, the initial R1 value at 100 K is around 0.06 and increases only slightly
with dose.

The initial absolute unit cell volume shown in fig. 1.6 (g) differs significantly for both
temperatures: at 100 K the unit cell volume first increases strongly and then increases
in a less pronounced fashion above 8 MGy, whereas at 200 K the increase is more or less
continuous.

Fig. 1.6 (h) shows the normalised unit cell volume increase for both temperatures. At
200 K a slight increase of 0.1% at 25 MGy can be observed while at 100 K it increases by
0.6% for a dose of 12 MGy.

Fig. 1.7 shows the absolute (a) and normalised (b) Co-C-bond length as well as the
absolute (c) and normalised (d) Co-N-bond length at 100 K and 200 K. The 200 K
dataset shows larger standard deviations. For the Co-C-bond the datapoints at doses
above 10 MGy are widely spread and do not show any clear trend anymore. The initial
Co-C-bond length, however, is similar for both temperatures (1.87 A). At 200 K the Co-
C-bond length stays constant up to 10 MGy while at 100 K it shows a clear increase. The
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Figure 1.7: Absolute (a) and normalised (b) bond length changes of the Co-C-bond (upper axial
ligand) and absolute (c) and normalised (d) bond length changes of the Co-N-bond (lower axial
ligand) as function of dose.
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relative bond length change reveals an elongation of the Co-C-bond by 2.0% at maximum
dose.

The Co-N-bond length change follows a clear course for both temperatures. Starting
at an initial value of 2.04 A, the elongation with dose is more pronounced at 100 K. At
maximum dose (13 MCy) the bond length reaches a plateau at 2.10 A. The plateau at 200
K is reached at the same value, however, the error of this refinement is larger, resulting
in less reliable data. The normalised bond length changes display an elongation of the
Co-N-bond by 3.3% at 100 K and an elongation by 2.5% at 200 K.

Fig. 1.8 (a) and (b) show the absolute and normalised a-axis lengths at 100 K and 200
K, respectively. The initial a-axis length is longer at 200 K. At 100 K the cell axis length
remains more or less constant for the whole dose series. At 200 K the a-axis length first
increases by around 0.4% to 0.5% up to 15 MGy and increases only slightly at higher
doses.

In fig. 1.8 (c¢) and (d) the absolute and normalised b-axis lengths at 100 K and 200 K
are shown. In this case, the initial b-axis length is similar at both temperatures. At 100
K the axis length decreases in a linear fashion by about 0.5% at the maximum dose. At
200 K the decrease is five times more pronounced compared to 100 K. The length first
decreases by about 2.0% to a dose of 15 MGy and decreases slower at higher doses.

Fig. 1.8 (e) and (f) show the absolute and normalised c-axis lengths at 100 K and 200
K as function of dose. The initial c-axis length is longer at 200 K compared to 100 K.
The axis-length increases in both cases as function of dose. At 100 K a linear increase by
about 1.0% at maximum dose can be observed. In case of the 200 K crystal, an increase
by 1.6% with dose is found. Up to a dose of 10 MGy, a pronounced increase can be

observed. At higher doses the increase is less pronounced.
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1.2 Amino acids and thymidine

In the following section the results from crystallographic measurements on L-serine, L-
alanine and thymidine are presented. Detailed information on experimental details and

crystallographic data can be found in the appendix in section A.5.

1.2.1 L-serine

Fig. 1.9 (a) shows the radiation induced mean intensity decay of L-serine as function of
dose obtained from X-ray diffraction measurements. It decreases in a linear fashion up to
80 MGy. Above 80 MGy, it remains approximately constant with a higher variability.
In fig. 1.9 (b) the crystal mosaicity is shown as function of dose. Up to 55 MGy, the
mosaicity stays at around 0.20° and increases in a linear fashion to 0.58° above 55 MGy.
A loss in data quality and reliability above 95 MGy is apparent here as well.
As shown in fig. 1.9 (c) the relative B-factor increases in an exponential manner from 0.0
to approximately 4.0 as function of dose.
In fig. 1.9 (d) the correlation coefficient between the first and the subsequent datasets of a
dose series can be seen. The correlation coefficient continuously decreases up to 95 MGy.
Above 95 MGy, it exhibits a higher variability and shows a more pronounced decrease.
The R1 value from structure refinement and the unit cell volume as function of dose
are shown in fig. 1.9 (e) and (f), respectively. The R1 value from structure refinement
remains below 0.040 for the first three data points and then increases in a linear fashion
up to a value of nearly 0.080 at a dose of 80 MGy. At higher doses the R1 value starts to
vary between 0.075 and 0.100. Overall, the increase shows a linear behaviour up to a R1
value of 0.110.
The unit cell volume increases in a linear fashion from around 445 A? to around 470 A
The loss in reliability above 80 MGy observed previously can be found here as well.
The bond length change of the C2-O3-bond up to 100 MGy is shown in fig. 1.11 (a). A
significant bond shortening with dose is visible in this case.

Fig. 1.11 (b) shows the normalised bond lengths of all bonds in the compound up to a
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Figure 1.9: Mean intensity (a), mosaicity (b), relative B-factor (c), correlation coefficient (d), R1
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17.5 keV and a temperature of 100 K as function of dose.
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Figure 1.10: Labeling scheme for L-serine.

dose of 100 MGy. Although small changes can be found for almost all bonds at higher
doses, a clearly pronounced change during the whole dose series can only be observed for
the C2-O3 bond.

Fig. 1.11 (c) shows the refined ITDPs of all hydrogen atoms as function of dose up to 100
MGy. All hydrogen ITDPs are very small and only increase slightly with dose, except
for H5 (located at the primary hydroxyl group of L-serine) which already displays a large
value for the first dataset. The ITDP of H5 increases significantly with dose.

1.2.2 L-alanine

Fig. 1.12 (a) shows the mean intensity of L-alanine from X-ray measurements as function
of dose. The mean intensity decreases from 160 to 145 for the dose series. The loss in
intensity occurs in a linear fashion up to 20 MGy. Above 20 MGy, the mean intensity
remains constant until above 40 MGy where the linear decrease continues.

The crystal mosaicity as function of dose is shown in fig. 1.12 (b). Except for one outlier,

the mosaicity stays between 0.15° and 0.18° during the whole dose series.
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of all hydrogen atoms (c) of L-serine as function of dose, truncated to 100 MGy.
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16.4 keV and a temperature of 100 K as function of dose.
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Figure 1.13: Labeling scheme for L-alanine.

Fig. 1.12 (c) shows the relative B-factor which increases from 0.0 to 0.2.

Changes in the correlation coefficient can be seen in fig. 1.12 (d). The loss in correlation
with dose is minimal (1.000 at 0 MGy to 0.998 at 50 MGy).

In fig. 1.12 (e) the R1 value from structure refinement as function of dose is shown. It
shows a slight increase of R1 from 0.030 at 0 MGy to 0.033 at maximum dose. The one
outlier found for the mosaicity values can be seen in the R1 value as well.

Fig. 1.12 (f) shows the unit cell volume of L-alanine as function of dose. The unit cell
volume increases linearly from around 421 A to around 424 A.

In Fig. 1.14 (a) the normalised bond lengths of all bonds within the L-alanine molecule
are shown as function of dose. None of the bond lengths increases significantly with dose.
Fig. 1.14 (b) shows the ITDPs of all hydrogen atoms within L-alanine (for labeling of
all hydrogen atoms see fig. 1.13). For L-alanine no hydrogen atom shows a significant

increase in its ITDP and all values remain within the range of 0.005 A2 and 0.020 A2.
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Figure 1.14: Normalised bond lengths (a) and ITDPs of all hydrogen atoms of L-alanine as function
of dose.

1.2.3 Comparison between L-serine and L-alanine

For comparison between the radiation-induced behaviour of L-serine and L-alanine the
normalised mean intensity (a), normalised unit cell volume (b), relative B-factor (¢) and
correlation coefficient are compared in fig. 1.15. The mean intensity decay is much more
pronounced for L-serine than for L-alanine and the normalised unit cell volume increases
three times faster for L-serine than for L-alanine (a pitch of 5.16 x 10~* MGy~ for L-
serine compared to 1.45 x 107% MGy™! for L-alanine).

The higher radiation hardness of L-alanine compared to L-serine is also reflected in the
correlation coefficient: It remains nearly constant for the dose series of L-alanine, but
decreases significantly with dose for L-serine (from 1.000 at 0 MGy to 0.998 at 50 MGy
for L-alanine and from 1.000 at 0 MGy to 0.980 at 50 MGy for L-serine).

Finally the relative B-factors for both dose series are compared. While in the case of
L-alanine only a slight increase with dose can be found the increase for L-serine is more
pronounced. The relative B-factor of L-serine already reaches 1.0 at 50 MGy while L-

alanine increases only to 0.2 at the same dose.

1.2.4 Thymidine

Fig. 1.16 (a) shows the mean intensity from X-ray diffraction measurements as function

of dose. The intensity decreases in a linear fashion from 260 to 160 at maximum dose.
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Figure 1.15: Comparison of the normalised mean intensity (a), normalised unit cell volume (b),
relative B-factor (c) and correlation coefficient (d) of L-alanine (red) and L-serine (black).

In fig. 1.16 (b) the crystal mosaicity as function of dose is shown. The mosaicity value
starts at 0.26°, decreases to a minimum of 0.14° between 40 MGy and 60 MGy and
increases again to 0.26° at 100 MGy. Such an effect has been observed from time to time
in our measurements. The reason for this is not understood so far.

Fig. 1.16 (c) shows the relative B-factor of the thymidine crystal which increases in a
linear fashion to 0.9 at maximum dose.

The correlation coefficient shown in fig. 1.16 (d) decreases from 1.000 to 0.990 during the
measurement.

The R1 value from structure refinement (fig. 1.16 (e)) starts at around 0.025 and increases
to 0.050 at maximum dose. The value remains almost constant for the first few datasets
up to 20 MGy and then increases continuously.

Fig. 1.16 (f) shows the unit cell volume of thymidine as function of dose. The initial
unit cell volume is 1072 A and increases with dose. At higher doses (above 50 MGy) the

increase is less pronounced.
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Figure 1.16: Mean intensity (a), mosaicity (b), relative B-factor (c), correlation coefficient (d), R1
value from structure refinement (e) and unit cell volume (f) of thymidine measured at an energy of
17.5 keV and a temperature of 100 K as function of dose. The decrease in mosaicity is a small effect
sometimes observed in crystallographic data which has not been understood so far.
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Figure 1.17: Lengths of the a-axis (a), b-axis (b) and c-axis (c) of the unit cell of thymidine as

function of dose.

Figs. 1.17 (a), (b) and (c) show the lengths of the a-, b- and c-axis of thymidine as

function of dose, respectively. The increase occurs in the same fashion for all three axes.

The b-axis seems to be affected the most.

The a-axis increases by 0.02 A for the whole dose series, whereas the b-axis increases by

0.10 A. An increase by 0.05 A can be observed for the c-axis.

The excellent R1 value obtained from the thymidine structure refinement allowed for an

investigation of the bond length changes in the same fashion as for L-serine. Fig. 1.19 (a)

shows the normalised bond lengths of all bonds in the thymidine molecule as function of
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Figure 1.18: Labeling scheme for thymidine.
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Figure 1.19: Normalised bond lengths (a) and ITDPs of all hydrogen atoms (b) of thymidine as
function of dose.
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Figure 1.20: Normalised cell volume (a) and relative B-factor (b) increase for all crystals measured
at an energy of 15.31 keV and a temperature of 100 K as function of dose.

dose. In this case, no significant changes could be observed.

In fig. 1.19 (b) the refined ITDPs of all hydrogen atoms of thymidine are shown. While
all of them display a small linear increase, the increase of the ITDP of H7 is clearly more
pronounced. H6 also shows a slightly stronger increase. Both hydrogen atoms are part of

hydroxyl groups located at the ribose-moiety of thymidine (see fig. 1.18).

1.3 Metal amino acid complexes

Due to the poor data quality of the NiSer crystals, only the normalised unit cell volume in-
crease and relative B-factor were used for comparison with CuSer and Culso. Normalised
mean intensity, correlation coefficient as well as R1 value from structure refinement were
also extracted, but failed to provide conclusive results.

Detailed information on measurement values and crystal data can be found in the ap-
pendix in section A.6. Fig. 1.20 shows the normalised unit cell volume increase (a) and
the relative B-factor (b) for all three compounds as function of dose. A linear fit function
was applied to the unit cell volume.

The normalised unit cell volume increases in a similar fashion for all three CuSer datasets

as well as for both Culso datasets. The maximum dose absorbed by the samples is around
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Figure 1.21: Normalised mean intensity (a), correlation coefficient (b) and R1 value (c) from re-
finement for all three compounds as function of dose. These values were not used for comparison of
the damage processes because they gave no conclusive results for the nickel-serine crystals.
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50 MGy. At 50 MGy, the unit cell volume increases by 4.5% for the first and second crys-
tal of CuSer whereas for the third crystal the increase is only 4.0%. The Culso crystals
show a similar behaviour, increasing by 4.8% for the first and by 5.0% for the second
crystal.

For NiSer the increase of the normalised unit cell volume is only half as pronounced as
for the copper complexes. For a dose of 50 MGy an increase of only 2% can be observed.
The relative B-factors shown in fig. 1.20 (b) do not show such pronounced differences be-
tween the nickel and copper complexes. A slightly slower increase can be seen for the two
NiSer datasets, especially at higher doses. The relative B-factor increase for the second
and third crystal of CuSer is slightly lower than the one determined for the first crystal.
The second Culso crystal shows a behaviour similar to that of the third CuSer crystal.
The behaviour of the first Culso crystal resembles that of the first crystal measured for

CuSer. However, the data quality is not sufficient to draw final conclusions.
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2 X-ray absorption measurements

2.1 Cyanocobalamin

Cyanocobalamin was measured at the Co(III) K-edge. The K pre-edge and edge region
showed significant changes with dose for solid cyanocobalamin. Fig. 2.1 (a) shows a dose
series of solid cyanocobalamin measured at 100 K. With increasing dose, the absorption
edge clearly shifts toward lower energies. Additionally, the second pre-peak which is
clearly visible in the first spectrum disappears at higher doses. The intensity of the first
white line also decreases at higher X-ray doses. No significant changes can be observed
above the white line.

Fig. 2.1 (b) shows a dose series of aqueous cyanocobalamin, measured at 100 K. Compari-
son of the dose series of solid and aqueous cyanocobalamin reveals no differences between
the two sample environments.

In fig. 2.1 the Ejy values for all temperatures extracted from the measured spectra of solid
(c) and aqueous (d) cyanocobalamin as a function of dose are shown. For both sample
environments the same starting energy (7727.7 eV) can be observed. Exponential fitting
reveals that the threshold value for the solid and aqueous samples differs slightly. In case
of solid cyanocobalamin it is 7721.5 eV, whereas it decreases to 7720.9 eV for aqueous
cyanocobalamin. The edge shift differs at different temperatures.

Fitting the different dose series by an exponential function revealed different exponential
coefficients depending on the temperature. These exponential shift factors as function of
temperature are shown in fig. 2.2 for solid (red) and aqueous (blue) cyanocobalamin.

A sixfold reduced rate of photoreduction as function of dose can be found for solid
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Figure 2.1: Dose series of XANES spectra of solid (a) and aqueous (b) cyanocobalamin collected
at 100 K as function of energy and course of Ej for solid (c) and aqueous (d) cyanocobalamin as
function of dose.
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Figure 2.2: Exponential shift factors in [eV/MGy] as function of temperature for solid (red) and
aqueous (blue) cyanocobalamin.

cyanocobalamin when decreasing the temperature from 300 K to 100 K. For aqueous
cyanocobalamin a fivefold reduction is observed.

Additionally, measurements were performed at temperatures between 5 and 100 K using
a helium cryostat. The spectra were noisy, as can be seen in fig. 2.3 (a) showing a dose
series of XANES spectra at 5 K. This is probably due to turbulences caused by the cold
helium gas stream. Similar to the measurements at 100 K using at nitrogen cryostat
the disappearance of the second pre-edge peak, the shift of the K-edge and the intensity
decrease of the first white line can be observed in the 5 K spectra as well.

Fig. 2.3 (b) shows the courses of the Ej value extracted from fitting the absorption spectra
as function of dose for all temperatures. Due to the fitting of the spectra a small difference
in the initial Fy value can be found. It varies between 7719.0 and 7719.4 eV, which is
within the error of these experiments due to the noisy spectra (see section 2.2.2 in chapter
2 of the “Experimental” section). For higher X-ray doses the E, value shifts toward
7716.6 eV. In this case only a slight difference in the exponential energy shift factors could
be observed for all measurements, as shown in fig. 2.3.

It has to be noted that the exponential shift factor at 100 K differs for the two mea-
surements, performed with a liquid nitrogen and helium cryostat. The exponential shift
factor obtained during the measurements between 100 K and 300 K was 0.0256 eV /MGy,
whereas the exponential shift factor obtained during measurements between 5 K and 100

K was 0.0155 eV/MGy. This difference is most probably due to small inaccuracies in
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Figure 2.3: XANES spectra of cyanocobalamin at 5 K as function of energy (a), course of value Ej
for all temperatures as function of dose (b) and coefficient of the exponential fit (“exponential shift
factor”) as function of temperature (c). The slight difference within the values of Ej is probably
due to the noise within the spectra.
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Figure 2.4: Dose series of XANES spectra of solid (a) and aqueous (b) ammonium ferric citrate at
100 K as function of energy and course of Ejy for solid (c) and aqueous (d) ammonium ferric citrate
as function of dose.

photon flux determination and determination of the beam size at the sample, and, thus,

in dose determination.

2.2 Iron compounds

2.2.1 Ammonium ferric citrate

All iron compounds were measured at the iron K-edge located around 7125 eV.

Ammonium ferric citrate was the only iron compound measured as a solid as well as in
aqueous solution. Dose series of XANES spectra of solid (a) and aqueous (b) ammonium
ferric citrate collected at 100 K are shown in fig. 2.4. Here, a shift of the absorption edge

toward lower energies and a decrease of the intensity of the white line for higher X-ray
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Figure 2.5: Dose series of XANES spectra of solid potassium hexacyanoferrate measured at 100 K
as function of energy (a) and course of Ej for solid potassium hexacyanoferrate as function of dose

(b).

doses can be observed. Similarly to cyanocobalamin, the E, values were extracted and
plotted as function of dose. The corresponding graphs are shown in figs. 2.4 (c¢) and (d).
In agreement with the cyanocobalamin measurements, a larger edge shift can be observed
in the aqueous solution compared to solid ammonium ferric citrate. In both cases Ej
starts at 77125.0 eV and shifts toward lower energies with dose, where it reaches a thresh-
old value. For solid ammonium ferric citrate this threshold is 7123.9 eV and in case of the
aqueous sample the threshold can be found at 7122.8 eV. In contrast to the cyanocobal-
amin measurements, the aqueous sample shows a reduced susceptibility to photoreduction
compared to the solid sample. A temperature dependence as observed for cyanocobalamin

is also not found in case of ammonium ferric citrate.

2.2.2 Potassium hexacyanoferrate

Dose series of XANES spectra of potassium hexacyanoferrate collected at 100 K are shown
in fig. 2.5 (a). Long-term irradiation with X-rays did not lead to any significant spectral
changes.

As shown in fig. 2.5 (b) the course of the extracted Fy values shows only a slight linear
decrease. This increase and the slight difference between the values obtained at 300 K and

100 K are within the energy resolution of the experiment and can therefore be neglected.
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Figure 2.6: Dose series of XANES spectra of pyrite at 100 K as function of energy (a) and course
of Ey for pyrite as function of dose (b).

2.2.3 Pyrite

Dose series of pyrite collected at 100 K are shown in fig. 2.6 (a). No spectral changes can

be observed and the course of Ej also does not show any significant decrease as function

of dose (see fig. 2.6 (b)).

2.2.4 Diiron-dithiolate

Dose series of spectra of diiron-dithiolate at 100 K and 300 K are shown in figs. 2.7 (a)
and (b) respectively. Here, no shift of the absorption edge with dose is observed. At
100 K no significant spectral changes can be seen at all. In contrast to this, the spectra
measured at 300 K show a significant increase of the white line with dose. The change
of the white line (maximum value of x i) as function of dose is given in fig.2.7 (c) for

both temperatures.
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Figure 2.7: Dose series of XANES spectra of the organic iron cluster at 100 K (a) and 300 K (b)
as function of energy and change of the white line at 100 K and 300 K as function of dose (c).

118



3 Neutron diffraction measurements

Since no conventional dose calculation was possible for white beam X-ray irradiation, the
results of the neutron measurements were plotted as function of the (intensity corrected)
X-ray exposure time, which can be assumed to be directly proportional to the dose.

Further information on refinement and occupancy values can be found in the appendix in

section A.S.

3.1 L-serine

Fig. 3.1 (a) shows the unit cell volume increase determined by neutron diffraction as
function of the X-ray exposure time. The unit cell volume increase was fitted by an
exponential function as function of dose.

Fig. 3.1 (b) shows the freely refined occupancies of all seven hydrogen atoms of L-serine
determined from neutron diffraction as function of the X-ray exposure time. The two
hydrogen atoms H5 and H6 show a decrease in the occupancy of their position. All
other hydrogen atoms show no significant occupancy changes in with increasing X-ray
exposure time. The crystals which were not exposed to any X-ray irradiation (control
group) are completely undamaged. In this dataset the occupancy values of the positions
of all hydrogen atoms are 1.000(1) except for H3 showing an occupancy value of 0.976(1).
The occupancy of the position of H3 is also lower than 1.000 (0.894(2)) at 375 seconds.
However, after 600 seconds and 1680 seconds the occupancy of the position of H3 is
1.000 (with a higher standard deviation of between 0.001 and 0.007). Therefore it can be

assumed that the position of H3 is fully occupied and that the discrepancy for the two
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Figure 3.1: Unit cell volume increase of L-serine (a), occupancy change of the positions of all
hydrogen atoms (b) and bond length change of the C2-O3-bond (c) as function of X-ray exposure
time.
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Figure 3.2: Labeling scheme for L-serine. The two hydrogen atoms showing a decrease in occupancy
of their position are highlighted.

datasets originates from experimental errors.

In contrast to this, the positions of H5 and H6 display an occupancy of 1.000 for the
unirradiated crystal. At 375 seconds of X-ray exposure both positions have decreased in
occupancy significantly (0.95(2) for H5, 0.92(2) for H6). At 600 seconds of X-ray exposure
the occupancy of the position of H5 has further decreased to 0.86(3) whereas that of the
position of H6 stays constant at 0.92(2). For the maximum X-ray exposure time (1680
seconds) the position of H5 shows an occupancy of 0.80(8) and the one of H6 shows an
occupancy of 0.81(7), which corresponds to a decrease in occupancy to around 80% for
both crystals. After 1680 seconds X-ray exposure time, the position of H1 also shows a
decrease in occupancy. I'TDPs and occupancies can be found in tables A.33 to A.36 in
section A.5.1 in the appendix.

Investigation of the bond lengths showed only one bond length contraction. Fig. 3.1 (c)
shows the bond length change of this C2-O3-bond as function of X-ray exposure time.
The bond length decreases from 1.430 A to 1.393 A.

The labeling scheme for L-serine with the two hydrogen atoms whose position show a

decrease in occupancy can be seen in fig. 3.2.
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3.2 L-alanine

Neutron diffraction data were collected from two previously X-ray irradiated crystals (X-
ray irradiation times were 600 seconds and 3600 seconds, respectively) and the resulting
occupancies of the positions of all hydrogen atoms were extracted from this measurement
as described in 3.1. Table 3.1 shows the freely refined occupancies after 600 seconds of X-
ray exposure time. All values remained at approximately 1.00(2) (except for the position
of H7 which showed a slightly lower occupancy) for a ITDP around 0.2 A2,

Table 3.2 shows the freely refined occupancies after 3600 seconds. Here, a clear decrease in
the occupancy of the positions for all three hydrogen atoms of the methyl group is visible.

H5 decreases to 0.93(4), H6 decreases to 0.92(4) and H7 shows a decrease to 0.98(4).

Table 3.1: Occupancies and ITDPs of the positions of all 7 hydrogen atoms in the L-alanine molecule

after 600 seconds of irradiation.

name occupancy occupancy ITDP [A?]
standard
deviation

H1 1.00000 0.00200 0.02154

H2 1.00000 0.00200 0.02154

H3 1.00000 0.00200 0.02154

H4 1.00000 0.00200 0.02154

H5 1.00000 0.00200 0.02490

H6 1.00000 0.00200 0.02490

H7 0.99559 0.00200 0.02490

Fig. 3.3 shows the labeling scheme for L-alanine. The hydrogen atoms whose positions

are decreasing in occupancy are highlighted.

3.3 Thymidine

Fig. 3.4 (a) shows the unit cell volume increase of thymidine as function of X-ray exposure

time. The unit cell volume increases linearly with X-ray exposure time.
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Table 3.2: Occupancies and ITDPs of the positions of all 7 hydrogen atoms in the L-alanine molecule
after 3600 seconds of irradiation.

name occupancy occupancy ITDP [A?]
standard
deviation

H1 1.00000 0.00400 0.01900

H2 1.00000 0.00400 0.01900

H3 1.00000 0.00400 0.01900

H4 1.00000 0.00400 0.01900

H5 0.92883 0.00400 0.02412

H6 0.91840 0.00400 0.02412

H7 0.97873 0.00400 0.02412

Figure 3.3: Labeling scheme for L-alanine. The three hydrogen atoms showing a decrease in occu-
pancy of their position are highlighted.
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Figure 3.4: Unit cell volume increase of thymidine (a) and occupancy change of the positions of all
hydrogen atoms extracted from neutron data (b) as function of X-ray exposure time.
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Figure 3.5: Labeling scheme for thymidine. The two hydrogen atoms showing a decrease in occu-
pancy of their position are highlighted.

Fig. 3.4 (b) shows the freely refined occupancies of the positions of all hydrogen atoms
as function of the X-ray exposure time. All values stay constant at 1.000, except for the
position of H7 which continuously decreases to a final value of 0.93(2) after 1200 seconds
of X-ray exposure time. The position of H5 also shows a decrease in occupancy to 0.97(2)
after 1200 seconds. The remaining hydrogen atoms do not show such a behaviour. ITDPs
and occupancies of the positions of all hydrogen atoms can be found in tables A.39 to
A .41 in section A.5.3 in the appendix.

Fig. 3.5 shows the labeling scheme for thymidine. The two hydrogen atoms showing a

decrease in occupancy of their position are highlighted.
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1 Discussion

1.1 X-ray induced photoreduction

Oxidation state changes in metal organic complexes and metalloproteins have been widely
discussed in the literature.!8:2%:21:30-35 Knowledge about these processes is essential to un-

derstand many biological principles, such as oxygenic photosynthesis by photosystem I

19,22,26 51,116-119

and photosystem II, enzymatic reactions involving methionine synthase or

23,106,115,120-123

glutamate mutase of protein-bound B12 cofactors, or Fe(III) transfer in the

human body.124 125

Direct probing of the oxidation state by X-ray methods, such as X-ray Absorption Near
Edge Spectroscopy (XANES), offers the possibility to gain further insight into biological
principles. However, results from XANES measurements have to be treated with care,
since X-rays themselves can often cause photoreduction of the metal centre within the
sample.?0

Metal ions, such as Co(IIT),?* Fe(III),% Cu(II),>” Ni(I1I)*#?® or manganese in higher ox-
idation states!? are well known for their susceptibility to X-ray induced photoreduction.
Thus, X-ray induced changes in the oxidation state of compounds containing these metal
centres are highly probable and can often lead to misinterpretations of biological princi-
ples.?? Although X-ray induced photoreduction is an important factor in the investigation
of metal organic complexes, no conclusive mechanism could be found so far.

In this work, a systematic study of X-ray induced photoreduction of cyanocobalamin

and four iron-complexes (ammonium ferric citrate and potassium hexacyanoferrate, both

containing Fe(III), as well as pyrite and diiron-dithiolate, both containing Fe(II)) were
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performed (see fig. 2.1, chapter 2 of the “Experimental” section). Influential factors,
such as temperature, solvent content and chemical composition of the samples were in-
vestigated.

X-ray induced photoreduction could be observed for cyanocobalamin and ammonium fer-
ric citrate. In both cases photoreduction took place in the presence and absence of solvent.
Interestingly, no photoreduction was observed for potassium hexacyanoferrate, which also

contains a photosensitive Fe(III) centre.

1.1.1 Temperature dependence

Cyanocobalamin was measured in dose series at temperatures between 5 and 300 K (see
section 2.2.2 in “Results”). Normalisation of the spectra was performed and the value
Ey, at which the normalised absorption coefficient (i, reaches 50%, was extracted
for each spectrum of a dose series. FE;, was then plotted as function of dose to follow
the shift of the absorption edge and, thus, the oxidation state of the sample (see section
2.1 in “Results”). Fitting the value by an exponential function revealed a significant
temperature dependence of X-ray induced photoreduction above 100 K. Photoreduction
was reduced by a factor of three to four for experiments carried out at 100 K instead of
250 K for solid and aqueous samples, respectively (see fig. 2.2, section 2.1 in “Results”).
Such a temperature dependence of photoreduction is well known for other metal organic
complexes, including metalloproteins.?! 27

Cooling below 100 K did not lead to any further suppression of photoreduction. The
exponential shift factors applied to the course of E were comparable at all temperatures
between 5 K and 100 K (see fig. 2.3 (c), section 2.1 in “Results”).

Assuming direct photoreduction of Co(III) by low energy electrons generated upon X-
ray irradiation,® photoreduction should be independent of temperature, which is not the
case. Additionally, photoreduction should take place for all B12 cofactors which contain

l.23

a Co(III) centre. However, measurements of Champloy et a contradict this impli-
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cation. In these measurements methylcobalamin was investigated before and after irra-
diation with X-rays using XANES. No photoreduction was found for methylcobalamin,
while cyanocobalamin was photoreduced. L-edge XANES measurements on methyl- and
cyanocobalamin (see fig. A.24, section A.7 in the appendix) were performed to coun-
tercheck these results. L-edge XANES measurements supported the observation that
methylcobalamin is either not or much slower photoreduced compared to cyanocobal-
amin.

It has been reported that excitation of cyanocobalamin with UV /VIS light leads to an
excitation to a short-lived state with a reduced Co(II)* centre. Here the excited state is
assumed to be a ligand-metal charge transfer (LMCT) state.!? In contrast to this, the
intermediate state upon excitation of methylcobalamin with UV /VIS light was charac-
terised as a metal-ligand charge transfer (MLCT) state.'?”12® In this case, the majority
of the excited Co(II)* centres will reportedly fall back into the ground state.'?® This
means that the excited states for both B12 cofactors are different. Following this line
of argument, one can conclude that similar short-lived excited states occur for both B12
cofactors for X-ray excitation. In this case, the excited state is obtained by low energy
electron attachment.'?* 133 Tt is assumed that the Co(III) centre in methylcobalamin is
not photoreduced upon excitation with UV/VIS light due to the nature of the excited

126-128

state, whereas the nature of the excited state of cyanocobalamin allows a photore-

duction to take place. A possible reason for this different behaviour might be the position

134137 which causes a significantly

of the upper axial ligand in the spectrochemical series
different ligand field'*® around the Co(III) centre for both cofactors.

Investigation of cyanocobalamin showed that approximately 700 metal centres were pho-
toreduced per absorbed photon*. This supports the aforementioned hypothesis that X-ray
induced photoreduction cannot be a primary event. Cyanocobalamin was photoreduced in

solid form as well as in aqueous solution. Photoreduction takes place independent of the

*This estimation was made for the 100 K dataset of solid cyanocobalamin, assuming that the exponential
law describes the statistical distribution between Co(III) and Co(II). In order to estimate the amount
of centres reduced per photon, the amount of photons absorbed by the sample for the fully reduced
species were calculated. Furthermore the amount of molecules within the beam was determined while
keeping the ratio of boron nitride and cyancobalamin in mind.
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sample environment. This indicates that the oxidation reaction has to take place within
the ligand. Abstraction of a hydrogen atom from a certain position within the ligand
could be a possible oxidation process®® (ks in fig. 1.1). With hydrogen gas as a leaving
group the process is irreversible, therefore leading to an irreversible photoreduction of the
compound.

The observed temperature dependence of the photoreduction of cyanocobalamin can also
be explained by this process. Hydrogen abstraction is a temperature dependent pro-

371397141 Higher temperatures cause a stronger thermal movement of the atoms

cess.
within the molecule and a higher mobility of the hydrogen atoms. Thus, the proba-
bility for the hydrogen atom to overcome the binding energy barrier and to be abstracted
is much higher. Consequently, the abstraction takes place faster. Therefore, a tempera-
ture dependence is observed even if a direct interaction of the low energy electrons with
the metal centre is taking place.

Such a hydrogen abstraction could be observed in X-ray diffraction measurements on
single crystals of cyanocobalamin, where an increase in the ITDP of a specific hydrogen
atom (H9), located at the primary hydroxyl group (CHa-OH) of the ribose moiety, could
be observed (see figs. 1.4 and 1.5, section 1.1 in “Results”). A similar process could not
be detected for methylcobalamin. This implies that abstraction of one specific hydrogen
atom is taking place only in case of cyanocobalamin, which is photoreduced upon irra-
diation with X-rays. This hydrogen abstraction might be related to the photoreduction
process.

Enzyme binding of B12 cofactors is of huge interest in biology. During these binding
processes, bond elongations between the Co(IIl) centre and the upper and lower axial
ligand were observed. It has been proposed in the literature that such bond elongations
might be a consequence of the reduction of the metal centre from Co(III) to Co(II) upon
enzyme binding.!'®'1® Investigations have been performed whether these bond elonga-
tions are an artifact resulting from global X-ray radiation damage.?® In this work, bond
elongations between both axial ligands and the metal centre for B12 cofactors which are

not bound to an enzyme could also be observed as a result of X-ray irradiation using
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single crystal X-ray diffraction. Bond elongations could be observed for cyano- as well as
methylcobalamin (see fig. 1.2, section 1.1 in “Results”). Given that methylcobalamin
is not or only slightly photoreduced with dose, the bond elongations are most probably
not originating from an X-ray induced photoreduction. Nonetheless, it can be concluded
that they are a consequence of X-ray radiation damage. The observed bond elongations
will therefore be further discussed in section 1.3.

Combining the observations from X-ray diffraction and absorption measurements, a model
for the photoreduction process is proposed. Fig. 1.1 shows an illustration of the proposed
mechanism. In this model, a low energy electron generated upon X-ray irradiation is
attached to the metal centre. This results in a short-lived excited state with a reduced
Co(II)* centre. This reaction takes place with a rate constant k;. After the excitation, the
metal centre can either react back to its initial state (methylcobalamin) if no oxidation
reaction is induced (k_1) or remain in a reduced state (cyanocobalamin) if an oxidation
reaction of the ligand can be induced (k).

XANES measurements of ammonium ferric citrate, conducted at 100 K and 300 K,
revealed that ammonium ferric citrate is also reduced at high doses of X-ray radiation
(see section 2.2.1 in “Results”). Approximately 150 metal centres were reduced by one
incident photon’. In contrast to cyanocobalamin, no temperature dependence could be
observed for ammonium ferric citrate, which indicates that a different photoreduction
mechanism is taking place here.

Ammonium ferric citrate is well known to undergo photoreduction already upon irra-
diation with UV and blue light.®> In this reaction, the citrate is first decomposed to
acetonedicarboxylic acid, liberating carbon dioxide. The compound then further decom-
poses until it is stabilised.%% %" Based on the results of this work, a similar mechanism
is proposed for X-ray induced photoreduction of ammonium ferric citrate. As an initial
step, a low energy electron attaches to the Fe(III) centre, yielding a short-lived excited

state with a Fe(II)* centre (ki). The electron then remains attached to the metal centre

TEstimation of this number was made similar to cyanocobalamin with the attenuation of the beam taken
into account.
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Figure 1.1: Proposed mechanism of X-ray induced photoreduction in B12 cofactors: the corrin ring
around the metal center is shown schematically. X is representing the upper axial ligand, which
defines the cofactor (e.g. X=CHj3 for methylcobalamin, X=CN for cyanocobalamin). R-Z and R are
representing the lower axial ligand before and after oxidation, respectively. In an initial step, a low
energy electron is attached to the Co(lll) centre. This leads to a short-lived Co(Il)* centre (ki). The
second step determines whether a photoreduction occurs: If the nature of the ligands does not allow
and oxidation reaction within the ligands, the low energy electron will detach from the metal centre.
This leads to a Co(lll) centre (k_1). If an oxidation reaction is possible, the low energy electron
remains attached to the Co(ll) centre. The process is made irreversible by the group Z leaving the
compound (kz). One possible oxidation reaction might be X-ray induced hydrogen abstraction with
hydrogen gas as leaving group.

while the ligand is oxidised via an inelastic process (ky). A possible oxidation reaction
could be a decarboxylation of the citrate releasing carbon dioxide.'#245 With carbon
dioxide as leaving group, this is an irreversible reaction. Decarboxylation reactions are
also well known to take place upon X-ray irradiation of biological samples'® and occur

already at much lower doses than classical dose limits!46

- even at cryogenic temperatures.
It has been proposed that the mechanism of decarboxylation proceeds via electron hole
transfer to a carboxyl group.!* This leads to the formation of carbon dioxide. Thus, X-ray
induced photoreduction of ferric ammonium citrate seems to proceed via a temperature
independent decarboxylation reaction. A possible reduction mechanism, involving a de-
carboxylation reaction is shown in fig. 1.2.

Interestingly, no photoreduction was observed for potassium hexacyanoferrate, also con-
taining Fe(III). At 100 K and 300 K no spectral changes could be observed at all (see

fig. 2.5, section 2.2.2 in “Results”). The observation that potassium hexacyanoferrate is

not photoreduced by X-rays has been made before.®” Given that the ligand of the Fe(III)
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Figure 1.2: Proposed mechanism of the X-ray induced photoreduction in ammonium ferric citrate:
As an initial step, a low energy electron is attached to the metal centre, leading to a short-lived excited
state with a reduced Fe(l1)* centre (ki). In case of ammonium ferric citrate the following process is
then dominated by ko: The electron remains attached to the centre while the ligand is oxidised (ks).
A possible oxidation reaction is a decarboxylation of the citrate, leading to acetonedicarboxylic acid
with carbon dioxide as leaving group. Such a reaction has been proposed for the photoreduction of

ammonium ferric citrate by UV light.%6.67
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centre is cyanide, this is most probably not due to the nature of the ligand field around
the metal centre. It either means that no low energy electron attachment to the metal
centre takes place or that the ligand cannot be oxidised. In both cases no irreversible
photoreduction can take place.

Pyrite and diiron-dithiolate were also measured at 100 K and 300 K. Since they al-
ready contained Fe(II), no photoreduction was expected. For pyrite, no radiation induced
changes could be observed in the XANES spectra for both temperatures (see fig. 2.6,
section 2.2.3 in “Results”). In case of diiron-dithiolate, a clearly different behaviour
could be observed for both temperatures (see fig. 2.7, section 2.2.4 in “Results”). This
behaviour did not imply a photoreduction, but a different damage process which will be

discussed in section 1.3.1 of this chapter.

1.1.2 Solvent dependence

It has been proposed in the literature that the presence of solvent in the sample increases
the susceptibility of a compound to X-ray induced photoreduction and X-ray radiation

16,31 The radicals in the solvent are supposed to accelerate the damage

damage in general.
process within the sample.

First investigations indicated that X-ray induced photoreduction might not take place in
the absence of a solvent, since this reaction was suspected to be a result of X-ray induced
water photolysis which led to free electrons that could propagate through the sample,
even at cryogenic temperatures.3!

XANES measurements revealed that the influence of water on the susceptibility to X-ray
induced photoreduction of cyanocobalamin is very small or even not present at temper-
atures below 250 K (see fig. 2.2, section 2.1 in “Results”). Cyanocobalamin is pho-
toreduced independent of the presence or absence of water. At 100 K, the susceptibility

of anhydrous cyanocobalamin and an aqueous cyanocobalamin solution to X-ray induced

photoreduction is the same. At 250 K, the aqueous solution shows a higher susceptibility
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of 24%, as defined by the exponential coefficient from fitting of the Ejy values, to X-ray
induced photoreduction compared to the anhydrous sample. The increased susceptibility
to photoreduction in presence of water at higher temperatures might be explained by
additional radical formation in the solvent and a higher radical mobility at higher tem-
peratures. 6147

In contrast to the findings for cyanocobalamin, ammonium ferric citrate shows a clear sol-
vent dependence (see fig. 2.4, section 2.2.1 in “Results”). Dissolution in water reduces
the susceptibility to photoreduction of ammonium ferric citrate by a factor of two.
Assuming that a decarboxylation reaction within the ligand causes the photoreduction of
ammonium ferric citrate (see fig. 1.2), the release of carbon dioxide could be hampered by
the surrounding ice matrix. The generated carbon dioxide gas is trapped by the ice matrix
and induces pressure in the sample. This would change the chemical equilibrium between
the unreduced and the reduced state in the direction of the unreduced species and thus
decrease the susceptibility to X-ray induced photoreduction (Le Chatelier’s principle!*®).
A similar observation was made in the field of explosives, where X-ray induced decom-
position of these compounds causes a gas release. Here, it was found that X-ray induced

9 since

decomposition can be significantly slowed down by application of high pressures,'4
high pressures prevent the gas release and therefore shift the equilibrium of the system in

direction of the educt.

1.1.3 Influence of chemical composition

X-ray diffraction as well as K-edge and L-edge XANES measurements of cyano- and
methylcobalamin have shown that X-ray induced photoreduction does not only depend
on the metal centre, but also on the ligand of the complex. Both compounds only differ
in their upper axial ligand (methyl and cyanide, respectively). The fact that cyanocobal-
amin is photoreduced, whereas methylcobalamin is not, is a first implication that X-ray

induced photoreduction is depending on the ligand. This theory is supported by the fact
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that potassium hexacyanoferrate is not photoreduced even at a dose of 25 MGy while
ammonium ferric citrate, which also contains Fe(III), is photoreduced. This further sup-
ports the hypothesis that photoreduction only takes place if the ligand is oxidised. Since
photoreduction occurs independent of the state of the sample (solid or aqueous), this
oxidation reaction must take place within the molecule itself. Ligand dependence of the
photoreduction process has been addressed in the literature.5% 145

Measurements on pyrite and diiron-dithiolate also showed a different damage behaviour,
albeit both containing Fe(II) (see sections 2.2.3 and 2.2.4 in “Results”). Pyrite remained
unaffected at high doses of X-ray radiation at 100 K and 300 K while diiron-dithiolate did
not show any spectral changes at 100 K, but significant changes in the white line at 300
K. Since they both contain Fe(II) (see fig. 2.1, section 2.2 in the “Experimental” sec-
tion), this different behaviour originates from a difference in their chemical composition.
Taking into account the results for cyano- and methylcobalamin and the role of hydrogen
abstraction in the X-ray induced photoreduction of cyanocobalamin, the abstraction of
hydrogen atoms might play a role in case of the diiron-dithiolate as well. The influence of
hydrogen abstraction on global and specific damage processes will be discussed in sections

1.2 and 1.3.3 of this chapter.

1.1.4 Proposed mechanism for X-ray induced photoreduction in

metal organic complexes

Based on the results of this work, a general model for X-ray induced photoreduction in
metal organic complexes is proposed. Measurements indicate that X-ray induced pho-
toreduction is part of a redox reaction within the molecule. The surrounding solvent does
not participate in this reaction. It is suggested that the photoreduction process in metal
organic complexes consists of two subsequent reactions which are taking place.

Fig. 1.3 shows a schematic illustration of the proposed mechanism of X-ray induced

photoreduction in a metal organic complex consisting of a metal centre M™* and the lig-
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Figure 1.3: Proposed mechanism for X-ray induced photoreduction of metal organic complexes: The
initial metal complex consisting of the metal centre M™ in oxidation state n is coordinated by the
x ligands L, where all ligands can be different, and at least one ligand P-Z. In the initial step, a
low energy electron generated in the sample upon X-ray irradiation is attached to the metal centre,
yielding a short-lived excited state with a reduced metal centre M~ 1*_ This reaction occurs with
rate constant (ki). Depending on the nature of the ligand, the following step either leads to an
unreduced species M™ (k_1), where the electron is released again without oxidation of the ligands,
or a reaction to a reduced species M*~! (ky(T)) if an oxidation reaction is induced in the ligand P-Z
yielding ligand P after release of leaving group Z. Charge conservation is guaranteed by the release of
an electron. The rate constant ko(T) determines the temperature dependence of the photoreduction
process.

ands L., which can all be different, and at least one ligand P-Z. The incident low energy
electron interacts with the metal centre in oxidation state (n). This leads to a short-lived
excited state with a reduced metal centre M"™'* (k;). Permanent photoreduction will
only occur if the nature of the excited state allows to induce an oxidation reaction of the
ligand. If this is not the case, the electron will detach from the metal centre with a rate
constant k_1, leading to the unreduced species in the ground state. In case of an oxidation
reaction with rate constant ko(T), the low energy electron remains at the metal centre.
This process is made irreversible by a group 7Z that is leaving the compound. Charge
conservation of the system is guaranteed by the release of an electron from the ligands.
The interaction of the low energy electrons with the metal centre is always temperature
independent, however, the second reaction step can either be temperature dependent or
not.

It has to be mentioned that this proposed mechanism still has to be verified. Further
investigations using femtosecond spectroscopy could further clarify how an excitation by

interaction with the low energy electrons takes place.

137



1 Discussion

1.2 Hydrogen abstraction

Hydrogen abstraction has been proposed as a consequence of exposure of a sample to
ionising radiation.!®®%* The connection between the abstraction of hydrogen atoms from
specific sites of the molecule and radiation damage to a sample has only recently been
made.?”*7 The formation of bubbles of gaseous radiation products in DNA as result of
electron irradiation has recently been reported.” This work further supports the idea that
the abstraction of hydrogen atoms plays an important role in many processes leading to
radiation induced changes in a sample.

In electron paramagnetic resonance (EPR) studies on DL-serine the abstraction of a hy-
drogen atom from the hydroxyl group of the sample has been proposed as a consequence of
X-ray irradiation.'® Upon irradiation, the bond between the oxygen and hydrogen atom
of the hydroxyl group was cleaved homolytically, which led to the a hydrogen radical and
an alkoxy radical, and, thus, to an EPR-signal of the otherwise EPR silent compound
DL-Serine.

Unfortunately, hydrogen atoms are only poorly visible in X-ray diffraction measurements.
In order to directly observe hydrogen abstraction, it is therefore necessary to engage
other analytical methods, such as single crystal EPR, neutron diffraction or Raman spec-
troscopy. This work used a combined X-ray and neutron diffraction study to systemat-
ically investigate the hypothesis of hydrogen abstraction as an important contributor to
global and specific radiation damage.

Crystals of the two amino acids L-serine and L-alanine, as well as the nucleoside thymi-
dine (see fig. 1.4) have been investigated using X-ray as well as neutron diffraction. The
crystals were X-ray irradiated beforehand in order to investigate different X-ray irradia-
tion states of the samples with neutron diffraction (see section 3.1 in “Experimental”).
X-ray diffraction dose series revealed a different susceptibility to radiation damage for all
three compounds. L-serine was the most susceptible, thymidine was less affected than L-
serine but more than L-alanine, which was very radiation hard (see fig. 1.9, section 1.2.1,

table 1.12, section 1.2.2 and fig. 1.16, section 1.2.4 in “Results”). Structure refinement
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(@)

Figure 1.4: Labeling scheme of L-serine (a), L-alanine (b) and thymidine (c). The abstracted
hydrogen atoms are marked.
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of the L-serine and thymidine X-ray data showed increased I'TDPs of specific hydrogen
atoms, located at primary hydroxyl groups (see figs. 1.11, section 1.2.1 and 1.19, section
1.2.4 in “Results”). In case of thymidine an I'TDP increase of the hydrogen atom at a
secondary hydroxyl group (CH-OH group) could be observed, but it was less pronounced
than the ITDP increase of the hydrogen atom at the primary hydroxyl group. These
observations were in good agreement with the findings from cyanocobalamin, where an
increased ITDP was observed for the hydrogen atom at the primary hydroxyl group of the
ribose moiety as well. Increased ITDPs are a result of localised changes in the occupancy
of the position of a certain atom. These changes can either be caused by disorder or
radiation induced displacements of specific atoms. It is therefore assumed that hydrogen
abstraction might take place.

In order to be more sensitive to the occupancies of the positions of all hydrogen atoms,
neutron diffraction experiments were carried out. Neutron diffraction data of L-serine
showed a site-specific hydrogen abstraction for high doses of X-ray radiation. A decrease
in the occupancy of the positions of two hydrogen atoms (namely H5 and H6) from the
molecule was observed. This abstraction was accompanied by an X-ray radiation induced
bond contraction of the C2-O3-bond. The initial bond length for zero dose is 1.430 A and
is reduced upon X-ray irradiation to 1.393 A at maximum dose (see fig. 3.1, section 3.1
in “Results”). This bond length implies that the ratio between single and double bond
is 80% to 20%. X-ray diffraction experiments also gave a C2-O3-bond length between a
single (1.430 A) C-O-bond and a double (1.200 A) C=0O-bond.

Independent analysis of the occupancies of the positions of H5 and H6 obtained from
neutron diffraction experiments showed that for the final dataset 20% of these two atoms
have been abstracted. This is in good agreement with the observed bond length change.
At lower doses the differences in the occupancies of the positions of H5 and H6 are more
pronounced. The occupancy of the position of hydrogen atom H5 seems to decrease faster
than the occupancy of the position of hydrogen atom H6. It is therefore proposed that
the radiation-induced changes at L-serine involve the attachment of a low energy electron

to the primary hydroxyl group. This leads to a cleavage of the O3-H5-bond and a L-serine
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Figure 1.5: Proposed mechanism for X-ray radiation damage in L-serine: Upon irradiation a low
energy electron is attached to the primary hydroxyl group, leading to the abstraction of the hydrogen
atom from this group. This abstraction leads to a second hydrogen abstraction from the adjacent
methylene group, resulting in the formation of hydrogen gas and a carbonyl group. During this step,
the electron is released from the molecule.

molecule in an excited state. The abstracted hydrogen then leads to the abstraction of a
second hydrogen atom from the the adjacent methylene group (H6), probably due to its
spatial proximity to H5 (2.11 A) and to the favourable torsion angle with respect to the
hydroxyl group (28.99° for H6-C2-O3-H5 and 147.08° for H7-C2-0O3-H5). This results in
hydrogen gas release and the formation of a double bond between the oxygen (O3) and the
carbon (C2) atom. During this step, the low energy electron is ejected from the molecule
(see fig. 1.4 (a) for labeling and fig. 1.5 for the mechanism). The normalised C2-O3-bond

lengths from X-ray and neutron diffraction were used for a rough dose estimation of the
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Figure 1.6: Normalised bond length of the C2-O3-bond obtained from single crystal X-ray (black)
and neutron (red) diffraction. This normalised bond length change was used for a rough dose
estimation.

X-ray irradiated crystals measured with neutrons (see fig. 1.6). According to this estima-
tion the dose per second delivered to the L-serine crystals was approximately 36.9 kGy,
resulting in a dose of 62.0 MGy for the crystal irradiated for 1680 seconds.

Neutron measurements on two L-alanine crystals, which were X-ray irradiated for 600
and 3600 seconds, respectively, were in agreement with the findings from X-ray data.
L-alanine can withstand larger amounts of X-ray radiation compared to L-serine. In con-
trast to L-serine, no hydrogen abstraction could be observed after 600 seconds of X-ray
irradiation. After 3600 seconds, hydrogen abstraction of all three hydrogen atoms from
the methyl group could be detected (see table 3.2, section 3.2 in “Results”). This fur-
ther indicates that a compound not containing a hydroxyl group is radiation harder and
does not suffer significantly from specific damage.

Neutron diffraction on single crystals of thymidine, which were X-ray irradiated for 0,
600 and 1200 seconds, revealed an occupancy decrease of the positions of two hydrogen
atoms (see fig. 3.4, section 3.3 in “Results” ). The occupancy during the full series of
measurements decreased from 1.00(2) to 0.92(2) for the position of H7, meaning only 8%
of the hydrogen atoms were affected after 1200 seconds of irradiation. The position of the
second hydrogen atom, H5, did not show any decrease until the very last dataset (from
1.00(2) to 0.96(2)). This implies that the primary effect takes place at the position of H7.

H5 might be abstracted in a secondary step at higher doses. Interestingly, the primary
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Figure 1.7: Hydrogen - hydrogen distance of the hydrogen atoms belonging to two primary hydroxyl
groups of two adjacent thymidine molecules(a) and two hydrogen atoms belonging to the primary
hydroxyl and the methyl group of the same thymidine molecule (b).

abstraction could be observed from a primary hydroxyl group, similar to L-serine. In con-
trast to L-serine, no second hydrogen atom was abstracted from the adjacent methylene
group. This is most probably a results of the larger torsion angle between the hydroxyl
and the adjacent methylene group in the thymidine molecule (80.95° for H13-C10-O5-
H7 and -38.34° for H14-C10-O5-H7 in thymidine compared to 28.99° for C2-H6-O3-H5
and 147.08° for C2-H7-O3-H5 in case of L-serine) and the distance between the hydrogen
atoms in this group (2.23 A for thymidine, compared to 2.11 A in case of L-serine). Fur-
thermore, in contrast to the X-ray data, no decrease in occupancy of the position of the
hydrogen atom at the secondary hydroxyl group could be observed.

Investigation of the hydrogen - hydrogen distances within the thymidine crystal structure
revealed a hydrogen bond between two primary hydroxyl groups of two adjacent thymi-
dine molecules. This hydrogen bonds results in a distance of 2.45 A between the hydrogen
atoms belonging to these primary hydroxyl (fig. 1.7 (a)). It has been proposed that hy-
drogen abstraction as a radical process is feasible for a distance of 2.70 A.'% Hence, it is
possible that one hydrogen atom is abstracted from a primary hydroxyl group and then

leads to the abstraction of a second hydrogen atom from an adjacent primary hydroxyl
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Figure 1.8: Proposed damage mechanism of thymidine: By attachment of a low energy electron a
hydrogen atom is abstracted from the primary hydroxyl group. This leads to a thymidine molecule
in an excited state and a hydrogen radical. This radical can then abstract a second hydrogen atom
from the primary hydroxyl group of the adjacent molecule. This leads to the generation of hydrogen
gas, a thymidine radical and a thymidine anion in an excited state. The last reaction step cannot be
determined from the data of this work.

group to form hydrogen gas. The proposed mechanism for this would involve the attach-
ment of a low energy electron to the primary hydroxyl group of the thymidine molecule,
leading to an excited state and a cleavage of the H7-O5-bond. The abstracted hydrogen
radical would then abstract a second hydrogen radical from an adjacent primary hydroxyl
group, thereby generating hydrogen gas, leaving a thymidine radical and an thymidine
molecule in an excited state (see fig. 1.8). The further reaction cannot be determined
from this data.

An intramolecular abstraction of a second hydrogen atom from the methyl group within
the same thymidine molecule is also possible but far more unlikely due to the larger dis-
tance between these two hydrogen atoms (3.672 A for H5-H7 compared to 2.454 A for
H7-H7’, see fig. 1.7 (b)).

Since only one hydrogen atom was abstracted from one site of the compound, no double
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bond is formed and hence no bond length changes were observed for the C-O-bond. This
is in good agreement with the results from X-ray diffraction.

It is assumed that the hydrogen atom (H7) is homolytically cleaved from the oxygen atom.
This hydrogen atom might abstract the second hydrogen atom (H7’) to form hydrogen
gas which cannot be released easily from the crystal at low temperatures due to the sur-
rounding ice matrix.

Based on these findings, it is proposed that X-ray induced damage originates from a site-

specific hydrogen abstraction, preferentially from a primary hydroxyl group.

1.3 Global radiation damage

The influence of temperature as well as the contribution of X-ray induced photoreduc-
tion and site-specific hydrogen abstraction to global radiation damage was investigated
by X-ray diffraction. (Normalised) mean intensity, correlation between the first and the
subsequent datasets, mosaicity, relative B-factor, unit cell volume and R1 value from
structure refinement were evaluated and compared.

It was shown that in the case of B12 cofactors temperature is an important factor, prob-
ably due to the higher mobility of the formed radicals and hydrogen gas.?” 47
Furthermore, it could be found that specific damage processes such as X-ray induced pho-
toreduction or site-specific hydrogen abstraction are the main contributors to the global
damage process. Additionally, our measurements have shown that only a small propor-
tion of the molecules within a crystal is photochemically changed before the crystal lattice
starts to deteriorate. This leads to the conclusion that the main part of the crystal lattice
remains in its initial state. In the graphical description of global radiation damage, the
crystal lattice can hence be seen as a factor that is changing instead of being rearranged
due to molecular changes. Therefore, the crystal lattice changes themselves might lead to
molecular changes, such as bond elongations.

Our measurements led to the conclusion that global damage is a result of specific damage:
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First specific changes take place, which then result in unspecific processes, such as unit
cell expansion and an increase in mosaicity, causing a loss in crystalline order and diffrac-
tion power. A compound possessing only little site-specific changes is also less susceptible

to global damage compared to one that shows more site-specific changes.

1.3.1 Temperature dependence

X-ray diffraction measurements of single crystals of cyanocobalamin at 100 K and 200
K showed a clear temperature dependence of global radiation damage (see section 1.1.1
in “Results”). The decay of the mean intensity occurred much faster at 200 K, indi-
cating that the crystal was damaged faster. Correlation coefficient, relative B-factor and
R1 value from structure refinement further supported this observation. Comparison of
the results for both temperatures shows a nearly constant unit cell volume for the whole
dose series at 200 K, whereas at 100 K the unit cell volume is constantly increasing. In
contrast to this, the mosaicity is increasing at 200 K, but remains approximately constant
at 100 K. This indicates that either a unit cell expansion can be observed or an increase
in mosaicity. This also is in agreement with the findings from the 100 K data of methyl-
cobalamin (see section 1.3.2 in “Results”).

Investigation of the three cell axis at both temperatures showed a significant difference
for the a- and b-axis (see fig. 1.8, section 1.1.1 in “Results”). At 100 K the a-axis
remained more or less constant and the b-axis contracted slightly with dose. At 200 K an
elongation of the a-axis could also be observed as well as a contraction of the b-axis. The
elongation of the c-axis, however, is only slightly different at both temperatures. Interest-
ingly, the Co-C- and Co-N-bonds (upper and lower axial ligand) of the B12 cofactors are
aligned along this c-axis for both, cyano- and methylcobalamin. As stated before, X-ray
and neutron diffraction measurements of irradiated L-serine and thymidine crystals have
shown that global damage to a crystal involves site-specific changes to only a minority

of molecules within a crystal before unspecific damage takes place. This effect leads to a
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Figure 1.9: C-axis and Co-C-bond (a), normalised c-axis length and normalised Co-C-bond length
(b), c-axis and Co-N-bond (c), normalised c-axis and normalised Co-N-bond length (d) of cyanocobal-
amin as function of dose for both, 100 K and 200 K.

complete deterioration of the crystal lattice (see fig. A.14 in the appendix). Hence, one
can argue that the crystal lattice itself does not rearrange, but changes slightly due to
the chemical changes within the molecules. It can be assumed that this process is appli-
cable also for larger compounds, such as B12 cofactors. Therefore, one can assume that
a unit cell expansion and axis elongation takes place in a given crystal lattice. A possible
explanation for the bond elongations might then be given by the fact that the unit cell
expansion mainly takes place along the c-axis. The bond elongations might be resulting
from the axis elongation and, thus, from global radiation damage.

Fig. 1.9 (a) shows the c-axis (left) and Co-C-bond (right) as function of dose for 100 K
and 200 K, respectively. The normalised values are shown in fig. 1.9 (b). The Co-N-bond
and the c-axis as function of dose are shown in fig. 1.9 (¢) and the normalised values
are shown in fig. 1.9 (d). The Co-C-bond is not following a clear course at 200 K, so
no definite conclusions can be deduced from these results. The slope for the Co-N-bond
is comparable to the slope of the c-axis for both temperatures. However, comparing the

normalised values, the Co-N-bond elongates by 3.5% and the c-axis increases by 1.0% at
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100 K, whereas for 200 K the Co-N-bond elongates by 3.0% and the c-axis by 1.5%. The
slope of the bond length change of the Co-N-bond indicates that the bond elongations
might in fact be connected to the c-axis elongation.

Based on this data it is proposed that the underlying damage mechanism in cyanocobal-
amin is a temperature dependent reaction within the complex. Upon irradiation global
damaging of the crystal takes place with a much faster damage progression at 200 K com-
pared to 100 K. The abstraction of specific hydrogen atoms observed at 100 K could be a
temperature dependent factor (see section 1.1.1 in this chapter). Upon X-ray irradiation,
hydrogen gas is generated which exerts stress onto the crystal structure. Since a crystal
possesses an anisotropic modulus of elasticity, this stress is exerted onto each cell axis
differently, explaining the strong elongation of the c-axis compared to the a- and b-axis.
At a certain dose, the stress onto the unit cell axes results in cracking of the crystal and,
thus, an increase in the crystal mosaicity. This explains why the expansion of the unit

cell can be observed before an increase in mosaicity is detected.

XANES measurements of diiron-dithiolate revealed a temperature dependent damage
behaviour for this compound (see fig. 2.7, section 2.2.4 in “Results”). While no spectral
changes could be observed at 100 K, a clear increase in the intensity of the white line
could be found at 300 K. Since the compound contains Fe(II), an X-ray induced photore-
duction can be excluded. Normalisation errors were also excluded by repeated evaluation
of the spectra. Therefore, it is proposed that another damage process is taking place
which causes the spectral changes. This process is clearly temperature dependent and
only takes place above 100 K. The fact that pyrite, which does not contain any hydrogen
atoms, was not damaged, while severe damage to diiron-dithiolate could be observed, in-
dicates that the abstraction of hydrogen atoms could play a role here. However, to obtain

any structural information it would be necessary to collect EXAFS spectra.
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1.3.2 Contribution of X-ray induced photoreduction

XANES investigations of cyano- and methylcobalamin showed that cyanocobalamin is
X-ray reduced upon irradiation, whereas methylcobalamin is not. Thus, X-ray diffraction
data of these two compounds are well suited to investigate the contribution of X-ray in-
duced photoreduction on the global damage process of B12 cofactors.

Decay of the mean intensity and the correlation coefficient as well as an increase in mo-
saicity and relative B-factor as function of dose showed a three- to fourfold higher suscep-
tibility to X-ray radiation damage for cyanocobalamin compared to the biologically active
methylcobalamin (see fig. 1.1, section 1.1 in “Results”). Fitting the normalised unit cell
volume increase by a linear function revealed a four- to fivefold higher susceptibility to
X-ray radiation damage for cyanocobalamin compared to methylcobalamin. Additionally,
the normalised unit cell volume of methylcobalamin was fitted by an exponential function.
The fit revealed a unit cell volume increase by about 1.2%. Interestingly, a significant
increase in mosaicity can only be found from 60 MGy to 80 MGy for methylcobalamin,
the dose at which the normalised unit cell volume starts to reach a plateau. This rein-
forces the idea proposed in section 1.3.1 that the crystalline order, expressed in terms of
mosaicity, does not deteriorate significantly before the unit cell expansion process reaches
a more or less constant value.

Linear fitting of the normalised elongations of the bonds between the upper (Co-C) and
lower (Co-N) axial ligand of the cobalt centre revealed only a twofold faster increase of
both bond lengths for cyanocobalamin compared to methylcobalamin. The fact that the
elongations were observed for both compounds led to the conclusion that they are not
directly connected to the photoreduction of the metal centre. Hence, investigation of all
three cell axes of both B12 cofactors was conducted. In both cases, a pronounced elonga-
tion of the c-axis could be found. The upper and lower axial ligand are oriented along this
axis. For the a-axis, only a slight shortening could be observed, whereas for the b-axis,
the axis length increases slightly in case of methylcobalamin and decreases slightly for

cyanocobalamin. Damage induced changes therefore mainly take place along the c-axis of
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the crystal structure. Hence, it can be concluded that, although X-ray induced photore-
duction is an important contributor to global radiation damage, it is not the only factor

influencing the susceptibility of a compound to X-ray radiation damage.

The influence of the standard electrode potential of a metal centre, and thus, the po-
tential of the metal centre to be photoreduced, on the susceptibility to global radiation
damage has been investigated by X-ray diffraction measurements on the nickel(IT) and
copper(II) complexes of L-serine (NiSer and CuSer, respectively). These two metal cen-
tres were chosen due to the fact that the standard electrode potential of their metal ions
for a M?T/M* redox reaction differs significantly (+0.159 V for copper(II) to copper(I),
whereas nickel(IT) is not reduced to nickel(I)"). It can be assumed that, while the value
of the standard electrode potential changes for a metal organic complex of the respective
metal ion, the probability of the two metal centres to be photoreduced is still in relation
with the probability for the pure metal ion in solution. In addition to CuSer and NiSer,
the copper(II) complex of L-isoleucine (Culso) was investigated in order to determine the
influence of the amino acid on the global damage process.

Due to the poor crystal quality and low resolution during the measurements, the dose
series of NiSer and CuSer as well as Culso were of poor data quality, so only the relative
B-factor as well as the normalised unit cell volume increase were investigated in detail (see
fig. 1.20, section 1.3 in “Results”). All metal amino acid complexes showed radiation
induced changes. The normalised unit cell volume increase as function of dose implies a
twofold higher susceptibility to X-ray radiation damage for CuSer and Culso compared
to the NiSer. The normalised unit cell volume increase for CuSer and Culso showed a
similar behaviour. This indicates that the amino acid itself seems to have no influence on
the global damage process, at least at 100 K.

The relative B-factor also shows a slightly more pronounced increase with dose for, CuSer
and Culso, compared to NiSer. Based on these findings, it is proposed that a X-ray
induced redox reaction takes place within the copper complexes. CuSer and Culso are

likely to be involved in a M?*/M™ redox reaction while NiSer does not undergo this kind
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of reduction. Therefore, CuSer and Culso are probably reduced upon irradiation. During
this, the ligands are probably oxidised.

Unit cell expansion as well as increase of the relative B-factor are known to occur as
results of global radiation damage. All findings from this work imply that the specific
redox process contributes to global damage.

It can be assumed that different space groups do not influence the expansion behaviour
of the unit cell since CuSer (P2;) as well as Culso (P2,2,2;) did not show any significant
differences in their unit cell expansion.

The coordination sphere of the metal centre might be another influential factor. In case of
the copper(II) complexes a square pyramidal coordination is observed, whereas for NiSer
an octahedral coordination can be found. This factor cannot be completely excluded at
the moment. Further investigations on complexes with metal centres with a comparable

coordination sphere will be performed in the future to clarify this subject.

1.3.3 Contribution of hydrogen abstraction

Comparison of X-ray diffraction measurements of L-serine, L-alanine and thymidine was
performed to investigate the contribution of site-specific hydrogen abstraction to the global
radiation damage process.

It was found that L-serine is severely damaged upon exposure to large doses of X-ray
radiation (see fig. 1.9, section 1.2.1 in “Results”). The unit cell volume of L-serine
obtained from X-ray measurements increases in a linear manner with absorbed dose. The
crystal mosaicity is not affected until a dose of approximately 55 MGy is reached. A
second “dose limit” can be observed at about 80 MGy. At this point all investigated
parameters show an increased variability - as reflected especially in the R1 value from
structure refinement. Hydrogen abstraction from a primary hydroxyl group might be an
influential factor in this case. It has been suspected that the primary hydroxyl group

within DL-serine is very susceptible to X-ray radiation induced changes.!®® Therefore, a
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hydrogen abstraction from this site might take place as specific damage process within
L-serine as well. L-alanine is lacking this group and, thus, such a damage process should
not take place in this compound.

Dose series of L-alanine did not show significant changes of all extracted values (see
fig. 1.12, section 1.2.2 in “Results”). Mean intensity and correlation coefficient as well
as relative B-factor and R1 value from structure refinement only showed slight changes
with dose. The mosaicity is not affected at all, even at the maximum dose of 55 MGy.
Comparison of the results for L-serine and L-alanine revealed a reduced susceptibility to
radiation damage for L-alanine, although absorption coefficients and chemical composi-
tion for both compounds are comparable (see fig. 1.15, section 1.2.3 in “Results”). This
implies that the damage mechanisms of L-alanine and L-serine are different.

It is therefore proposed that the hydrogen abstraction from a primary hydroxyl group
and the adjacent methylene group acts as a main contributor to radiation damage of L-
serine. In contrast to this, L-alanine shows only little site specific hydrogen abstraction.
This leads to L-alanine being more radiation hard than L-serine. It probably undergoes a
less selective hydrogen abstraction. This kind of damage becomes more pronounced and

affects the crystal structure at higher doses than selective hydrogen abstraction (L-serine).

X-ray measurements of thymidine also revealed a continuous damage process (see
fig. 1.16, section 1.2.4 in “Results”). Thymidine seems to be slightly radiation harder
than L-serine: Correlation coefficient (0.981 for L-serine, 0.997 for thymidine at 50 MGy),
relative B-factor (0.94 for L-serine, 0.43 for thymidine) and relative cell volume increase
(1.03 for L-serine, 1.01 for thymidine) display a less pronounced damage progression with
dose for thymidine compared to L-serine. Even at a dose of 100 MGy, an R1 value from
structure refinement of thymidine of 0.049 was obtained. The crystal mosaicity also did
not increase above 0.26° at maximum dose. The “dip” in correlation (see fig. 1.16, section
1.2.4 in “Results”) within the dose series is probably caused by evaluation problems of
the correlation between the first and the three datasets showing this “dip”.

Mean intensity decay, linear increase of the relative B-factor and the only slightly expo-
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nential increase of the cell volume imply a damage process similar to that of L-serine.
However, in contrast to L-serine, no bond length changes could be found in the X-ray
data.

Investigation of the cell axes as function of dose showed a similar behaviour for all three
axes. All axes increase with increasing X-ray dose. The order of magnitude of the increase
differed strongly depending on the axis: The b-axis and c-axis were affected significantly
stronger than the a-axis.

Therefore, it can be concluded that site specific hydrogen abstraction is an important
contributor to the global damage process. The main difference between thymidine and
L-serine is the percentage of hydrogen atoms abstracted from the compounds with dose.
Within one L-serine molecule two hydrogen atoms are abstracted and form one molecule
of Hy. In contrast to this, thymidine shows an abstraction of only one hydrogen atom
leading to half a Hy molecule per thymidine molecule.

The hydrogen gas generated in the crystal deteriorates the crystal structure. The more
hydrogen gas is formed the more damage occurs in the crystal. This leads to the increased
susceptibility to X-ray radiation of L-serine compared to thymidine.

Another factor might be the formation of the carbonyl group in case of L-serine, which

might cause rearrangements in the crystal and, thus, disrupt the crystalline order.

1.3.4 Proposed global damage mechanism in single crystals

The results of this work indicate a global damage mechanism that can be divided into
different steps. It has been shown that compounds which do not contain hydrogen atoms
are less susceptible to damage by X-ray irradiation. Hence, it can be assumed that hy-
drogen abstraction is an important contributor in accelerating the global damage process.
The susceptibility to selective hydrogen abstraction clearly depends on the chemical com-
position of the compound. The more hydrogen is abstracted from the compound, the

more hydrogen gas is formed. This leads to more global damage to the sample and, thus,
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to a higher susceptibility to X-ray radiation damage.

The hydrogen gas formed in the sample exerts stress on the crystal lattice. Due to their
anisotropic nature, crystals usually possess an elasticity tensor. Depending on the crystal
symmetry, this results in a different expansion or contraction behaviour of the cell axes
with dose. The changes in the unit cell axes generally cause an overall expansion of the
unit cell. With increasing dose the amount of gas produced inside the crystal increases,
leading to increasing stress within the crystal. At a certain dose, the stress is exceeding
the tensile strength of the crystal. This leads to a disruption of the crystal lattice, which
is reflected in an increase of mosaicity. Such an effect has been observed in the case of
cyanocobalamin. Measurements at 100 K and 200 K have shown that either an expan-
sion of the unit cell volume can be observed or an increase in mosaicity. Measurements
on methylcobalamin supported the idea that the mosaicity increase becomes more pro-
nounced after the unit cell volume increase reaches a plateau.

The Co-C- and Co-N-bond elongations observed for cyano- and methylcobalamin (see
section 1.3.2 in “Results”) can also be explained by this model: The bonds are aligned
along the c-axis and, thus, elongated together with the c-axis.

The contribution of X-ray induced photoreduction can be explained if it is assumed that
the reduced metal centre can act as kind of a hydrogen “generator” and, thus, accelerate
the radiation damage process in the crystal. However, this subject still has to be investi-

gated in further detail.
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Conclusion and Outlook

In this work, a systematic study of X-ray radiation damage was conducted using single
crystal X-ray diffraction, X-ray absorption spectroscopy and neutron diffraction. This led
to new models for X-ray induced photoreduction of metal organic complexes and global
radiation damage to organic compounds in general. It could be revealed that hydrogen
abstraction is an important contributor to both X-ray radiation damage processes. Fur-

ther details on the different aspects are given in this chapter.

X-ray Absorption Near Edge Spectroscopy (XANES) and single crystal X-ray diffrac-
tion were applied to investigate several aspects of X-ray induced photoreduction of B12
cofactors.

XANES is a useful tool to directly probe the oxidation state of an atom. A systematic
XANES study on cyanocobalamin, two Fe(IIl) and two Fe(II) complexes revealed a tem-
perature, solvent and ligand dependence of X-ray induced photoreduction. From these
measurements, a plausible model could be derived that describes the underlying mecha-
nism of X-ray photoreduction as a redox reaction within the molecule.

High resolution single crystal X-ray diffraction offers the possibility to observe even very
small structural changes and could therefore give first hints for a possible hydrogen ab-
straction at the ribose moiety of cyanocobalamin. This hydrogen abstraction could not
be observed for methylcobalamin. In contrast to cyanocobalamin, methylcobalamin is not
photoreduced, even at higher X-ray doses. Hence, the hydrogen abstraction is probably
related to the photoreduction process.

XANES measurements on ammonium ferric citrate and potassium hexacyanoferrate, both
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containing the photosensitive Fe(III), also showed that X-ray induced photoreduction is a
ligand dependent process. Upon irradiation, ammonium ferric citrate was photoreduced,
going along with a decarboxylation of the ligand as oxidation reaction. The release of
carbon dioxide makes the process irreversible. In contrast to this, potassium hexacyano-
ferrate was not photoreduced by X-rays.

Based on these results, a conclusive photoreduction mechanism for metal organic com-
pounds could be proposed. It is suggested that X-ray induced photoreduction takes place
within the molecule and involves a redox reaction between the metal centre, which is re-
duced, and the ligands, which are oxidised. This oxidation reaction is ideally accompanied
by a leaving group being released from the molecule, making the reaction irreversible.
As an initial step of X-ray induced photoreduction, a low energy electron attaches to
the metal centre yielding a short-lived excited state with a reduced metal centre.!?%7132
Depending on the nature of the ligands, two different processes can take place following
this excitation: If an oxidation reaction is induced in the ligand(s), the metal centre is
permanently reduced. The reaction is made irreversible by a group that is leaving the
compound. Charge conservation of the system is guaranteed by the release of an electron
from the ligands. If no oxidation reaction takes place, the metal centre will react back to
the initial oxidised state, going along with the release of the captured electron.

The results of this work indicate that hydrogen abstraction plays an important role in the
process of X-ray induced photoreduction. In order to obtain fully conclusive results, it is
necessary to perform further neutron diffraction experiments of unirradiated and X-ray
photoreduced B12 samples to prove the possible hydrogen abstraction from the ligands.
A combination of X-ray and neutron studies on B12 cofactors should therefore give fur-
ther insight into the photoreduction mechanism of these samples and reveal a possible
hydrogen abstraction in the ligands.

In this work, only static processes were investigated. The dynamics behind the X-ray pho-
toreduction process can be investigated using time-resolved pump-probe XANES. 157158

M-edge XANES experiments on B12 cofactors with femtosecond time resolution at free

electron lasers, such as FLASH in Hamburg, can be used to gain further insight into the
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direct interaction between the low energy electrons and the metal centres. The short-
lived change of the oxidation state of the metal centre by low energy electron attachment
should be detectable by such experiments.

In addition to this, time-resolved diffraction studies conducted at hard X-ray lasers, such
as LCLS in Stanford and the future XFEL in Hamburg, offer information about tem-

1597162 Detection of structural changes within molecules such

porary structural changes.
as B12 cofactors could be used to observe the assumed short-lived excited state upon
interaction of the low energy electrons with the metal centre. This should reveal whether
bond length changes between the ligands and the metal centre are a consequence of X-ray
induced photoreduction or global radiation damage, since both processes follow a different
timescale.

The findings of this work furthermore imply that the application of high pressures could
mitigate the photoreduction process, if a gas release is involved as in the case of ammo-
nium ferric citrate, since according to Le Chatelier’s principle this will shift the chemical
equilibrium within the sample, hereby reducing the gas volume and hence causing less
damage to the sample. Therefore, a higher radiation dose would be required to cause the

same effects as at standard pressure. XANES measurements of ammonium ferric citrate

at high pressures are in preparation.

Hydrogen abstraction is assumed to play an important role in X-ray radiation damage.

In this work, combined X-ray and neutron diffraction studies at cryogenic temperatures
have been conducted to investigate selective hydrogen abstraction from organic samples.
The amino acids L-serine and L-alanine as well as the nucleoside thymidine were chosen
as model compounds for this study.
High resolution X-ray diffraction data gave a first hint for a possible hydrogen abstraction,
which could be observed at a primary hydroxyl group in case of L-serine and thymidine.
For L-alanine, which does not contain this group, no hints for a possible hydrogen ab-
straction could be found up to a dose of 55 MGy.

In order to obtain fully conclusive results, neutron diffraction was applied on previously
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1 Conclusion and Outlook

X-ray irradiated crystals of all three compounds. Measurements on L-serine revealed a
selective hydrogen abstraction of two hydrogen atoms from the hydroxyl group and the
adjacent methylene group. This abstraction went along with the formation of a carbonyl
group, as indicated by a significant bond contraction between the carbon and the oxygen
atom. Such a bond contraction was also found independently in X-ray data.

In case of thymidine, neutron diffraction showed a selective abstraction of a single hy-
drogen atom, also at a primary hydroxyl group. L-alanine did not show such a selective
hydrogen abstraction. Here, a less selective abstraction of the three hydrogen atoms at
the methyl group was observed at higher doses. It is therefore concluded that hydrogen
abstraction is taking place preferentially from a primary hydroxyl group and that a com-
pound lacking such a group can withstand higher doses of X-ray radiation.

It was assumed that the different damage behaviour of L-serine, from which two hydrogen
atoms were abstracted, and thymidine, which showed the abstraction of only one hydro-
gen atom from each molecule, can be explained by the intramolecular hydrogen distance
and the torsion angle of the hydroxyl group with respect to the adjacent methylene group.
The influence of the intramolecular hydrogen distances and the torsion angle on the
damage mechanism in organic compounds will be investigated in the future by neutron
measurements on the nucleoside adenosine (see fig. 1.10), which displays similarities to
L-serine regarding the distance and orientation of the hydrogen atoms of the primary
hydroxyl group and the adjacent methylene group.

In-situ Raman spectroscopy %3

at 100 K on single crystals during irradiation is a useful
tool to investigate radiation induced changes in particular groups of a molecule. Since
Raman spectroscopy is independent of the sample state, X-ray induced changes can still
be followed using this method, even if the crystalline order has deteriorated too strongly
to obtain diffraction images. Raman investigations of L-serine could offer the possibility
to investigate a change at the primary hydroxyl and the adjacent methylene group and
even observe the growth of an hydrogen gas signal if the sensitivity of the setup is high

enough.

K-edge EXAFS of the carbon within the samples could also be a useful tool to investigate
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1 Conclusion and Outlook

Figure 1.10: Structure of adenosine obtained from X-ray diffraction, with the respective H - H
distance.

structural changes, especially at higher doses, where the crystal structure has already
been severely affected.

Analytical methods such as Nuclear Magnetic Resonance (NMR),'64155 Electron Param-
agnetic Resonance (EPR),'% 168 Correlation Spectroscopy (COSY),'% Mass Spectrometry
(MS)!" and High-Performance Liquid Chromatography (HPLC)!™:17 could be used to
investigate the different reaction products that are produced upon irradiation of L-serine.
One has to consider that most of these methods are not typically conducted at 100 K
but at room temperature. Warming of the crystals from 100 K to room temperature will

most probably lead to further reactions in the molecule.

Single crystal X-ray diffraction and neutron diffraction were applied to investigate global
radiation damage. Upon irradiation with high doses of X-ray radiation, all compounds
showed a decrease in mean intensity and correlation coefficient as well as an increase in
the relative B-factor, an expansion of the unit cell volume and an increase in mosaicity.
Results from X-ray diffraction indicate that a significant increase of the mosaicity can be
observed after the unit cell expansion nearly reaches a plateau.

A combination of X-ray and neutron diffraction measurements showed that compounds, in

which selective hydrogen abstraction from a primary hydroxyl group takes place, are more
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1 Conclusion and Outlook

susceptible to radiation damage than the ones lacking this group. It could furthermore
be shown that a compound from which two hydrogen atoms are abstracted per molecule
is more susceptible to radiation damage as one, from which only a single hydrogen atom
is abstracted.

This systematic behaviour led to a general model for global radiation damage. The unit
cell expansion is caused by the formation of hydrogen gas, that is formed upon hydrogen
abstraction from the compound. An expansion of the unit cell is the consequence of this
process. Due to the anisotropic nature of the crystal, X-ray radiation affects each unit
cell axis differently. The more gas is formed inside the crystal, the more stress is exerted
on the crystal lattice. This causes each of the unit cell axes to either elongate or contract.
This anisotropic behaviour is probably a consequence of the anisotropic elasticity tensor.
At a certain dose, the stress exerted by the gas in the crystal exceeds the tensile strength,
which leads to cracks in the crystalline structure. This effect is reflected in a mosaicity
increase after a certain dose is reached.

The higher susceptibility of photoreduced compounds compared to the ones, that are
not photoreduced, can be explained by the metal centre acting as kind of a hydrogen
generator, which leads to an accelerated production of hydrogen gas and therefore an
acceleration of the global damage process.

Further support for this proposed model could be made by comparison of the modulus of

elasticity of a crystal to the X-ray induced damage behaviour in the crystal.
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Appendix

A.4 X-ray diffraction of B12 cofactors

A.4.1 Cyanocobalamin

Crystal growth: 12 mg of cyanocobalamin (CoCg3HgsN14014P) were solved in 1 ml
water. The deep-red solution was then mixed with 1.5 ml isopropyl alcohol in a petri
dish. The dish was then stored in an isopropyl alcohol atmosphere. The system was
closed, in order to prevent the evaporation of isopropyl alcohol. No cryoprotectant was
used. Small rectangular crystals between 400 x 250 x 200 pm?® and 100 x 80 x 20 pm?

grew within three days by vapor diffusion.
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Figure A.11: Molecular structure of cyanocobalamin solved from X-ray data.

Table A.1: Data collection parameters for measurements of the 1st cyanocobalamin crystal.

Crystal size

400 x 200 x 200 pm3

Detector distance

70 mm

Starting angle 0°
Oscillation range 2°

Exposure time 1s

No. of images 4860

Filter transmission 0.156
Photon flux 15.36-10° ph/s
Temperature 100 K
Energy 16.45 keV
Wavelength 0.7537 A
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Table A.2: Data collection parameters for measurements of the 2nd cyanocobalamin crystal.

Crystal size

400 x 400 x 300 pym?

Detector distance

70 mm

Starting angle 0°
Oscillation range 2°

Exposure time 1s

No. of images 4860

Filter transmission 1.0

Photon flux 98.43-10% ph/s
Temperature 100 K
Energy 16.45 keV
Wavelength 0.7537 A

Table A.3: Data collection parameters for measurements of the 3rd cyanocobalamin crystal.

Crystal size

380 x 150 x 150 pm3

Detector distance

65 mm

Starting angle 0°
Oscillation range 2°
Exposure time Is
Number of images 3600

Filter transmission 1.0

Photon flux 108:10% ph/s
Temperature 200 K
Energy 16.45 keV
Wavelength 0.7537 A
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Table A.4: Data evaluation and structure refinement parameters of the 1st cyanocobalamin crystal.

Rmrgd-F 1.7%

Resolution 0.7 A
Data completeness 73.8%
Number of reflections (total) 12922
Number of reflections (gt) 12417

Cell constants

a=15TTAb=2229A c=2541 A
a = 90.00° 8 = 90.00° v = 90.00°

Space group

P2,2,2,

R1 value from structure refinement

0.0613

Solvent molecules

9-H,0 + 1.33-CsH50O

Table A.5: Data evaluation and structure refinement parameters of the 2nd cyanocobalamin crystal.

Rmrgd-F 1.7%

Resolution 0.7 A
Data completeness 83.8%
Number of reflections (total) 13272
Number of reflections (gt) 13092

Cell constants

a=1575Ab=2233 A c=2533 A
o = 90.00° 8 = 90.00° v = 90.00°

Space group

P2,2,2,

R1 value from structure refinement

0.0595

Solvent

9.25-H,0 + 0.75-C3HgO
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Table A.6: Data evaluation and structure refinement parameters the 3rd cyanocobalamin crystal.

Rmrgd-F 3.4%

Resolution 0.8 A
Data completeness 86.8%
Number of reflections (total) 13861
Number of reflections (gt) 13052

Cell constants

a=1580Ab=2232Ac=2554 A
a = 90.00° 8 = 90.00° v = 90.00°

Space group

P2,2,2,

R1 value from structure refinement

0.0640

Solvent

7.25-H,0 + 1.25-C3HgO
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i

Figure A.12: Molecular structure of methylcobalamin solved from X-ray data.

A.4.2 Methylcobalamin

Crystal growth: Crystal growth of methylcobalamin (CoCgzHg1N13014P) was conducted
similarly to cyanocobalamin. 12 mg of methylcobalamin were solved in 1 ml water and
mixed with 1.5 ml isopropyl alcohol. The mixture was then stored in an isopropyl atmo-
sphere. Small, rectangular crystals of a size of between 200 x 100 x 100 ¢ m? and 80 x

50 x 10 p m? grew within one week.
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Table A.7: Data collection parameters for measurements of the 1st methylcobalamin crystal.

Crystal size

150 x 60 x 80 y m?

Detector distance 65 mm
Starting angle 0°
Oscillation range 2°
Exposure time 1s

No. of images 4500
Filter transmission 1.0 (0.2)

Photon flux 193.49-10° ph/s without filter
(34.38:10% ph/s (1st round),
36.6-10° ph/s (2nd round))

Temperature 100 K

Energy 16.45 keV

Wavelength 0.7537 A

Table A.8: Data collection parameters for measurements of the 2nd methylcobalamin crystal.

Crystal size

250 x 50 x 40 pym?

Detector distance 65 mm
Starting angle 0°

Oscillation range 2°

Exposure time ls

No. of images 4500

Filter transmission 1.0

Photon flux 193.49-10° ph/s
Temperature 100 K

Energy 16.45 keV
Wavelength 0.7537 A

AT



Appendix

Table A.9: Data evaluation and structure refinement parameters for the 1st methylcobalamin crystal,

measured without filters.

Rmrgd-F 2.1%

Resolution 0.7 A
Data completeness 70.9%
Number of reflections (total) 12099
Number of reflections (gt) 11647

Cell constants

a=1636Ab=2060Ac=2422A
a = 90.00° 8 = 90.00° v = 90.00°

Space group

P2,2,2,

R1 value from structure refinement

0.0602

Solvent molecules

9.5-H,0 + 0.75-C3HgO

Table A.10: Data evaluation and structure refinement parameters of the 1st methylcobalamin crys-

tal, measured with 20% filter transmission.

Rmrgd-F 2.3%

Resolution 0.7 A
Data completeness 64.4%
Number of reflections (total) 12240
Number of reflections (gt) 11421

Cell constants

a=16.36 Ab=2060Ac=2420 A
o = 90.00° 8 = 90.00° v = 90.00°

Space group

P2,2,2,

R1 value from structure refinement

0.0643

Solvent molecules

9.5-Hy0O + 0.75-C3HgO
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Table A.11: Data evaluation and structure refinement parameters of the 2nd methylcobalamin

crystal.
Rmrgd-F 2.1%
Resolution 0.7 A
Data completeness 78.5%
Number of reflections (total) 13238
Number of reflections (gt) 12755
Cell constants a=1636Ab=2058Ac=2418 A
a = 90.00° 8 = 90.° v = 90.00°
Space group P2:2:2;
R1 value from structure refinement 0.0546
Solvent molecules 9-H,O + 0.75-C3HgO
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A.5 X-ray diffraction measurements on amino acids

and thymidine

A.5.1 L-serine

Crystal growth: Single crystals were grown by controlled cooling of an aqueous solution
of L-serine saturated at 90°C. After equilibration at 60°C the solution was cooled down
to 45°C using a cooling rate of 1°C/min. The obtained crystals were up to 5 cm in the
longest dimension. They could then be cut using a Well 6234 wire saw equipped with a

0.5 mm thin diamond wire, which was immersed in a water bath prior to cutting.

Table A.12: Data collection parameters for L-serine.

Crystal size 80 x 50 x 20 u m?
Detector distance 185 mm

Starting angle 0°

Oscillation range 1°

Exposure time 1s

No. of images 22680

Photon flux 4.2-10'° ph/s
Temperature 100 K

Energy 17.5 keV
Wavelength 0.7085 A
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Table A.13: Data evaluation and structure refinement parameters of L-serine.

Rmrgd-F 1.2%

Resolution 0.7 A

Data completeness 87.4%

Number of reflections (total) 1037

Number of reflections (gt) 1028

Cell constants a=562Ab=851Ac=925A
a = 90.00° 8 = 90.00° v = 90.00°

Space group P2,2,24

R1 value from structure refinement 0.0322

Solvent molecules none

Electron paramagnetic resonance spectroscopy: It is well-known that L-serine is
EPR-silent in its native state. EPR experiments on an X-ray irradiated L-serine crystal,
which was transported and transferred under liquid nitrogen showed, an EPR-signal. This
shows that a reaction takes place upon X-ray irradiation.

Further investigations have to be performed to find the origin of this signal. Since the

EPR-signal of crystals depends heavily on the alignment of the sample, it would be more

helpful to first investigate an X-ray irradiated sample consisting of L-serine powder.

Thawing of the L-serine crystals: A single crystal of L-serine X-ray irradiated for
14400 seconds was removed from liquid nitrogen and thawed to room temperature. Upon
thawing the crystal broke into two pieces (fig. A.14) after approximately 30 seconds and
started to deteriorate to a foam-like structure (60 s to 300 s). After approximately 1200
seconds an oil-like film was left (fig. A.15).

First Raman investigations of L-serine: It was the goal of in-situ Raman measure-
ments at 100 K to obtain information about the decay of theCHs-group which is clearly
visible in the spectra. The experiments were conducted with a 532 nm laser, which led to

a high background originating from fluorescence of the L-serine crystal (fig. A.17). The

All
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Figure A.13: EPR-spectrum of a single crystal of L-serine after 30 minutes of irradiation with a
white X-ray beam.

.

Figure A.14: Thawing of a single crystal of L-serine, irradiated for 14400 seconds.
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Figure A.15: Oil-like film left upon thawing of a single crystal of L-serine, irradiated for 14400

seconds.
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Figure A.16: Raman spectra of unirradiated (dark blue) and irradiated (red, black, violet and bright
blue, subsequently) L-serine. lIrradiation was performed with a white X-ray beam. The growing

background is clearly visible.

crystal changes colour upon irradiation, turning from transparent to red. Possible changes
(which would be as small as 20%) could not be detected with such a high background.

Further in-situ Raman investigations with another wavelength are planned.
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Figure A.17: Fluorescence spectra of irradiated (red) and unirradiated (blue) L-serine. The irradi-

ated compound shows a fluorescence signal at 532 nm.

A.5.2 L-alanine

Crystal growth: A saturated solution of L-alanine was prepared by solving 2.0 g of
L-alanine powder in 10 ml HyO at 70°C. The solution was then stirred for 1 h. The clear

solution was then covered and stored at room temperature. Small, transparent crystals

grew within three days by slow evaporation.
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Table A.14: Data collection parameters for L-alanine.

Appendix

Crystal size

60 x 20 x 10 g m?

Detector distance

185 mm

Starting angle 0°
Oscillation range 2°

Exposure time 1s

No. of images 4320

Photon flux 13.0-10'° ph/s
Temperature 100 K
Energy 16.4 keV
Wavelength 0.7560 A

Table A.15: Data evaluation and structure refinement parameters of L-alanine.

Rmrgd-F 1.9%
Resolution 0.7 A
Data completeness 84.1%
Number of reflections (total) 959
Number of reflections (gt) 940

Cell constants

a=5T79Ab=594Ac=122A
a = 90.00° 8 = 90.00° v = 90.00°

Space group P2:2,2¢
R1 value from structure refinement 0.0302
Solvent molecules none
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A.5.3 Thymidine

Crystal growth: 10 ml of a saturated aqueous solution of deoxythymidine were pre-

pared at 70°C. The solution was filtered, covered and stored in a temperature-controlled

environment. The temperature was decreased by 3°C/day. Crystals started to grow after

one week of evaporation at higher temperatures.

Table A.16: Data collection parameters for thymidine.

Crystal size 70 x 30 x 20 p m?
Detector distance 165 mm

Starting angle 0°

Oscillation range 1°

Exposure time 0.5s

No. of images 19080

Photon flux 9.0-10%° ph/s
Temperature 100 K

Energy 17.5 keV
Wavelength 0.7085 A

Table A.17: Data evaluation and structure refinement parameters of thymidine.

Rmrgd-F 1.2%
Resolution 0.8 A
Data completeness 95.6%
Number of reflections (total) 1240
Number of reflections (gt) 1223

Cell constants

a=481Ab=1374 A c=1622 A
a = 90.00° 8 = 90.00° v = 90.00°

Space group P2,2:24
R1 value from structure refinement 0.0263
Solvent molecules none
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Figure A.18: Labeling scheme of CuSer.

A.6 Metal amino acid complexes

A.6.1 Bis(L-serinato)copper(II) (CuSer)

Crystal growth: 157,7 mg (0.5 mmol) Ba(OH)3-8H50 (s), 105 mg (1 mmol) L-serine and
124.8 mg (0.5 mmol) CuSO4-5H,0 were solved in 10 ml H,O at room temperature and
stirred for 1 h, giving an intensely blue solution. The light blue sediment was separated
from the solution by centrifugation. The clear blue solution was mixed with ethanol in a

1:2 ratio, covered and stored at room temperature. Small, blue crystals grew within a day.

Table A.18: Data collection parameters for CuSerl.

Crystal size 250 x 100 x 20 pm?
Detector distance 40 mm

Starting angle 0°

Oscillation range 2°

Dose mode setting 200 kHz

No. of images 4860

Photon flux 5-10'% ph/s
Temperature 100 K

Energy 15.31 keV
Wavelength 0.81 A
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Table A.19: Data collection parameters for CuSer2.

Crystal size

250 x 100 x 20 pm?

Detector distance

40 mm

Starting angle 0°
Oscillation range 2°

Dose mode setting 400 kHz
No. of images 1440
Photon flux 5-10' ph/s
Temperature 100 K
Energy 15.31 keV
Wavelength 0.81 A

Table A.20: Data collection parameters for CuSer3.

Crystal size

250 x 150 x 30 pm?

Detector distance

40 mm

Starting angle 0°
Oscillation range 2°

Dose mode setting 400 kHz
No. of images 4140
Photon flux 5-101° ph/s
Temperature 100 K
Energy 15.31 keV
Wavelength 0.81 A
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Table A.21: Data evaluation and structure refinement parameters for CuSerl.

Rmrgd-F 4.4%
Resolution 0.9 A
Data completeness 88.2%
Number of reflections (total) 640
Number of reflections (gt) 638

Cell constants

a=5.65 A b=8.40 A ¢=9.95 A
@=90.00° $=90.56° v=90.00°

Space group P2,
R1 value from structure refinement 0.0388
Solvent molecules none

Table A.22: Data evaluation and structure refinement parameters for CuSer?2.

Rmrgd-F 5.4%
Resolution 0.9 A
Data completeness 92.4%
Number of reflections (total) 1226
Number of reflections (gt) 1219

Cell constants

a=5.64 A b=8.40 A c=9.94 A
@=90.00° $=90.58° v=90.00°

Space group P2,
R1 value from structure refinement 0.0327
Solvent molecules none
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Table A.23: Data evaluation and structure refinement parameters for CuSer3.

Rmrgd-F 4.4%
Resolution 1.0 A
Data completeness 97.4%
Number of reflections (total) 1283
Number of reflections (gt) 1245
Cell constants a=5.61 A b=8.36 A c=9.90 A
«=90.00° 5=90.58° v=90.00°
Space group P2,
R1 value from structure refinement 0.0492
Solvent molecules none
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Figure A.19: Change of the Cul-O2B-bond length in CuSer with increasing X-ray dose.

Bond length change of the Cul-O2B-bond: In case of CuSer an increase of the
Cul-O2B-bond length with increasing X-ray dose could be be observed (see fig. A.19).
This bond length change upon X-ray irradiation could indicate a cleavage of the Cul-

02B-bond.
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Figure A.20: Labeling scheme of NiSer.

A.6.2 Diaquobis(L-serinato)nickel(IT) (NiSer)

Crystal growth: 1.5 g (4.8 mmol) Ba(OH),-8H50 (s) were added to an aqueous solu-
tion of 1.00 g (9.5 mmol) L-serine at room temperature. The mixture was subsequently
stirred for 5 minutes. After addition of 6 ml of an aqueous solution of 1.34 g (4.8 mmol)
NiSO4-7TH>O the mixture was stirred for another 45 minutes. The pale precipitate was
separated from the intensely blue solution by centrifugation. The solvent was completely
removed under reduced pressure yielding a deep blue solid.

Single crystals suitable for X-ray diffraction were grown by recrystallization of 50 mg of
the raw product from a mixture of water/isopropyl alcohol (2:1). After 2 h pale blue

crystals were obtained by slow evaporation.
Bond length change of the Nil-O4-bond: In case of the single refined NiSer, no

bond length changes could be observed for both oxygen atoms connected to the nickel

center (see fig. A.21).

A21



Appendix

Table A.24: Data collection parameters for NiSerl.

Crystal size

100 x 60 x 20 pum?

Detector distance

40 mm

Starting angle 0°
Oscillation range 2°

Dose mode setting 200 kHz
No. of images 4680
Photon flux 5-10' ph/s
Temperature 100 K
Energy 15.31 keV
Wavelength 0.81 A

Table A.25: Data collection parameters for NiSer2.

Crystal size

100 x 60 x 20 pm?

Detector distance

40 mm

Starting angle 0°
Oscillation range 2°

Dose mode setting 400 kHz
No. of images 4860
Photon flux 5-101° ph/s
Temperature 100 K
Energy 15.31 keV
Wavelength 0.81 A
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Table A.26: Data evaluation and structure refinement parameters of NiSerl.

Rmrgd-F 4.4%
Resolution 0.9 A
Data completeness 88.2%
Number of reflections (total) 794
Number of reflections (gt) T

Cell constants

a=7.70 A b=8.59 A ¢=8.87 A
@=90.00° $=102.50° v=90.00°

Space group

C2

R1 value from structure refinement

0.0539

Solvent molecules

none

Table A.27: Data evaluation and structure refinement parameters of NiSer2.

Rmrgd-F 9.1%
Resolution 0.9 A
Data completeness 84.0%
Number of reflections (total) n/a
Number of reflections (gt) n/a

Cell constants

a=7.73 A b=8.58 A ¢=8.87 A
@=90.00° $=102.29° 4=90.00°

Space group

C2

R1 value from structure refinement

n/a

Solvent molecules

n/a
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Figure A.21: Change of the Nil-O4-bond length in NiSerl with increasing X-ray dose.

A.6.3 Bis-(L-isoleucinato)copper(II) (Culso)

Crystal growth: 262 mg (2 mmol) L-isoleucine were solved in 30 ml HoO and stirred
at 70°C. After 5 minutes 221,1 mg (1 mmol) CuCOj3-Cu(OH),, were added. The solution
was filtered, covered and stored at room temperature. Small, rectangular, blue crystals

grew within two days by evaporation.

Table A.28: Data collection parameters of Culsol.

Crystal size 120 x 150 x 10 pm?
Detector distance 40 mm

Starting angle 0°

Oscillation range 2°

Dose mode setting 100 kHz

No. of images 4860

Photon flux 5-10' ph/s
Temperature 100 K

Energy 15.31 keV
Wavelength 0.81 A

Bond length change of the Cul-O3-bond: A possible mechanism for the reduction

of copper-isoleucine could be a cleavage of the bond between the copper centre and the
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Figure A.22: Labeling scheme of Culso.

Table A.29: Data collection parameters for Culso2.

Appendix

Crystal size

150 x 150 x 10 pm?

Detector distance

40 mm

Starting angle 0°
Oscillation range 2°

Dose mode setting 400 kHz
No. of images 1800
Photon flux 5-10' ph/s
Temperature 100 K
Energy 15.31 keV
Wavelength 0.81 A
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Table A.30: Data evaluation and structure refinement parameters of Culsol.

Rmrgd-F 3.7%
Resolution 0.9 A
Data completeness 99.2%
Number of reflections (total) 2189
Number of reflections (gt) 2067

Cell constants

a=7.55 A b=9.40 A c=21.45 A
@=90.00° $=90.00° yv=90.00°

Space group P2,2,2,
R1 value from structure refinement 0.0467
Solvent molecules none

Table A.31: Information on data evaluation and structure

refinement of the 2nd copper-isoleucine

crystal.
Rmrgd-F 2.3%
Resolution 0.9 A
Data completeness 97.8%
Number of reflections (total) 2170
Number of reflections (gt) 2126

Cell constants

a=7.59 A b=9.45 A ¢=21.59 A
@=90.00° £$=90.00° v=90.00°

Space group P2,2:24
R1 value from structure refinement 0.0407
Solvent molecules none
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Figure A.23: Change of the Cul-O3 bond length for Culso with increasing X-ray dose

water ligand (Cul-O3). A bond elongation between these two atoms could be observed

in the X-ray data for both crystals (see fig. A.23).
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A.7 X-ray absorption measurements on B12 cofactors

For dose calculation of the XANES measurements at the SuperXAS beamline overall
molecular formulas were determined. In the case of the ammonium ferric citrate which
is a combination of different amounts of Fe*t and [NH,]" ions (Fe,CgHs14yNy,O7) the
molecular formula was assumed to be FeC¢H;NO7, thus including a small error in the
absorption coefficient.

Table A.32 shows a summary of all temperatures measured for the different compounds
during K-edge XANES measurements at the SuperXAS beamline at the Swiss Light

Source.

Table A.32: Summary of the different compounds measured at different temperatures in K-edge
XANES.

Compound 5125 |50 | 100 | 150 | 200 | 250 | 300
Solid cobalamin X| X | X X X X X X
Aqueous cobalamin - - - X X X X -
Solid ammonium ferric citrate - - - X - - - X
Aqueous ammonium ferric citrate | - | - - X - X - -
Potassium hexacyano ferrate - - - X - - -
Diiron-dithiolate - - - X - - -

Pyrite - - - X - - -

L-edge XANES measurements on the L2 and L3 edge of Co(III) were conducted on thin
methyl- as well as cyanocobalamin films to countercheck the results from Champloy et al.??
at the PolLux beamline (X07DA) at the Swiss Light sourcet. For this, low concentrations
of cyanocobalamin and methylcobalamin were solved in ethanol. The solution was then
distributed on a silicon nitride window with a membrane of 100 nm thickness and a surface
of 0.25 x 0.25 um?.

The ethanol evaporated, yielding a film of roughly 1.5 pm in thickness, which corresponds
to a transmission of around 50%. The samples were cooled to 100 K during measurements.
No dose evaluation was obtained, since both datasets were investigated subsequently

thttp:/ /www.psi.ch/sls/pollux/pollux
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and had a comparable absorption coefficient. So it was assumed that each dataset for
methylcobalamin had absorbed roughly the same dose as each dataset of cyanocobalamin.
The cyanocobalamin dataset was analysed directly at the beamline, so only one image
of the series is shown here. The plot of methylcobalamin was performed from already
normalised data. While cyanocobalamin showed strong changes upon irradiation, such as
the disappearance of the pre-edge peak of the first absorption edge as well as a strong
shift to lower energies, no such changes were observed for methylcobalamin. Only a slight
change in the intensity of both absorption edges as well as a widening of the peaks could

be found, which cannot be directly connected to photoreduction.
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Figure A.24: Dose series of L-edge XANES spectra of cyano- (a) and methyl- (b) cobalamin with
similar colour scheme.
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A.8 Neutron diffraction measurements on amino acids

and thymidine

A.8.1 L-serine

Table A.33: Occupancy and ITDP of the positions of all 7 hydrogen atoms in the L-serine molecule
after 0 seconds of irradiation.

name occupancy occupancy ITDP [A?]
standard
deviation

H1 1.00000 0.00012 0.01799

H2 1.00000 0.00012 0.01799

H3 0.97220 0.00012 0.01799

H4 1.00000 0.00010 0.01459

H5 1.00000 0.00014 0.02638

H6 1.00000 0.00012 0.01826

H7 1.00000 0.00012 0.01826

Table A.34: Occupancies and ITDPs of the positions of all 7 hydrogen atoms in the L-serine molecule
after 375 seconds of irradiation.

name occupancy | occupancy | ITDP [A?]
standard
deviation

H1 1.00000 0.00017 0.02052

H2 1.00000 0.00017 0.02052

H3 0.89412 0.00018 0.02052

H4 1.00000 0.00018 0.02066

H5 0.94895 0.00200 0.03568

H6 0.92073 0.00019 0.02482

H7 1.00000 0.00200 0.02482
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Table A.35: Occupancies and ITDPs of the positions of all 7 hydrogen atoms in the L-serine molecule
after 600 seconds of irradiation.

name occupancy occupancy ITDP [A?]
standard
deviation

H1 1.00000 0.00200 0.02483

H2 1.00000 0.00200 0.02483

H3 1.00000 0.00200 0.02483

H4 1.00000 0.00200 0.02313

H5 0.86452 0.00300 0.04304

H6 0.92390 0.00200 0.02994

H7 0.98531 0.00200 0.02994

Table A.36: Occupancy and ITDP of the positions of all 7 hydrogen atoms in the L-serine molecule
after 1680 seconds of irradiation.

name occupancy occupancy ITDP [A?]
standard
deviation

H1 0.92129 0.00600 0.03148

H2 1.00000 0.00700 0.03148

H3 1.00000 0.00600 0.03148

H4 1.00000 0.00800 0.03960

H5 0.79800 0.00700 0.05580

H6 0.80742 0.00700 0.03882

H7 1.00000 0.00700 0.03882

Table A.37: R1 value from structure refinement and unit cell volume of L-serine determined from
neutron diffraction data.

time [s] 0 375 600 | 1680
R1 value 0.0907 | 0.0990 | 0.1060 | 0.1719
unit cell volume [A?’] 439.92 | 445.12 | 445.83 | 447.76
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Table A.38: R1 value from structure refinement and unit cell volume of L-alanine determined from

neutron diffraction data.

time [s] 600 | 3600
R1 value 0.1001 | 0.1679
unit cell volume [A%] | 421.93 | 419.83

A.8.3 Thymidine

Table A.39: Occupancies and ITDPs of the positions of all 14 hydrogen atoms in the thymidine
molecule after 0 seconds of irradiation.

name occupancy occupancy ITDP [A?]

standard

deviation
H1 1.00000 0.00200 0.01606
H2 1.00000 0.00200 0.01643
H3 1.00000 0.00200 0.02757
H4 1.00000 0.00200 0.02757
H5 1.00000 0.00200 0.02757
HG6 1.00000 0.00200 0.01821
H7 1.00000 0.00200 0.02058
HS8 1.00000 0.00200 0.01424
H9 1.00000 0.00200 0.01803
H10 1.00000 0.00200 0.01803
H11 1.00000 0.00019 0.01504
H12 1.00000 0.00200 0.01455
H13 1.00000 0.00200 0.01900
H14 1.00000 0.00200 0.01900
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Table A.40: Occupancies and ITDPs of the positions of all 14 hydrogen atoms in the thymidine
molecule after 600 seconds of irradiation.

name occupancy | occupancy | ITDP [A?]

standard

deviation
H1 1.00000 0.00018 0.01211
H2 1.00000 0.00019 0.01670
H3 1.00000 0.00200 0.02742
H4 1.00000 0.00200 0.02742
H5 1.00000 0.00200 0.02742
H6 1.00000 0.00200 0.01940
H7 0.97615 0.00200 0.02110
H8 1.00000 0.00018 0.01200
H9 1.00000 0.00200 0.01844
H10 1.00000 0.00200 0.01844
HI11 1.00000 0.00018 0.01354
H12 1.00000 0.00018 0.01498
H13 1.00000 0.00200 0.01880
H14 1.00000 0.00200 0.01880
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Table A.41: Occupancies and ITDPs of the positions of all 14 hydrogen atoms in the thymidine

molecule after 1200 seconds of irradiation.

name occupancy | occupancy | ITDP [A?]

standard

deviation
H1 1.00000 0.00019 0.01294
H2 1.00000 0.00200 0.01833
H3 1.00000 0.00200 0.03187
H4 1.00000 0.00300 0.03187
H5 0.96830 0.00200 0.03187
H6 1.00000 0.00200 0.01891
H7 0.92894 0.00200 0.02136
H8 1.00000 0.00200 0.01328
H9 1.00000 0.00200 0.02138
H10 1.00000 0.00200 0.02138
HI11 1.00000 0.00019 0.01536
H12 1.00000 0.00018 0.01354
H13 1.00000 0.00200 0.02050
H14 1.00000 0.00200 0.02050

Table A.42: R1 value from structure refinement and unit cell volume of thymidine determined from

neutron diffraction data.

time [s]

0

600 1200

R1 value

0.0805 | 0.0881 | 0.0902

unit cell volume [A?]

1067.56 | 1066.95 | 1069.34
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