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Abstract

During normal cell metabolism, the regulation of reactive oxygen species (ROS) is
important to keep levels appropriate to maintain cell function. However, during oxidative stress,
when ROS production increases and the cell’s ability to neutralise ROS is diminished, many
cellular components can be damaged. Oxidative DNA damage induced by ROS, the formation
of which can be catalysed by transition metals, has been reported as frequent in an oxidative

stress environment.

Transition metals bind to DNA via the phosphate backbone and the endocyclic atoms
of nucleic acids e.g. at the N7 atoms of purine bases. They have also been shown to catalyse
the formation of reactive oxygen species, including hydroxyl radicals HOe, and may therefore
act as hotspots for oxidative damage with nearby bases. It is unknown if catalysis occurring at
these spots would damage the closest base or if the bound transition metal would protect the
base it is bound to from damage.

Using X-ray crystallography, a common technique used to study nucleic-acid structures
at an atomic scale, the work presented in this thesis describes the development of a new method
to identify oxidative damage hotspots in nucleic-acid structures. The objective is to treat nucleic
acid crystals, containing ordered bound metal sites, with hydrogen peroxide to induce oxidative
damage. The effects of oxidative damage on nucleic acid structures were also investigated in

solution using circular dichroism (CD) spectroscopy.

Two approaches are used to add transition metals to crystal systems containing nucleic
acids. These are cocrystallisation and soaking - the advantages and disadvantages of these two
methods in the context of this work were carefully examined. Soaking was considered as a more
suitable approach, as cocrystallisation was found to change the structure and cause crosslinking
which reduced transition-metal availability to hydrogen peroxide. Applying this method, the
binding preferences of transition metals such as copper and iron were investigated. Two
transition metals, copper and iron, were found to bind differently to the same DNA structure, a
result that could explain why oxidative damage differs between systems containing copper or
iron. Furthermore, the same system was used to soak DNA crystals with hydrogen peroxide for

the first time. No damage was identified but ordered hydrogen peroxide molecules bound to



copper (I1) ions were described, giving insight into how the Fenton reaction might progress
when copper (1) is bound to the DNA. Finally, using CD, a G-quadruplex forming sequence
present in the promoter region of PSEN2, a gene implicated in Alzheimer’s disease, was found
to undergo conformational changes in an oxidative stress environment. The structural effects
of the presence of more than four tracts of guanines in the sequence were investigated, using
base substitutions to suppress quadruplex formation and mimic oxidative damage. This gave
insight into the potential equilibrium between all the potential G-quadruplex topologies in this

system and how oxidative damage can influence topological changes.

This method is a starting point to examine more sophisticated nucleic-acid systems such
as G-quadruplexes. Whilst oxidative damage could not be directly visualised in the crystal
structures, the use of microcrystals combined with micro-focused X-ray beams at synchrotrons

or XFEL sources may lead to visualisation in the future.
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Chapter 1 - An Introduction to DNA
Modifications and DNA Damage: The
Subsequent Effects on DNA Structure

1.1. Introduction

Nucleic acids, deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), are some of
the most important biomacromolecules in living organisms and play a fundamental role in
storing, transferring, and encoding genetic information. Nucleic acids were first discovered in
1871 by Friedrich Miescher after he made the DNA from leucocytes (white blood cells)
precipitate and were generally accepted as genetic material in the late 1800’sl. Yet, the
popularity of this hypothesis declined in the 1920’s when nucleic acid structure started being
better understood, and proteins were seen as more diverse in type and complexity?.
Nevertheless, it was not until Griffith discovered genetic “transformation” between different
strains of the bacterium pneumococcus in 1928 and the identification of DNA as the substance
responsible for this phenomenon by Avery, MacLeod, and McCarty in 1944, that the idea

nucleic acids are genetic material was made widely popular again?.

Nowadays, the correlation between the structure of nucleic acids and their functions is
well established®®. Nucleic acids possess both stability and flexibility, two characteristics
essential for storing genetic information while still enabling evolution®’. However, many
mechanisms surrounding nucleic acids and their roles are yet to be fully understood and
particularly how nucleic acid damage and modifications takes part in both normal functioning

and breakdown®.



1.2. Native DNA structures

Nucleic acids are biopolymers made of monomeric units called nucleotides, linearly and
covalently bonded to form a larger structure. All units are constructed from three components:
a heterocyclic base containing a nitrogen, a pentose sugar and a phosphate group®°. Bases fall
into two categories: purines and pyrimidines. Purines (R) are bicyclic and consist of two fused
five and six-membered rings. The two standard forms found in both DNA and RNA are adenine
(A) and guanine (G). Pyrimidines (Y) are monocyclic and contains six atoms in the ring. The
two standard forms found in DNA are cytosine (C) and thymine (T). However, thymine is not
present in RNA and is replaces by uracil (U). Uracil differs from thymine by the absence of a

methyl group at the fifth position of its ring (Figure 1.1).

a b.
NH,
7 6 7
HO. °NNH N— \6N1
8 (/ 8
o base < | )\ < | )
s NTa N7 NH, oN"4 N7
R
30H Guanine Adenine
2-deoxy-D-ribose
NHz 0
HO. s
o base o NH
2
Q /g /g 6 N#O
30OH OH? iy
D-ribose Cytosme Thymlne Uracil

Figure 1.1: a. The two pentose sugars of nucleic acids. b. The five canonical bases of nucleic acids.
The R group on the bases represent where the base joins to the sugar ring. The nucleotides are shown with

standard numbering convention. Groups or atoms bonded to a ring atom have the same numbers.

In RNA, the pentose sugar is D-ribose forming a five-membered furanose ring while in DNA,
the pentose is 2-deoxy-D-ribose. The base is connected to the sugar via a B-glycosidic bond
between the C1 position of the ring and either the N1 or N9 of the base'’. The compact nature

of the ring and the interactions between its non-bonded atoms make it pucker out of plane and



can be described by the displacement of the carbon out of planet!. Pucker assignment is based

on the pseudo-rotation phase angle, P, defined as:

(02 +6,)— (6, + 63)

tan =

20(sin 36 + sin 72)

All possible sugar puckers along with their P values are depicted in Figure 1.2. The main two

conformations are C2'-endo and C3'-endo'?as illustrated in Figure 1.2. Finally, each nucleotide

is joined to the next at the 3'-hydroxyl group, which forms a bond with the 5’-hydroxyl group

of an adjacent nucleotide to form a phosphate diester, forming the phosphate backbone.

C2'-exo 0° C3'-endo

C1'-endo C4'-exo

288° 770

04'-exo 04'-endo

7 108°

C4'"-endo Cl'-exo

216°

C3'-exo ggo C2-endo

C3"-endo

Figure 1.2: a. A diagram of the phase angle of pseudo-rotation P. b. The two main sugar

conformations illustrated. c. Designation of the different sugar pucker torsion angles. The figures were made

using Powerpoint and Chemdraw.



1.2.1. Base-pairing

Supported by Chargaff’s work from 19502 which showed 1:1 ratios of adenine:thymine
and guanine:cytosine in DNA, and thanks to Franklin’s diffraction pattern, Watson and Crick
proposed in 1953 a double-helical structure with complementary hydrogen-bonded base-
pairs'®. These pairings became known as the Watson-Crick pairing. Two hydrogen bonds
between the adenosine and the thymine are present in a Watson-Crick A:T pair while three
hydrogens bonds are present between the cytosine and the guanine in a Watson-Crick G:C pair
(Figure 1.3).

H ' H
N

o---H” _N
T
R }/_{N—H——-N@E
A

N"“-\
. N.
e a
R© RIN«O LN‘Fe

]
T
T
I
@)
pd
)
T
T
I
1
@)
.

N \N~ - NYNH

2
I e (ﬁmwi\ﬁ@
R/

0---H-N R’N%\o LN\R

Figure 1.3: a. Watson-Crick pairing between an adenine and a thymine (top); and a guanine and a
cytosine (bottom). b. Hoogsteen base pairing between an adenine and a thymine (top); and a guanine and a

cytosine (bottom). Hydrogen bonds are shown as red dashed lines.

While these pairings are dominant, non-canonical base-pairings can also occur. In 1963,

Karl Hoogsteen discovered A:T pairs with a different geometry to Watson-Crick pairs'®. Later
in 1966, Crick published the “Wobble Hypothesis” to explain possible non-canonical base
pairings between tRNA and mRNA!®. Later, G:C pairs were also discovered to have an
alternative geometry to Watson-Crick pairs. Hydrogen donors and acceptors are available on
other edges of the different bases and can allow to form either polar hydrogen bonds (N-
H***O/N or O-H***0O/N) or non-polar hydrogen bonds (C-H***O/N). All the three different
edges where hydrogen sites are present in both pyrimidines and purines were named: the
Watson-Crick edge, the Hoogsteen edge and the sugar edge (Figure 1.4). Non-canonical base-
4



pairings like Hoogsteen base pairs are found in both DNA, as for example in triplexes!’ and
quadruplexes®®, and RNA, as in the structure of the tRNA?,

Pairings can also be described as cis or trans depending on the sugar’s orientation®
(Figure 1.4). By combining cis/trans and different edges, a dozen pairing combinations between
bases can be obtained. Base-pairing also follows rigid-body base-pair parameters that are linked

to the direction the hydrogen bonds and are summarised in Figure 1.5.

% S
OH OH 6\\%‘“ f\‘ ‘§N ______________ NWN\O
ol \

, ks

Trans orientation of the glycosidicc bond

Figure 1.4: a. The Watson—Crick, Hoogsteen and Sugar edges on a guanosine nucleotide. b. Cis vs
Trans orientation of the glycosidic bond, as illustrated with a C:G base pair (top) and T:A base pair (bottom).
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1.2.2. Secondary structure of nucleic acids

From fibre diffraction studies, two of the three most common duplex structures of DNA,
B-DNA and A-DNA, were characterised thanks to the work of Watson, Crick, Franklin, and
Gosling in the early 50’54?22, Z-DNA, the third most common duplex structure of DNA, was
characterised a couple decades later by Wang et al (Figure 1.6)?*. The B-DNA form is observed
at high humidity and commonly corresponds to the form found in physiological conditions,
though it will convert to the A-DNA form once the humidity is lowered® or at high salt
concentrations. The helix is right-handed and makes a complete turn every ten bases. Its
phosphate backbone forms two grooves, a minor groove with a width of 5.7 A and depth of 7.5
A and a major groove 11.7 A wide and 8.8 A deep?®. The A-DNA form is also right-handed,
makes a complete turn every eleven bases, with a minor groove 11.1 A wide and 2.6 A deep
and a major groove 13.0 A wide and 2.2 A deep. RNA also adopts the A form when it is in a
double-helical structure. Finally, unlike its A-DNA form and B-DNA counterpart, the Z-DNA
helix is left-handed. This contains a high number of CG repeats and is very different to the other
two forms. All three duplexes are represented in Figure 1.6. All parameters are summarised in
Table 1.139%,



Figure 1.6: Views of the three conformations of double helices DNA (top) along with the view from

the top (bottom). Backbone chain is in light grey. Nucleotides are coloured following convention, guanine bases

in green, adenine bases in red and thymine bases in blue. The structures shown are taken from entries 117D%
(A-DNA), 1BNAZ (B-DNA) and 3P4J% (Z-DNA) in the Protein Data Bank®® (PDB).

Table 1.1: Average parameters of all three types of duplex structures from X-ray analysis®%2,

Helix sense

Residues per turn

Twist per bp
Displacement bp (A/A)
Rise per bp/A

Base tilt (°)

Sugar pucker

Groove width (minor) (A)
Groove depth (minor) (A)
Groove width (major) (A)
Groove depth (major) (A)

A-DNA B-DNA
Right-handed  Right-handed
11 10
327 36
45 -0.2t0-1.8
2.56 3.3-34
20 -6
C3'-endo C2'-endo

11.1 5.7

2.6 7.5
13.0 11.7
2.2 8.8

Z-DNA
Left-handed
12
-9, -51
-2t0-3
3.7
-7
C3’-endo (syn)
2.0
8.8
3.7
13.8



1.2.3. Higher-order structure of nucleic acids

Even though double-stranded structures are considered to be the most common
structural form of DNA, it has long been recognised that DNA and RNA can also form other
structures including triple-stranded helices'”3!, hairpin loops®*®, junctions®**® and four-
stranded quadruplexes'®®. Some of these structures have been widely studied for their effect
on genetic instability3*® and link to biological processes such as DNA repair and some
neurodegenerative diseases such as Alzheimer's disease or Parkinson's disease®®. G-rich
sequences can form four-stranded quadruplexes known as G-quadruplexes®® and their

counterpart, C-rich sequences, can also form four-stranded structures known as i-motifs*°,

Found in the telomeric and gene promoter regions of the genome, G-quadruplexes form
from sequences containing four tracts of three to four guanines*. The cyclic arrangements
between the four guanines are stabilised by Hoogsteen interactions, which are themselves
stacked on top of each other to form the four-stranded quadruplex. This formation is stabilised
by the presence of sodium and/or potassium cations in the channel, as can be seen in Figure 1.7.
G-quadruplexes can be either unimolecular, bimolecular or tetramolecular, depending on the
number of strands involved in their formation. Quadruplex topologies are classified in three
different sub-groups: parallel, antiparallel and hybrid. Bases not directly involved in the base
G-tetrads are part of the ‘loop’ region, linking consecutive G-tracts, and are categorised in three

types: propeller, lateral, and diagonal?.



parallel
quadruplex

antiparallel
quadruplex

Figure 1.7: Crystal structure of the human telomeric G-quadruplex (PDB ID: 1KF1*%). The backbone
chain is in light grey. Nucleotides are coloured following convention, guanine bases in green, adenine bases in
red and thymine bases in blue. The purple spheres in the channel are potassium cations which stabilise the
structure. a. Schematic showing how a G-quadruplex is stabilized by Hoogsteen hydrogen bonding with a
potassium cation in the channel. b. Some topologies of intramolecular quadruplexes that have been reported.

Characterised in vitro in 1993 with the DNA sequence d(TCCCCC), i-motifs have been
identified to form four-stranded quadruplexes under acidic conditions*. For quite some time,
this led to a discourse between researchers regarding its biological relevance in vivo. Since then,
studies have shown that i-motifs can form at physiological pH, under the condition of molecular
crowding. More recently, a study published in 2018 has demonstrated that i-motif structures
can form within the nuclei of human cells, finally showing that this structure can exist in a

biological environment*,

Unlike G-quadruplexes, i-motifs are parallel-stranded duplexes held together through
intercalated base pairs®. This leads to a structure containing two major grooves and two minor
grooves and due to its spatial arrangement, two types of topologies have been identified, 3'E
and 5'E (Figure 1.8)*. Intra- and intermolecular i-motifs have also been reported, and similarly

to G-quadruplexes, tetramolecular and bimolecular i-motifs have also been identified.
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Figure 1.8: Crystal structure of a four-stranded i-motif (PDB ID: 1CN0%). The backbone chain is in
white. Nucleotides are coloured following convention, cytosine bases in yellow, adenine bases in red and
thymine bases in blue. a. Cytosine-cytosine pair stabilized by Watson-Crick hydrogen bonding, here
represented by red dashed lines. b. Two topologies of intramolecular i-motifs that have been reported.

1.3. Overview of nucleic acid base modifications and their
structural consequences

In the normal cellular environment, nucleotides can be chemically modified, which will
cause either epigenetic modification*’, affecting gene expression without altering the sequence,
or DNA lesions, by damaging DNA which will result in changes in the coding properties if not
repaired*®49, Either way, DNA is subject to modifications on a molecular level which will
impact its functionality. In the last decades, biologists have been studying biological processes
and chemical reactions that have been leading to nucleotides modifications under physiological

conditions, towards a comprehensive understanding of their effects in health and disease®.

1.3.1. Epigenetic modifications

The term “epigenetic”, meaning “on top of changes in genetic sequence”, is a term first
introduced by Conrad Waddington in the early 40°s°+°2. And although epigenetic modifications
can be categorised into three groups: DNA methylation, histone modifications and nucleosome

positioning®, in this work, only the first group will be presented. Methylation of cytosine at the

11



fifth carbon by enzymes has been identified as the most common modification in DNA linked
to epigenetics, so much that 5-methylcytosine (5mC) has been dubbed the “fifth base” of
DNA>3. As much as 5 % of cytosines has been detected to be methylated in the human brain®*,
and as high as 80 % of CpG dinucleotides and CpG islands present in the whole genome have
been shown to be methylated®>>". Other DNA modifications such as 5-hydroxymethylcytosine
(5hmC), 5-formylcytosine (5fC), 5-carboxycytosine (5caC), which were discovered in the
human genome late 2000s, early 2010s°%°°, or 6-methyladenine (6mA), 6-
hydroxymethyladenine (6hmA) or 6-formyladenine (6fA) have also been shown to be present
in DNA in smaller quantity*’%61, Regulation of genes via methylation is a dynamic process

which involves active and passive modifications; however, all mechanisms are not well known.

Methylation of DNA in mammals is catalysed by a family of enzymes called DNA
methyltransferases (DNMT). They have been shown to catalyse three different chemical
reactions: methylation of the sixth position of adenines, methylation of the fourth position of
cytosines and methylation of the fifth position in cytosines®?®*, thus forming three different
groups of DNMT. The demethylation pathway that has been the most studied involves 5-
methylcytosine and its oxidation products. Demethylation of DNA is actively promoted by ten-
eleven translocation (TET) enzymes. The TET enzymes catalyse hydroxylation of 5mC to
5hmC, base which can then be further oxidised to 5caC and 5fC®°. The thymine-DNA
glycosylase (TDG) was reported to be able to remove 5fC and 5caC efficiently, excising them
and initiating the base excision repair (BER) pathway, which replaces the abasic site with an
unmodified cytosine® (Figure 1.9). During the demethylation process, TET enzymes have also
been shown recently to be able to be recruited by other enzymes and one of these enzymes, the
oxoguanine glycosylase (OGG1), can initiate the demethylation pathway in the presence of
5mCp-8-OHAG dinucleotide®. The presence of 6mA in eukaryotic cells however has been
controversial as it was believed it only had an important role in bacteria, up until recently when
it was discovered in small eukaryotic organisms®”®8. The methylation/demethylation pathway
of 6mA is believed to be similar to 5mC, with the demethylation initiated by enzymes from the
AIKB protein family®® (Figure 1.10).
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Figure 1.9: The cytosine methylation/demethylation pathway. Cytosine (C) modifications to 5-
methylcytosine (5mC) and 5-hydroxymethylcytosine (5ShmC) are mediated by the DNA methyltransferase
(DNMT) and ten-eleven translocation (TET) enzymes (purple). The oxidation products 5-formylcytosine (5fC)
and 5-carboxylcytosine (5caC) are then recognised by the thymine-DNA glycosylase (TDG) and excised, to be
replaced by unmodified cytosines through the base excision repair (BER) pathway. Modifications are
highlighted in red.
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Figure 1.10: The adenine methylation/demethylation pathway in prokaryotes. Modifications are

mediated by the DNA methyltransferase (DNMT) and AIKB enzymes (purple). Demethylation to adenine is

initiated by AIkB after recognition of 6-hydroxymethyladenine and 6-formyladenine. Modifications are
highlighted in red.
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1.3.2. Damage of nucleic acid bases

Alkylated DNA lesions can originate from exogenous sources (chemical agents like
nitrogen mustards’® and chloroethylating agents as anticancer drugs’®, or other sources like
tobacco smoke’? and fuel combustion) or from endogenous metabolites (from gut bacteria
activity’ or from lipid peroxidation”). Nitrogen and oxygen atoms are mostly targeted by
alkylating agents in nucleic acids because of their nucleophilic nature and high negative
electrostatic potential’®, although differences in reactivity depends on the position and whether
the nucleic acid is paired or not. However, N-methyl adducts still comprise the majority of
alkylation products. Some of the most studied methylating agents like N-methyl-N-nitrosourea
(MNU) and N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) react with a SN1 type mechanism,
while methyl methane sulfonate (MMS) and dimethyl sulfate (DMS) react with a SN2 type

mechanism.

Among all the lesions that have been identified caused by common methylating agents,
the most abundant alkylation product in double stranded DNA was found to be N7-
methylguanine (7mG), with for example 67 % and 82 % of the total lesions caused by MNNG
and MMS respectively’’. N3-methyladenine (3mA) has also been determined to be the second
most abundant lesions, accounting for around 11-12 % of total lesions. MNNG and MMS also
produce 7 % and 0.3 % O6-methylguanine (6mG) respectively. Other products include N1-
methyladenine (1mA), N7-methyladenine (7mA), N1-methylguanine (1ImG), N3-guanine
(3mG), N3-cytosine (3mC), O2-cytosine (2mQO), N3-thymine (3mT), O2-thymine (2mT), and
O4-thymine (4mT) and accounted for less than 5 %’’. The possible sites of alkylation in DNA

bases have been illustrated in Figure 1.11.
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Figure 1.11: Possible sites of alkylation of DNA bases.
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Oxidative stress, which is the imbalance between reactive oxygen species (ROS) and
antioxidant agents’®, often leads to oxidation of DNA. It has been implicated in many diseases
(neurodegenerative conditions’, cardiovascular disorders®, cancers®, lung diseases®) and has
been widely investigated. Reactive oxygen species can originate from exogenous (cigarette
smoke®?, pollutant®®, UV light®4, ionizing agents®®) or endogenous (side products of
mitochondrial function® or during enzyme reactions) species. Different chemical processes are
involved with both sources to form diverse free radicals. For instance, hydroxyl radicals (HO),
which are highly reactive and have been shown to react with organic molecules, can be
produced through a variety of different paths. For example, the Fenton reaction is a key pathway
which generates hydroxyl radicals by reaction between transition metals and hydrogen
peroxide®’8. This pathway is of great importance in Alzheimer’s disease as failed regulation
of iron leads to abnormal levels of the metal in patients®. Formation of hydroxyl radicals can
also be generated via the Haber-Weiss reaction between hydrogen peroxide and superoxide®
(O2-+). Additionally, peroxynitrite decomposition®® and X-ray radiolysis of water®® are other
ways of producing hydroxyl radicals. Other radicals such as alkylperoxyl radicals from lipids
or amino acids®® and superoxide radicals generated by oxidases® were also reported to damage
the DNA.

DNA oxidation can occur in different positions on the DNA strands and result in altered
nucleosides. Resulting modifications of nucleosides have been described in the literature,
especially those which occur to guanine due to its low oxidation potential® making it the most

susceptible to modification. Three major positions have been shown to be targeted and reported
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to be on the C4, C5 and C8 positions of the purine. One of the major products of guanine
oxidation in the C8 position is 8-0xo0-7,8-dihydroguanine, also known as oxoguanine (0x0G),
and this has been used as a biomarker of oxidative stress in vivo®® (Figure 1.12). This product
has been reported to lead to the hydantoin lesions spiroiminodihydantoin (dSp) and
guanidinohydantoin (dGh) by reaction on the C5 position. Recently 5-carboxamido-5-
formamido-2-imino-hydantoin (d21h), a C5 position product, has been reported in yield similar
to oxoG after DNA oxidation via Fenton-like reaction. C5 position products such as imidazole
and oxazolone were also described. Additionally, chemical modifications of adenine were
reported to those of guanine though less frequent due to a higher redox potential®” and include
8-oxoadenine (8-oxoA) and 2-oxoadenine (2-oxoA). Modifications to cytosine and thymine
have also been reported. For example, the oxidation products have also been shown to be a
product of Fenton chemistry®®. Addition on the 5,6 double bond of cytosine by ROS can occur,
though with a preference for C5, leading to the 5-hydroxycytosine (5hC), 5-hydroxyuracil
(5hU), 5,6-dihydroxy-5,6-dihydrouracil (Ura-Gly), 5-hydroxyhydantoin (Hyd-Ura) and 1-
carbamoyl-4,5-dihydroxy-2-oxoimidazolidine (Imid-Cyt) products®*1%. Relative yields of
each product were described as different while exposed to ionizing radiation and Fenton-like
reagents although both methods produce hydroxyl radicals. It was also reported that thymine
oxidation could occur and that this was less prevalent than cytosine oxidation. 5,6-dihydroxy-
5,6-dihydrothymine (Thy-Gly), 5-hydroxymethyl-uracil (5hmU), 5-hydroxy-5-
methylhydantoin (Hyd-Thy), and 5-formyluracil (5fU) have been described as common
products with similar yields to cytosine oxidation products'®?. Other oxidation products include
5-hydroxy-6-hydrothymine  (5-OH-mThy),  5,6-dihydrothymine  (5-dihydroT), 5,6-
dihydroxycytosine (Cyt-Gly), 5-hydroxy-6-hydrocytosine (5-OHCyt), 5,6-dihydrouracil (H-

Ura), alloxan and oxazolone.
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Figure 1.12: Structure diversity of some of the most common damaged bases found in nucleic acids.
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1.4. Structural consequences of base modifications

Base modifications can influence the global structure and mechanical properties of the
DNA double helix and even higher order-structure in many ways'%1%, The presence of new
chemical groups for example, which can cause the loss of hydrogen bonds between base pairs

105 Other effects on the structure can as

or form new ones, can generate possible mispairings
well include changes in the H-bonding patterns of the major groove, modifications of the base

pair stacking, changes in the hydration sphere'®1%7 or insertion of steric hindrance!®,

Two techniques which are commonly used to determine nucleic acid structures are X-
ray diffraction and nuclear magnetic resonance (NMR) and structures obtained from these
techniques are deposited in the Protein Data Bank (PDB). The first reported structure in the
PDB that contains a modified base was published in 1982 and contained d(CGCGCG), with all
cytosines replaced with the epigenetic marker 5-methylcytosine!®. The structure was later
released in 2011 in the PDB. Since then, dozens of structures which investigate the effects of
modified bases have been published. Epigenetic markers, for example, have been widely
investigated, especially 5-methylcytosine. A total of 51 published structures including one or
more 5-methylcytosines have been reported between 1991 and 2021, with 21 more structures
containing other epigenetic modifications such as 5-hydroxymethylcytosine or 5-
formylcytosine which have also been reported during that time. As for damaged bases, 8-
oxoguanine is the most investigated one with a total of 22 published structures reported in the
PDB, while a few other damaged bases presented earlier amount for a total of 13 published
structures reported. All the structures containing modified bases reported in this work are
summarised in Table 1.2, Table 1.3, Table 1.4, and Table 1.5. No structures of protein-nucleic
acid complexes have been included.

1.4.1. Effects of epigenetic modifications on the overall structure

As mentioned in the previous paragraph, the oldest structure reported in the PDB in
1982 is the hexamer d(CGCGCG) where all cytosines were replaced by 5-methylcytosines'®.
Minor changes in the twist angle between successive base pairs and alteration of some of the

interatomic contacts which can be explained by the added hydrophobic contacts of the methyl
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groups were reported, although the Z-DNA helix remained similar to the unmethylated
d(CGCGCQG) structure. Another Z-DNA structure, d((5mC)GTA(5mC)G), this time containing
AT base pairs, was reported with similar variations to d((5mC)G(5mC)G(5mC)G)*®. Later, the
same sequence with a demethylated thymine was used to investigate stability of Z-DNA, and
the presence of a methyl group at the fifth position of the pyrimidine was found to have a

destabilising effect!!°.

Sequences containing only CpG step, or permutations, were studied extensively during
the 90s. While a few, as previously seen, formed Z-DNA, many others formed A-DNA
structures and this was explained by methylated cytosines stabilising Z-DNA and A-DNA
structures over B-DNA. For example, a study published in 1995 showed structures of
alternating and non-alternating dG-dC hexanucleotides containing one or multiple methylated
cytosines which crystallised as typical A-DNA!!, Another study published in 1997 did the
same but with decamers this time and methylation of cytosines showed typical A-DNA
structures*?. Finally, another paper published in 1998 pointed out the different hydration sphere
between an unmethylated decamer forming A-DNA and a methylated one, but still no major

changes compared to a typical A-DNA structure!®”.

During the same decade, only two structures reported were B-DNA structures, the
decamer d(CCAGGC(5mC)TGG) published in 1992 and the dodecamer
d(ACCGC(5mC)GGCGCC)-d(GGCGC(5mC)GGCGQG) published in 1997. Both reported that
the methylated cytosines did not interfere with helical parameters but changed the base pair
locally as well as the hydration sphere!?”113, |t was not until 2013 that another paper containing
a B-DNA structure was published, this time studying the effect of methylated cytosines in the
Dickerson-Drew dodecamer (DDD) sequence d(CGCGAATTCGCG),
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Table 1.2: Summary of all structures containing the base 5-methylcytosine that have been published on the
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Hybrid structures formed by the presence of 5-methylcytosine have also been reported.
For example, a paper describing a right-handed Z-DNA helix embedded in a B-DNA matrix
was published in 2000, A year later, a study investigated the transition from a B-DNA to a
A-DNA structure using methylated and unmethylated and brominated CpG sequences'®®.
Holliday junctions were also reported three times in 2002, 2004 and 2016 and the presence of
the methyl group significantly affects the local structure and disrupts hydrogen bonding at the
junction!6118121 "Raecently, the effect of adding oxidised bases to methylated sequences has
also been considered for structural studies of CpG sequences. Oxidation was reported to
increase base pair breathing, to induce transitions in the backbone 3’ to the oxoG and to reduce
variability of shift and tilt helical parameters which was suggested to modify interactions with
enzymes specifically recognizing methylated CpG dinucleotides!??,

In the 2010s, the revived interest in 5-hydroxymethylcytosine led teams to crystallise
sequences that included this base to see its effect on the overall structure. At the time, it was
proposed that while 5-methylcytosine stabilised the duplex, 5-hydroxymethylcytosine reversed
this stabilisation to give a structure very similar to the unmodified form?34, Crystallisation of
the DDD at different positions of the strand with 5-methylcytosine and 5-
hydroxymethylcytosine in 2013 showed no influence on the structure, as well as no change in
the overall thermodynamics, thus the authors concluded that the 5 position of cytosine is an
ideal place to encode epigenetic information®'4. In the following year, the structure of the same
sequence with the same 5-hydroxymethylcytosine modification was solved at higher
resolution!®**®, The same conclusion was reached, 5-hydroxymethylcytosine has little effect
on the global and local geometry of the duplex. 5-hydroxymethylcytosine was then incorporated
into a Holliday junction forming sequence to investigate its impact on the stability considering
the modified base’s role in promoting recombination. The authors concluded that there was a
minimal effect on the overall thermodynamic stability of the junction, with a junction core even

more accessible than in the 5-methylcytosine modified structure'?* (Figure 1.13).
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Table 1.3: Summary of all structures containing the base 5-hydroxymethylcytosine (top) and 5-
formylcytosine (bottom) that have been published on the PDB.

Damaged base | ppB entry Technique  Resolution (A) Structure type Reference
5hmC 4GLC X-ray 1.83 B-DNA S
4GLH X-ray 1.66 B-DNA 114
4HLI X-ray 1.99 B-DNA S
4C5X X-ray 1.30 B-DNA 19
419V X-ray 1.02 B-DNA 86
5DsB X-ray 1.50 Holliday Junction .
6JV3 X-ray 2.85 Holliday Junction ®
5fC 4QKK X-ray 1.40 A-DNA 136
4QC7 X-ray 1.90 B-DNA &3
SHN2 X-ray 1.50 RNA 187
SHNQ X-ray 2.40 RNA &y
SHNJ X-ray 1.24 RNA 187
5MVU X-ray 2.30 A-DNA L8
5ZAS X-ray 1.56 A-DNA 65

Table 1.4: Summary of all structures containing the base 5-carboxylcytosine (top) and 6-
methyladenine (bottom) that have been published in the PDB.

Damaged base | ppp entry Technique Resolution (A) Structure type Reference
5caC 4PWM X-ray 1.95 B-DNA =0
5ZAT X-ray 1.06 B-DNA 65
6mA 4DNB X-ray 2.00 B-DNA =Y
1DA3 X-ray 2.00 B-DNA 140
10Q2 NMR B-DNA i
1UAB NMR B-DNA 141
2KAL NMR B-DNA 42

5-Formylcytosine also had its effects on the structural stability of DNA investigated.
The first crystallographic structure was published in 2015 and the authors claimed that this base
was the first to significantly change the B-DNA, naming this unusual structure F-DNA?®,
However, these findings were challenged a few years later when a group of researchers
concluded using NMR and X-ray crystallography that it, in fact, did not change the global
structure of the DNA3®, Furthermore, in 2015, another team also crystallised the DDD that
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included 5fC, not reporting any unusual structure*® (Figure 1.13). In 2019 however, a structure
containing 5fC was reported and the authors concluded that its incorporation in the sequence
induced the geometry alteration of the DNA minor groove, alteration that could be recognised
distinctively by the enzyme thymine DNA glycosylase®®. The same conclusion was reached for
5-carboxylcytosine, which is the least reported 5-methylcytosine oxidation product on the PDB
among the four bases which have been characterised in the methylation-demethylation pathway
(Figure 1.13).

In contrast, only a few DNA structures containing 6-methyladenine have been reported
on the PDB, compared to the number of structures which involve cytosine-modified bases. First
thought to be mainly present in prokaryotic species after being discovered in E. coli!*, the
structural studies done at the time were to understand the effects of the methylation as it
prevented the cleavage of DNA by restriction endonucleases. The first result showed no
alteration that could explain how the restriction enzyme EcoRI recognises the modification°.
It is the specific recognition of the hemimethylated GATC site by the SegA protein that led
researchers to look at the structure and dynamics of hemimethylated sequences. The authors
reported that even though the helix was still not altered significantly, NMR data showed the
local site to slowly interconvert between trans and cis'*. Furthermore, the team described a
narrow major groove, form that could induce a specific recognition of the site by the SeqA
protein. A second team reported similar results with an hemimethylated duplex containing a
unique groove structure similar to the one reported previously and observed its disappearance
in fully methylated duplexes!#?. No structure including this modification has been reported in
the PDB since 2008, but recent reports of 6-methyladenine in eukaryotic organisms, especially
in neuronal tissues and during early embryo development could rekindle interest in DNA

structures post-methylation.
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DDD-5hmC

DDD-5caC

Figure 1.13: Close-up of the of the crystal structures of the Dickerson-Drew dodecamers with
different bases from the methylation-demethylation pathway. The backbone chain is in grey. Nucleotides are
coloured following convention, guanine bases in green, adenine bases in red and thymine bases in blue. The
modified nucleotides are coloured as follow: 5-methylcytosine in purple, 5-hydroxylmethylcytosine in black,
5-formylcytosine in pink and 5-carboxylcytosine in orange. Only local parameters have been modified by the
presence of modified bases. The structures shown are taken from entry 7BNA#4 (DDD), 4GLG!* (DDD-5C),
419V*%® (DDD-5hmC), 4QC7%® (DDD-5fC) and 4PWM? (DDD-5caC) from the Protein Data Bank® (PDB).

1.4.2. Effects of damaged bases on the overall structure of nucleic acids

Alongside structures including epigenetic bases to investigate their effects on overall
and local nucleic acid structures, effects of lesions have also been examined and reported on
the PDB. The guanine oxidation product 8-oxoguanine, oxoG, is the most commonly used
oxidative stress biomarker and its impact on DNA conformation has been studied since the mid-
90’s.
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To prevent transversions from one base to another during replication, repair enzymes
are dedicated to correct mispairing. The MutM protein found in E. coli for example will remove

the oxoG lesions from the strand in 0xoG:C base pairs'*®

. Of course, recognition of damage by
the repair enzyme is important and crystallisation of a duplex containing that base pair gave
insight to a unique pattern of hydrogen donors and acceptors within the major groove which
could explain how MutM can recognize it. The duplex conformation did not sustain any major
change otherwise!#®. Similarly, repair enzymes found in human cells that remove oxoG were
also found to remove the damaged base from oxoG:C, oxoG:T and oxoG:G base pairs, but
weren’t as efficient at removing them in 0xoG:A base pairs'#’. Structural data showed that the
0X0G:A base pair was structurally similar to a A:T base pair, rendering them nearly
indistinguishable from one another'#’ (Figure 1.14). Another similar study also investigated the
structural effect of oxoG when paired with another guanine and concluded that the oxoG:G base
pair formed a Hoogsteen base-pair, but the duplex remained structurally similar to the one that
is undamaged*®. Subsequently, the interest shifted to the effects of abasic sites close to 0xoG
that could prevent the oxoG base excision by the Fpg protein. However, structural information
only couldn’t explain why these damage sites could be recognized by the enzyme*®®
Similarly, another team inserted an oxoG into the Dickerson-Drew dodecamer (DDD) to gain
insight as to why the EcoRI restriction enzyme’s activity was decreased in the presence of this
base, as the DDD contains the enzyme’s recognition site, GAATTC. The authors observed
substantial alterations in the sugar-phosphate backbone conformation and correlated the

enzymatic disruption with the DNA backbone shift>?,

The effects of oxoguanine bases on higher-order structures such as G-quadruplexes has also
been investigated in the past decade!®. This comes from the suggestion that G-rich tracts act as
oxidative sinkholes, protecting the rest of the genome®2. OxoG is believed to be detrimental to
this DNA structure as the loss of hydrogen bonds can destabilise the whole structure. A first
study on the human telomere sequence (hTel) showed that oxoG substitutions caused either
minor structural adjustment or major conformational shift!®*, However, when the same team
looked at a quadruplex forming sequence present upstream to the P1 promoter of the BCL2
gene and substituted some of the guanines by oxoG, they discovered that the damaged base had
a stabilising effect on the overall structure. A potential novel regulatory role of oxidative stress

in general was suggested as a conclusion®®3, Finally, another G quadruplex structure containing
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oxoG was also published, this time paired with another damaged base, Xxanthine.

Reestablishment of the hydrogen bond between complimentary bases was observed while each
154

damaged base on its own destabilised the whole structure

Figure 1.14: Close-up of the of the crystal structures of a dodecamer with an A:0xoG base pair.
Nucleotides are coloured following convention, guanine bases in green, adenine bases in red and thymine bases
in blue. The 8-oxoguanine base is in purple. Only local parameters have been modified by the presence of

modified bases. The structure shown is taken from entry 178D from the Protein Data Bank*® (PDB).

Structures that include other damaged bases than oxoG have also been reported.
Oxoadenine has been studied similarly to oxoG with two structures including the oxoA:G and
0x0A:T base pairs which induced local changes in the duplex*>>*¢. Furthermore, the lesion 8-
methylguanine has been incorporated in a Z-DNA forming sequence and a similar stabilisation
to 5-methylcytosine has been observed™’. Finally, the effects of the 6-carboxymethylguanine
alkylation damage have also been described on two separate occasions in 2013 and 2014, both
considering the presence of this damage in colorectal DNA which could be linked to colorectal

cancer®8159,
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Table 1.5: Summary of all structures containing the base 8-oxoguanine that have been published on
the PDB.

Damaged base | PDB entry Technique Resolution (&)  Structure type  Reference

oxoG 178D X-ray 2.50 B-DNA W
183D X-ray 1.60 B-DNA 146
IN2W NMR B-DNA g
2M40 NMR B-DNA 150
2M44 NMR B-DNA L0
2M43 NMR B-DNA 150
2M3P NMR B-DNA 150
2M3Y NMR B-DNA 150
2MWZ NMR G-Quad L8
51V1 NMR B-DNA 151
51ZP NMR B-DNA il
5HQQ NMR B-DNA 149
5HQF NMR B-DNA e
5UZz2 NMR B-DNA 122
5UZ3 NMR B-DNA 22
5UZ1 NMR B-DNA 122
5TRN NMR B-DNA 22
6ALS NMR B-DNA 122
6ALU NMR B-DNA L2
61A0 NMR G-Quad 104
61A4 NMR G-Quad L8
6ZX6 NMR G-Quad 158

Table 1.6: Summary of all structures containing the bases 8-oxoadenine, 8-methylguanine and 6-
carboxylmethylguanine that have been published on the PDB.

Damaged base | ppp entry  Technique Resolution (A) Structure type Reference
OX0A 1D75 X-ray 2.80 B-DNA oo
1FJB NMR B-DNA 156
8mG 1TNE NMR Z-DNA A/
6CaG 4130 X-ray 1.54 B-DNA 158
41TD X-ray 1.94 B-DNA L8
405W X-ray 1.60 B-DNA 159
405X X-ray 1.60 B-DNA 159
405Y X-ray 1.75 B-DNA 159
4052 X-ray 1.75 B-DNA LY
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1.5. Incorporation of transition metals into nucleic acid
structures: how the identification of transition metal centres
can help identify potential damage centres

The reaction between transition metals, especially copper and iron, and hydrogen peroxide,
or Fenton reaction, is an important factor contributing to nucleic acids damage in vitro and in
vivol®-182 Fyrthermore, since transition metals bind to nucleic acids through the phosphate
backbone and endocyclic atoms e.g. at the N7 atoms of purine bases'®, it is possible hydroxyl
radicals HOe, a short-lived oxygen species produced by the Fenton reaction, reacts at diffusion
rates with nearby bases!®?. In summary, transition-metals’ binding preferences with nucleic
acids could be correlated to damage centres. This observation highlights how nucleic acid
structures containing transition-metal binding sites are essential, particularly to understand

where damage might happen in the overall structure at an atomic scale.

Many nucleic acid structures containing free transition-metal ions have been reported in the
PDB in the past decades. Some of the most represented transition metals include Mn2*, Zn?*
and Co?* with 61, 34 and 31 published structures respectively. On the contrary, other transition
metals such as Ni* and Cu?* are underrepresented with only 7 and 9 structures published
respectively. In the interest of focusing on nucleic acids - transition metal interactions, no

structures containing proteins have been included.

Few nucleic acid structures reported in the PDB contain nickel (11) ions, but the few that
do give an insight in how divalent transition metals interact with nucleic acids. As expected, in
the majority of the structures reported, Ni?* ions would bind preferentially to the N7 position
of guanines!®-1% However, it is worth noting that phosphate-Ni?*-guanine!®® and guanine-
Ni%*-neighbour duplex!®*%® bridges are common occurrences in reported X-ray structures due

to crystal packing (Figure 1.15).
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Figure 1.15: Guanine-Ni?*-guanine bridges were reported in the crystal structure of the B-DNA
duplex (PDB ID: 1G3V) between symmetry-related duplexes. The backbone chain is in light grey.
Nucleotides are coloured following convention, guanine bases in green, adenine bases in red and thymine bases

in blue

Co?"ions and Zn?* ions also present similar proprieties when introduced in crystal systems,
with terminal bases sometimes flipping out of the way as a result}’*1"4, These can occur among
symmetry-related bases in crystal structures when the transition metal is directly present in the
crystallisation conditions, as is often the case in commercially available screens. The presence
of transition metals in screens is generally due to their practical use in X-ray crystallography.

They can be utilised as heavy atoms to solve structures with the Single and Multi-wavelength
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Anomalous Dispersion (SAD/MAD) method!"™17® a method applied to solve the structure by
calculating their position in the structure*’’ 18, However, while many of these studies do not
focus primarily on nucleic acids - transition metal interactions!’®*8 it was noted that the

182

binding can influence crystallisation®? and stabilise the structures observed*®!,

Transition-metals availability to hydrogen peroxide is as important as transition-metals
binding preferences in context with the Fenton reaction as a source of nucleic-acid damage,
especially if the presence of transition metals influence structures as observed in nucleic-acid
crystal systems. This is not necessarily a problem with proteins, and in the past, hydrogen
peroxide has been introduced to crystal systems to investigate biological processes such as
catalysis in metalloprotein containing transition metals in their active sites!8-187, However, the
presence of base — transition metal bridges in nucleic acid systems might influence availability
of the transition metal to hydrogen peroxide and prevent the reaction. Fenton-based oxidative
damage in proteins has also been investigated using crystal systems'®, a method which has

surprisingly never been applied to nucleic-acid crystal systems.

1.6. Aims

Structural studies resulting from techniques such as X-ray crystallography and NMR
are powerful tools to understand processes which rely on pattern recognition. Almost all the
studies discussed here were to identify structural changes after modifications and the effects on
enzymes recognition, as enzymes bind to the substrate through its active site, and small changes
in the groove structure at damage sites were suggested to be what is recognised by enzymes.
However, it is not known if DNA modification when damage occurs by chemical species,
occurs randomly on the DNA strand, or if there could be hotspots where modifications would
ensue. For this reason, the aim of this project is to understand the role nucleic acid structure
plays in directing the effect of damaging chemical processes and will explore the susceptibility
of different structures to damage. Furthermore, this project will focus particularly on Fenton-
mediated nucleic acid damage, a reaction catalysed by transition metals. For this, both X-ray
crystallography and circular dichroism (CD) spectroscopy are appropriate techniques as they

allow the studying of interactions between transition metals and nucleic acid. X-ray
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crystallography and CD also offer environments compatible with the introduction of hydrogen
peroxide to study the structural effects of damage on nucleic acids in the presence of transitions
metals - i.e., crystalline environment and aqueous solution environment. Using NMR was not
considered as getting a structure with transition metals using this method can be challenging

due to the magnetic properties of some of them*®°,

As discussed earlier in the previous paragraph, transition metals have been known to
catalyse the Fenton reaction, and previous work has shown preferential binding of metal ions
to different bases. This is however unknown if catalysis occurring at these spots would damage
the closest base or if the bound transition metal would protect the base it is bound to form
damage. Crystallisation of a variety of structures with these transition metals may allow for the
identification of damage hotspots. To enable this, new methodology for inducing in-crystal

reactions needs to be developed, and crystal lifetimes in reaction mixtures be established.

Results coming from structural studies could contribute to a better understanding of how
nucleic acids can be modified and which structures are more likely to be damaged. Additionally,
with the knowledge of nucleic acid sequences, it could be possible to predict parts that are
potential sensitive spots in longer strands. Furthermore, studying transition metals involved in
oxidative damage and oxidative stress may lead to a better understanding of what could occur
to nucleic acids during the breakdown of metalloregulation processes in neurodegenerative

diseases such as Alzheimer’s.
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Specific aims of this work are to:

1. Show which method is required to obtain ordered metal sites in crystals

with minimum structural perturbation.
The addition of transition metal ions to crystal systems containing biomolecules
can generally be achieved in two ways: Crystallisation from a solution
containing both the metal ion and the biomolecules, a method referred to as
cocrystallisation, and soaking a grown crystal with a solution containing the
metal ion of interest. The metal sites availability to reactants from the solvent
channel and little structural perturbations would be considered crucial to
investigate oxidative damage.

2. Investigate the binding preferences of transition metals capable of
catalysing the Fenton reaction
Copper and iron have been previously investigated for their ability to damage
DNA by reacting with hydrogen peroxide, but little is known about the preferred
binding sites of these two transition metals.

3. Investigate the effects of soaking a crystal containing ordered metal centres
in hydrogen peroxide
Previous studies have described protein crystal systems which were soaked in
hydrogen peroxide, but this has never been attempted with a DNA crystal.
Soaking a DNA crystal in hydrogen peroxide could help shed light on to where
DNA damage occur.

4. Show the sensitivity of specific structures to oxidative damage
G-quadruplexes are particularly sensitive to oxidative damage and circular
dichroism can be used to monitor changes in G-quadruplexes topologies, as one
of the consequences of guanine oxidation is the protonation at the N7 position
of guanines, a modification which can prevent Hoogsteen pairings between the
oxidised guanine and the other guanines in the tetrad and destabilise the whole

structure
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Chapter 2 - Co-crystallization vs Soaking - a
Comparison of Methodologies for Obtaining
Ordered Metal Sites in Crystals with
Minimum Structural Perturbation

2.1. Introduction

Metal ions are necessary for many biological processes®. 30 to 40 % of proteins need at
least one metal ion to perform their functions?, whilst for nucleic acids, metal ions were
determined to assist structural stability® and mediate nucleic acid-protein interactions®.
Generally, alkali and alkaline-earth metals, mostly Na*, K*, Mg?*, or Ca?*, have been shown to
influence both nucleic acids®’ and proteins® structures. Transitions metals, such as Co?*, Cu?*,
Fe**, Zn** or Mn?*, however, were shown to both influence structures® and have catalytic
roles'®!!, Consequently, structural methods have been the preferred approaches to obtain
critical information and details on macromolecules-metal interactions and gain insight on the
role of metal ions in cellular environments. One of these methods, X-ray crystallography,
accounts for ~85 % of all published atomic coordinates deposited in the Protein Data Base?
(PDB). As such, metal binding sites have been frequently reported in biological
macromolecular structures deposited in the database, and as of May 2022, out of the ~150,000

structures listed on metalPDB3, 38 % were metal-bound.

Transition metals have also been used in X-ray crystallography for their usefulness in
solving the “phase problem” originating from the very nature of a diffraction experiment: how
can the electron density map be calculated if only intensities are collected, and the phases are
lost!#? The electron density at a (X, Yy, z) position in the real space can be calculated by using
the Fourier transform (Scheme 2.1.(1)) and by summing up all the contributions to the (x, y, z)
position of a wave scattered from a plan (hkl). The structure factors Fy; can be described by
both its amplitude |Fy,;|, which is the square root of the intensity I, of all electrons in the

(hkl) plane, and its associated phase ay; (2) to give equation (3)*°.
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Scheme 2.1: Electron density and structure factors equations calculated using the

Fourier transform

Phases cannot be calculated on the basis of intensity information alone and the only way
to retrieve the missing phases would be by having hold of the electron density map already,
which is not available®. However, with ~200,000 structures in the PDB available, and with
prior knowledge of the investigated structure, a starting model can be used to calculate an initial
set of phases, provided that this model has a low Root Mean Square Deviation (RMSD) of
atomic positions with the unsolved structure, a method called Molecular Replacement®®. The
majority of X-ray crystal structures are solved using this technique. However, if this method
fails, other methods have been developed and make use of heavy atoms to find initial phases.
The process of incorporating these heavy atoms to a native crystal is called derivatisation, and
many novel structures are solved thereafter using either Single and Multiple Isomorphous
Replacement (SIR/MIR)Y” or Single and Multi-wavelength Anomalous Dispersion
(SAD/MAD)*1° SIR and MIR require both a native crystal and a derivative crystal to obtain
an estimate of the heavy atom structure factor and determine the heavy atoms’ positions using
either the direct method or the Patterson function to get approximate phases. SAD and MAD,
however, do not require a native system and only the knowledge of the correct wavelength, at
which an electron from the heavy atom’s inner shell can be promoted. Under these anomalous
scattering conditions, the structure factor of the heavy atom f can also be described by equation
(4), with two correction terms, the real number f” and the imaginary component /”’, which are
wavelength dependent. This results in Friedel’s Law, which states that members of a Friedel

pair Fy; and Fzz; have equal amplitudes and opposite phase, to be broken (Scheme 2.2.(5)).

@ f=f 0+ D+if"D
(5) |Fnial # |Frml

Scheme 2.2: Structure factor equation of a heavy atom and broken Friedel’s Law
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This is sufficient to obtain the heavy atom anomalous contributions, and by drawing a
Harker construction using the Argand diagram, two possible solutions for the phase of each

structure factor can be determined (Figure 2.1).

Im

b \

i, Re “ \k S

Fra

Figure 2.1: a. Separation of the fo, > and ” components of a Bijvoet pair of structure factors

presented on an Argand diagram. b. The Harker construction for the SAD method.

The addition of transition-metal ions to crystal systems containing biomolecules can

generally be achieved in two ways:

1. Crystallisation from a solution containing both the metal ion and the
biomolecules, which can be referred to as cocrystallisation

2. Soaking a grown crystal with a solution containing the metal ion of interest

Both methods have advantages and disadvantages, so it is important that an appropriate
method be chosen to match the requirements of the study and the proposed outcomes. The first
method, if successful, will likely give the thermodynamically favoured structure, however the
process of growing crystals is long, and some transition metals might not be stable at certain
pH?°, oxidise easily in aerobic environment?! or precipitate the macromolecules??. The second
method exploits the solvent channels present in both protein and nucleic acid crystals. On

average, about 50 % of the unit-cell is filled with the mother liquor, an estimate originally
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observed by Matthews?3, Yet, the distribution in solvent content is wide, ranging from 26 % to
90 %, and the size of solvent channel might not be correlated to solvent volume. Nonetheless,
metal ions can diffuse through and hopefully give ordered binding sites. This is the more
commonly applied procedure, especially in cases when cocrystallisation is not possible for the
reasons listed above. Yet, it is important to estimate both accurate concentration for the solution,
as a too high concentration can damage the crystal through osmotic shock?*, and soaking times
to fully populate the crystal, as short soaking times might lead to the centre and superficial
regions of the crystal to be populated differently?®. However, while both methods could be used,
it is important to know if there are cases where the choice of methodology could influence the
observed biological structure. If so, then it may be the case that one method is preferred over
the other and can therefore be relied on to obtain a structure which is more representative of

that in a biological environment.

Protein-ligand systems have been investigated to try and answer that question?®?7,
however, the effect of the presence of transition metals on both methods on nucleic acid
structures, and more particularly DNA structures, have not been investigated. This is of even
greater importance since metal-mediated oxidative DNA damage has been associated with
many diseases, and knowledge of where metal binding sites are could bring more insight on the
location of metal reaction centres as well as educate us on which bases are more susceptible to
damage thanks to structural information. In the long-term, this could help predict hotspots
centres for damage with prior knowledge of the sequence and the structure this sequence can
potentially form. Working with both iron and copper would be highly preferable, however, to
prevent iron from undergoing oxidation, anoxic conditions are needed, while DNA precipitates
in the presence of copper at the concentrations employed for cocrystallisation. Thus, there is a

need to use other transition metals, such as nickel and cobalt, as model systems.

The DNA sequence d(GCATGCT) has previously been reported by the Cardin group to
crystallise in a two-stranded non-classical quadruplex form?® in the presence of vanadium,
barium, and calcium (Figure 2.2) and in a four-stranded non-classical quadruplex in the

presence of cobalt and nickel.
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Figure 2.2: Biological unit of the 1IMF5?° structure, a non-classical quadruplex, with views from the
side (top) and from the top (bottom). Nucleotides are coloured following convention, guanine bases in green,
adenine bases in red and thymine bases in blue. The backbone chain is in grey. Hexamine cobalt (I11) ions are
represented as spheres.

Here, two structures of d(GCATGCT) containing bound Ni?* and Co?" ions, obtained
using the soaking method, are reported. The results, the native structure and the structures of
the same sequence grown using cocrystallisation reported in the PDB are compared to each
other to identify which method causes the less perturbation of the structure, especially when
dealing with non-canonical structures, as this could prove meaningful in the comprehension of
metal-mediated oxidative DNA damage and to develop new techniques to study these types of

reactions in a crystalline environment.
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2.2. Material and methods

2.2.1. DNA preparation

The oligonucleotide d(GCATGCT) was purchased from Eurogentec as a solid purified
by RP-HPLC. DNA concentration was determined from the value of the absorbance at A = 260
nm, using the molar extinction coefficient provided by the manufacturer. 0.5 mM solution of
the quadruplex forming sequence was annealed in a 40 mM sodium cacodylate trihydrate pH
5.7 buffer at 90°C for two minutes then allowed to cool slowly to room temperature.

2.2.2. Crystallisation and metal-soaking

Single crystals to be used for soaking with metal ions were grown at 291 K by the
sitting-drop vapor diffusion method using the protocol described by Thorpe et al®®. The drops
contained 2 pL. of 0.5 mM oligonucleotides and 2 pL of a crystallisation condition containing
2 % (v/v) 2-methyl-2,4-pentanediol (MPD), 9 mM sodium cacodylate trihydrate pH 5.5, 18 mM
hexamine cobalt (I11), 7 mM sodium chloride and 178 mM potassium chloride. The drops were
equilibrated against 500 pl of 35 % (v/v) MPD. Orange crystals grew within four months
(Figure 2.3) and were used for soaking in a drop containing 2 uL of the crystallisation conditions
and 2 pL of either 10 mM NiClz or 10 mM CoCly, for 4 hours and 3 days respectively. During
nickel-soaking, the crystals’ orange colour appeared to fade into an almost translucid blue

colour (Figure 2.3). This change was used to track the experiment.
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Before soaking After nickel-soaking

100 pM 100 pM

Figure 2.3: Crystals of the DNA sequence d(GCATGCT) before (left) and after (right) the crystals
were soaked in a drop containing 10 mM NiClz. During the soaking step, the crystals’ orange colour would

fade into an almost translucid blue colour. This change was used to monitor the experiment.

2.2.3. Data collection and processing

Single crystals of approximate dimensions 200 x 100 x 20 um were flash cooled with

liquid nitrogen after soaking.

A data set from a native crystal prior to soaking was collected to the resolution of 1.08
A at 100 K with 0.004s frames on beam line 103 at Diamond Light Source Ltd using radiation
with a wavelength of 0.8266A. 3600 frames were collected with an oscillation angle of 0.1° to
give 360° of data. The data were integrated and scaled using xia2?® with dials*®® giving 9890
unique reflections. The structure was first solved in C222; by molecular replacement using
Phaser®!. A model of the expected structure, 1MF5 from the Protein Data Bank, was selected
to use for molecular replacement, used to provide initial estimate of the phases for this data.
During molecular replacement, all possible orientations and positions of the model are tested
against the data and calculate an initial set of phases. However, to confirm that the model is
appropriate and will fit the data, the Matthews coefficient was calculated as it can indicate how
many molecules are in the asymmetric unit based on the solvent content of the crystal®>32, In
this case, two strands of the 1MF5 model were used. The model was then updated using Coot*
and refined using phenix.refine34. To confirm that the model was satisfactory and that the
observed data and the calculated data from the model were in agreement, the Rfree and the Rwork
were calculated after each round of refinement. R-factors can be made arbitrarily low by

overfitting the data during refinement. Consequently, five percent of the reflections were
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reserved for the Rsree Set and not used during refinement®. While a Rfree 0f 0 % would mean
total agreement between the model and the data and a Rree Of upwards of 40 % would suggest
the model is not a solution. In practice, the Rire is positively correlated with resolution and
should be put in context with other structures of similar resolution®. The Rfree and Rwork
observed after the final round of refinement for this model were 0.1850 of 0.1638 respectively.
The data, and final coordinates, were deposited in the Protein Data Bank with ID 80OE3. The
data collection and refinement statistics can be found in Table 2.1.

A data set from the nickel-soaked crystal was collected to the resolution of 1.19 A at
100 K with 0.004s frames on beam line 103 at Diamond Light Source Ltd using radiation with
a wavelength of 0.9763A. 3600 frames were collected with an oscillation angle of 0.1° to give
360° of data. The data were integrated and scaled using xia2%® with dials*® giving 9890 unique
reflections. The structure was first solved in P1 by molecular replacement using Phaser?® and
the structure 1MF5 from the Protein Data Bank, as MR with the IMF5 model was first
unsuccessful in C222:. Eight strands were successfully placed in the P1 model. Two of these
eight strands were then used as a suitable model to solve the structure in C222; using MR. The
model was updated using Coot® and refined using phenix.refine®* to give a final Reee 0f 0.1771
and Rwork 0f 0.1447. Five percent of reflections were reserved for the Ree Set. The data, and
final coordinates, were deposited in the Protein Data Bank with ID 8ASO. The data collection

and refinement statistics for 8ASO can be found in Table 2.1.

Data for the cobalt-soaked crystal were collected operating a XtaLAB Synergy-S
diffractometer using a PhotonJet-S X-ray source at a wavelength of 1.5406 A with a HyPix-
6000HE detector. 676 frames were collected. The data were integrated and scaled using the
CrysAlisPRO software, which uses the CCP4 suite®”*", giving 3466 unique reflections. The
structure was also solved in C222; by molecular replacement using Phaser®! and the structure
1MF5 from the Protein Data Bank. The model was updated using Coot® and refined using
phenix.refine** to give a final Reree 0f 0.2000 and Rwork 0f 0.1784. Five percent of reflections
were reserved for the Rsee Set. The data, and final coordinates, were deposited in the Protein
Data Bank with ID 8ASM. The data collection and refinement statistics for 8ASM can be found
in Table 2.1.
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2.2.4. Structural and packing analysis

All figures were created using PyMOL® unless specified otherwise. Dinucleotide step
parameters were calculated using Web 3DNA 2.0% are available in the Supplementary
Information. CCP4 maps were generated from the final mtz file, including the anomalous map
when available, using the phenix.mtz2map program. Maps were visualised in PyMOL and
displayed using the mesh function. 2mFo-DFc maps were contoured at 1c unless specified
otherwise. Anomalous maps were contoured at 3c unless specified otherwise. The surface maps
generated were visualised in PyMOL and displayed using the mesh function at level 2.0.
Packing diagrams were generated using Mercury®. Matthews’ coefficients were calculated

using the matthews_coef program found in the CCP4 suite®,

2.3. Results

2.3.1. Overall structure analysis - soaking experiment

80OE3 was obtained from a native crystal of the DNA heptamer sequence d(GCATGCT)
(Figure 2.4). The crystal diffracted to a high resolution of 1.08 A after collection on 103 at
Diamond Light Source. This structure can be directly compared to 8ASM, 8ASO and 1MF5%,

The asymmetric unit of BOE3 contains two strands for a total of 14 nucleotides, each of
which forms a loop. Each strand forms a non-canonical quadruplex with a symmetry mate
(Figure 2.4a). The nucleotides from strand A are labelled from G1 to T7 in the 5°-3” direction
and the nucleotides from strand B are labelled from G8 to T14 in the 5’-3” direction.
Nucleotides from symmetry related strands are designated with a * (Figure 2.4b). Disorder is
only observed at the C13-T14 phosphate linkage. The alternative conformations are referred to
as a and b and have occupancies of 60/40 % each. Details of the local base-pair parameters can
be found in the Supplementary Information. The internal structure has been found to be
identical to 1IMF5. Watson-Crick inter-strand bonds between oxoG1*-C6, C6*-0x0G1, C2*-
G5 and G5*-C2 form the two G/C quadruplex formations, while Hoogsteen base pairs between
A3-A3* and intra-strands bonds between G1-C6 and G5-C2 further stabilise the whole
structure. The thymine bases form single-base loops which stacks with other thymine bases of
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adjacent units. However, six hexammine cobalt residues were found in the asymmetric unit
compared to the one hexammine cobalt residue in 1IMF5 (Figure 2.4). Finally, 8OE3 was found
to be nearly identical after superimposing it on 1MF5 and a RMSD of 0.103 A was calculated.

Figure 2.4: Asymmetric unit of 80OE3. The two strands each form a non-canonical quadruplex with
a symmetry mate. Carbon, oxygen, nitrogen, and phosphate atoms are shown as green, red, blue, and orange
respectively. The symmetry mate is shown as cyan. a. Biological unit of 80OE3 with the 2mFo-DFc electron
density map is contoured at the 1.0c level (green). Carbon, oxygen, nitrogen, and phosphate atoms are shown
as green, red, blue, and orange respectively. Hexammine cobalt (I11) ions are shown as blue and pink spheres.
Water molecules are shown as small red spheres. b. Schematic view of the biological unit of 8OE3 with the
approximate positions of the hexammine cobalt (I11) ions. Inter-strands and intra-strands interactions are

shown as dashed lines.

8ASO and 8ASM were obtained after soaking d(GCATGCT) crystals in nickel (1)
chloride and cobalt (I1) chloride respectively. The asymmetric unit was found to be two strands
for a total of 14 nucleotides in both structures and the biological units form the same non-
classical quadruplex structure as 1MF5 and 8OE3. The structures pack with large solvent

channels between the biomolecules, where the metal ions were found (Figure 2.5). However,
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after calculating Matthews’ coefficient in both 8ASO and 8ASM, the large solvent channels
only accounted for 27.47 % and 26.87 % of the volume of the crystal respectively. 8ASO and
8ASM were superimposed on 8OE3 and low RMSD values (0.110 A and 0.113 A respectively)
were calculated which suggests very little variability in the overall structures between before
and after soaking. The internal structure has been found to be equal as well. The same
numbering system was kept from 8OE3. The nucleotides from strand A are labelled from Gnil
to Tni7 in the 5°-3” direction and the nucleotides from strand B are labelled from Gni8 to Tnil4
in the 5°-3” direction for 8ASO. The nucleotides from strand A are labelled from Gcol to Tco7
in the 5°-3” direction and the nucleotides from strand B are labelled from Gco8 to Tcol4 in the
5°-3” direction for 8ASM. Nucleotides from symmetry related strands are designated with a *.
Watson-Crick inter-strand bonds between G1*-C6 and G5*-C2 form the two G/C quadruplex
formations, while Hoogsteen base pairs between A3-A3* and intra-strands bonds between G1-
C6 and G5-C2 further stabilise the whole structure (Figure 2.4a). The thymine bases form
single-base loops which stacks with other thymine bases of adjacent units.
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Figure 2.5: Packing diagrams for the structures 8ASM (a) and 8ASO (b) with views down the c (left)
and b (right) axes. The quadruplexes are shown as sticks. Carbon, oxygen, nitrogen, and phosphate atoms are
shown as cyan, red, blue, and orange respectively. Solvent channels are highlighted with orange circles. Metal

ions are shown as spheres.

2.3.2. Comparison to results from cocrystallisation

Structures of the same sequence d(GCATGCT) obtained from crystals grown with
nickel (11) chloride and cobalt (1) chloride, 1R20% and 1QZLP" respectively, have been
deposited in the PDB in 2003. In both cases, the asymmetric unit consists of one strand for a
total of seven nucleotides and one metal ion. However, the different growth methods led to a
major structural difference between 8ASO/8ASM and 1R20/1QZL., which radically changes
the overall topology of the quadruplex. Unlike the two-stranded quadruplexes reported here
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which formed in the absence of any metal ions, a non-classical four-stranded quadruplex is
formed (Figure 2.6b). Like 8ASO and 8ASM, large solvent channels are present (Figure 2.6).
However, 34.58 % and 34.30 % of the cell volume in 1R20 and 1QZL respectively was
occupied by solvent. Compared to 8ASO and 8ASM, solvent volume increased by 7 %. In
1QZL, the nucleotides are labelled from Gco-cocryl 10 Tco-cocry7 in the 5°-3” direction. In
1R20,the nucleotides are labelled from Gni-cocryl t0 Tni-cocry7 in the 5°-3” direction. Nucleotides
from symmetry related strands are designated with *, © and “. Made of two G/C quadruplexes
stacked on top of each other, the internal structure is stabilised by Watson-Crick inter-strand
bonds but only G1 and C2 are implicated in the G/C quadruplex (Figure 2.6b). Furthermore,
the N7 position of the G1 bases involved in the G/C quadruplexes and the N7 position of the
G5 bases present in the loops are bridged by a metal ion (Figure 2.6b & Figure 2.7). Finally,
A3 and T4 form an internal loop and are stacked on top of the quadruplexes while C6 and T7

participate in the stacking.

@ £ T4Y ®)
A3 A3* \
[ GS@ [ Bl [ 2
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| T7* G’S. B L3 [S—— C*2
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Figure 2.6: Comparison of 8ASO/8ASM and 1R20/1QZL topologies. a. Schematic view of the
biological unit of 8BASO/8ASM with the positions of the metal ions (M). b. Schematic view of the biological unit
of 1R20/1QZL with the positions of the metal ions (M). For clarity, A3, T4, C6 and T7 were not shown. Inter-

strands interactions are shown as dashed lines.
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Figure 2.7: Packing diagrams for the structures 1R20 (a) and 1QZL (b) with views down the a (left)
and c (right) axes. The quadruplexes are shown as sticks. Carbon, oxygen, nitrogen, and phosphate atoms are
shown as cyan, red, blue, and orange respectively. Solvent channels are highlighted with orange circles. Metal

ions and water molecules are shown as spheres.

2.3.3. Transition metal coordination analysis and solvent channel availability

In 8ASO and 8ASM, metal binding sites were found at the N7 positions of guanines.
The Ni?* ions were found directly coordinated to the N7 position of Gnil and Gni7. Similarly,
the Co?* ions were found directly coordinated to the N7 position of Geol and Geo7 (Figure 2.8).
Three positions were found for nickel ions, two of which were considered to be the same atom,
split between two positions. After occupancy refinement, both positions of the nickel ion bound
to Gnil (Ni%* (1a) and Ni?* (1b)) were attributed an occupancy of 41 % and 59 %, while the
nickel ion bound to Gni7 (Ni%* (2)) was attributed an occupancy of 78 %. Equivalently, Co?* (1)
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and Co?* (2) were found to be directly coordinated to Geol (N7) and Geo7 (N7) with a partial
occupancy of 89 % and 68 % respectively. A hydration shell was expected and observed in both

structures. All distances between metal ions and its close-by atoms are reported in Table 2.3.

Equivalently to 8ASO and 8ASM, the metal binding sites were also found at the N7
position of guanines. However, as described previously, the metal ions were found to bridge
two guanines, G1 and G5 (Figure 2.8). Both the nickel ion (Ni%* (3)) bound to Gni-cocryland the
cobalt ion (Co?* (3)) bound to Gco-cocryl Were attributed an occupancy of 100 %. Metal ions

parameters from 1R20 and 1QZL were also summarised in Table 2.3,

Table 2.3: Metals ions parameters from 8ASO, 8ASM, 1R20 and 1QZL (distance in A).
PDB ID Metalion Occupancy Distance to guanine N7 Distance to water molecules

8ASO  Ni%(la) 0.41 2.66 2.06; 2.05; 1.98; 2.25
Ni2* (1b) 0.59 1.93
Ni%* (2) 0.78 2.215 (A); 1.85 (B) 2.57;1.91; 2.27
8ASM  Co*(1) 0.89 2.54 1.94,2.54
Co?* (2) 0.68 2.30 2.27
1R20  Ni(3) 1.00 2.25 2.15; 1.82; 2.14; 2.06
1QZL  Co*(3) 1.00 251

i — Gnil has two conformations, A and B. The values represent the distances between Ni?* (2) and
conformation A and B of this guanine.
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Figure 2.8: Comparison between all bound guanines present in the asymmetric unit of 8ASO, 8ASM,
1R20 and 1QZL. Carbon atoms are shown as yellow and magenta in the structures with cobalt and nickel
ions respectively. Oxygen, nitrogen, and phosphate atoms are shown as red, blue, and orange respectively.
Cobalt ions are shown as pink spheres. Nickel ions are shown as green spheres. Water molecules are shown as
red spheres.
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2.4. Discussion

The benefits of getting transition metals into a crystal system are many. Some transition
metals such as Fe?* and Cu?* are crucial to enzymatic activity by catalysing oxidation-reduction
reactions*! or others such as Ni?* and Zn?* were located in the active sites of enzymes*. Getting
transitions metals into the crystal can provide essential information to biological processes at
an atomic level. In other circumstances, transition metals can be utilised to solve structures with
the Single and Multi-wavelength Anomalous Dispersion (SAD/MAD) method*!®, a method
which uses transition metals as anomalous scatterers to determine structures factors and solve
the “phase problem”. However, getting transition metals into a crystal can be quite challenging.
To approach this problem, two methods can be employed: cocrystallisation and soaking, and
each method comes with their advantages and disadvantages depending on which question the
presence of metals would answer. In this thesis, preferred metal binding sites are studied as part
of an investigation into the correlation between where oxidative DNA damage occurs and where
a transition metal will bind on the DNA strand. Consequently, choosing carefully which method
to use to get transition metals into a DNA crystal is crucial.

As can be observed from the two novel soaked structures described here, and the
cocrystallised equivalents reported from the PDB, two types of non-canonical quadruplexes can
form after introduction of transition metals to the DNA system. After soaking, nickel and cobalt
ions were only able to bind to the guanine bases and were found in the solvent channels, a result
which was expected, as previously, transition-metal ions such as Co?* and Ni?* have been
reported to interact in the same way with DNA and to bind preferentially to the N7 position of
guanines®“®. Soaking of transition metals into protein or DNA crystals has been commonly
described to identify transition-metal binding sites in crystal structures and has been the
preferred method when cocrystallisation is unlikely to give results or when imposed time
constraints require a much faster method*®. Moreover, soaking a crystal system which has
already been described and having prior information on potential transition-metal binding sites
and their availability from solvent channels could help characterise the system and understand

binding specificity.
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When crystals of this system are grown using cocrystallisation, Ni?* and Co?* ions are
found to help stabilise the structure through the formation of intra-strand bridges between
guanines. Co%* and Ni?* ions are important to the structural integrity of the molecular
arrangement observed for structure 1R20 and 1QZL. And as reported previously,
cocrystallisation of proteins or DNA with transition metals is more likely give the
thermodynamically favoured structure*’. For example, the susceptibility of DNA to
conformational changes induced by transition metals illustrates how transition metals promote
thermodynamically favoured structures, which could indicate DNA might not necessarily
crystallise as a B-DNA duplex*34, However, as proteins are not as flexible as DNA, transition
metals might not promote as many thermodynamically favoured conformational changes, yet
some proteins might display some flexibility to accommodate several metal ions in the active
sites®®. Furthermore, thermodynamics have been described as an influence on where some of
the metals bind in protein crystal structures and metal positions in protein structures might not
reflect how metals are bound to the proteins in the natural environment*’. And while transition
metals have been described as favouring negatively charged and polar amino acids, to predict
where preferred transition metal binding sites are might be difficult in proteins®’. By contrast,
to predict where transition metals bind in DNA could prove easier as the bases and the groove
are available most of the time, yet the structure after conformational changes might not be as
predictable.

In this work, the DNA sequence d(GCATGCT) has been used to compare the two
methods and determine which one would be the most appropriate to obtain ordered transition
metals that could react with hydrogen peroxide molecules in the solvent channels. 8ASO and
8ASM, the two soaked structures, have been displaying similar transition-metal binding
preferences comparable to what can be seen in other DNA systems soaked in transition metals.
For example, crystals of the Z-DNA forming sequences d(CGCGCG) and d(CGCGTG) have
been soaked in both Co?* and Cu?*“*® and the authors showed that in the Z-DNA form, steric
clashes caused between the hydrated metals bound to the N7 position of guanines and the
previous base would influence the bound location. However, in 8ASO and 8 ASM, the first shell
of interaction, or the molecules and atoms directly coordinated to the metal ion, has only been
partially observed. Metal binding selectivity is highly influenced by the first shell and second
shell of interaction. However, the presence of a partial hydration spheres does not allow to
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conclude if the position is favoured by a network of water molecules or if clashes with the Co?*
and Ni?* ions could explain why they bind in priority to the G1 position of the strand in a
disordered manner while the G5 position is not selected. However, the structure of the
d(CGCGCG) sequence 1D39°2 might contribute to a better understanding in preferred binding
sites in the presence of two adjacent guanine bases in a structure ahead of metal soaking. In
comparison, the difference in distance between the atoms (Co?* and water) bound to the two
adjacent guanine bases in 8ASO and 8ASM and the atoms (Cu?*) bound to the two adjacent
guanine bases in 1D39 appears to be greater than 1 A (Figure 2.9). Moreover, the ionic radii for
Co?* and Ni?* are reported as 70 pm, 3 pm less than the ionic radius for Cu?* %3, a small
difference which might explain the difference in binding profiles. Yet, closer potential metal
ion centres with higher ionic radius did not prevent the copper (I1) ions from binding in 1D39.
The distance between two potential metal centres alone cannot help predicting where potential
metal centres are. Nonetheless, as the G5 positions are available from the solvent channels,
another reasonable explanation for the presence of metal-free guanines could be low
concentration of transition-metal solutions used for soaking and a too-short soaking time®.
However, the d(GCATGCT) crystals used for soaking would dissolve quite rapidly at higher
concentration or at longer soaking times, especially when soaked in a drop containing nickel
(1) chloride.
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Figure 2.9: Comparison between two adjacent guanine bases and the distance between their metal

centres in 8ASM (top) and 1D39% (bottom). Carbon atoms are shown as yellow and green in 8ASM and 1D39

respectively. Oxygen, nitrogen, and phosphate atoms are shown as red, blue, and orange respectively. Cobalt
ions are shown as pink spheres. Copper ions are shown as orange spheres. Water molecules are shown as red
spheres.

On the contrary, guanine bridges were observed in both 1R20 and 1QZL after
cocrystallisation, and all N7 positions were no longer available to the solvent. Moreover, the
metal binding sites are deep within the structure and unavailable to the solvent, thus preventing
any oxidation damages to occur. This reinforces the argument in favour of using soaking of
metals instead of crystallisation in the examination of transition metal-DNA structures and
DNA damage, especially since it is important the metal centres are available to the hydrogen
peroxide molecules soaked into the crystal to successfully damage the DNA. Additionally,
guanine-Ni%*-guanine bridges and guanine-Co?*-guanine bridges are particularly common in
structures obtained from crystal grown in conditions containing these metal ions, where these
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often occur among symmetry-related bases****%, However, the formation of cytosine/guanine
quadruplexes stabilised by metal-ion bridges is unlikely in vivo as this would require duplex
DNA in cells to be far more flexible than it already is. Additionally, extra-helical interactions
between the transition-metals’ hydration sphere and the phosphate backbone have also been
reported to stabilise crystal packing in DNA duplex structures, interactions which might explain
why the difference in method used influence crystal packing. Furthermore, since the cellular
environment is not as concentrated in transition metal ions as crystallisation solutions are, with
concentrations sometimes ten times higher than in physiological environments®’, there would
be fewer free ions to form guanines bridges, and structures like 1R20 and 1QZL would be
rarer. The structural flexibility of nucleic acids is important for many biological processes, from
storage to replication and expression®®. And structures which might not be favoured in the cell
environment due to low concentrations in transition metal could still be favoured during the

cocrystallisation process and give structures with unavailable transition metals.

Separate studies have investigated the differences between soaking and cocrystallisation
in their own systems. And although co-crystallization might be seen as more reliable to study
other biological system like protein—drug interactions®® and protein-ligands interactions?’, this
may not be a technique which is suitable to obtain the nucleic acid structures containing
transition metal centres needed to investigate damage. Additionally, the environment in vivo
would be more likely to resemble a soaked environment, as the “correct” structure is able to
form without transition-metals’ intervention and assemble into an arrangement suitable for

crystal growth.
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Chapter 3 - Damage Following Fenton-like
Copper Reaction Influences Copper (1) lons
Binding Preferences to DNA Structure

3.1. Introduction

Copper (Cu) is an essential transition metal involved in many biological processes and
found primarily in the body bound to ceruloplasmin in the plasma!. However, its free hydrated
form, Cu (I1), has been studied for its ability to damage cellular components as the result of its
reaction with hydrogen peroxide, a by-product of cellular respiration. Studies of Cu (I1) and Cu
(1) reactions with hydrogen peroxide (H20.) have been reported®® and multiple mechanisms on
the formation of reactive oxygen species (ROS) have been proposed. The formation of free
radicals after catalysis by copper has been suggested, with the formation of O~ following the
reaction between Cu (I1) with H20>. The excess H20, in turn, reacts with the reaction product
Cu (1) to form HO-*°. However, recently, it has also been postulated that HO- is not as important
in the system as it was thought as the reaction between Cu (I) and H20O> did result instead in the
oxidant Cu (111)®.

In humans, dysregulation of metal levels including iron or copper has been reported in
neurodegenerative diseases, including Parkinson’s and Alzheimer’s disease, and oxidative
stress and damage have been correlated to these changes in metal concentrations’. The oxidative
stress marker product of nucleic acid damage, 8-0x0-2'-deoxyguanine (0xoG), has been used to
assess oxidative stress levels in cells® !, Several studies have reported increased formation of
base lesions compared to strand-breaks after Cu-mediated DNA damage. Cu (Il) and Cu (1)
binding of DNA has been shown to occur primarily at the N7 position of guanines, a position
which has been described to help “deliver hydroxyl radical via binding” to form the
intermediate radical to oxoG formation, 8-HOdG-!2. Moreover, the more successive guanines
there are in a tract, the more prone to oxidation the guanines are due to m stacking, a
phenomenon calculated by Saito et al.®® in their work. However, it has remained unclear if
bound metal positions correlate with base damage, especially since little work has been done to

look at metal binding preferences in the presence of neighbouring or successive guanine bases.
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Copper centres have been previously investigated using X-ray crystallography. Seven
structures containing cupric ions have been deposited on the Protein Data Base to investigate
binding preferences of copper (I1) ions. However, while Z-DNA is heavily represented, with
six out of seven structures reported as a Z-DNA*® binding preferences to many canonical
and non-canonical nucleic acid structures have not been reviewed at an atomic level.
Furthermore, techniques including Circular Dichroism and Infrared Spectroscopy have been
used previously to look copper interactions with chromatin and have shown copper (1) ions to
alter the B-DNA conformation, an outcome associated with potential copper induced damage
and alteration of normal processes including DNA replication and transcription’8,
Diversifying structures would however prove useful to better understand oxidative damage

preferences and identify damage hot spots in a three-dimensional environment.

d(GCATGCT) has been shown to form a non-canonical quadruplex and as discussed in
Chapter 2, to be a reliable system to soak in transition metals. This structure could prove to be
a good system to investigate the binding properties of copper in the presence of two
neighbouring guanines and the effects of one of the two guanines getting damaged after
oxidative damage. After successfully soaking d(GCATGCT) crystals with nickel and cobalt,
the same method was applied with copper (1) chloride. The result was compared to the
structures 8ASO and 8ASM reported previously in Chapter 2, as well as to two novel structures

of the same sequence containing the major oxidation product 8-oxo-7,8-dihydroguanine.
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3.2. Material and methods

3.2.1. DNA preparation

The oligonucleotides d(GCATGCT) and d((oxoG)CATGCT) were purchased from
Eurogentec as solid purified by RP-HPLC. DNA concentration was determined from the value
of the absorbance at A = 260 nm, using the molar extinction coefficient provided by the
manufacturer. Both sequences were prepared to 1 mM and were annealed in a 40 mM sodium
cacodylate trinydrate pH 5.7 buffer at 90°C for two minutes then allowed to cool slowly to

room temperature.

3.2.2. Crystallisation of d(GCATGCT) and d((oxoG)CATGCT) and soaking with
copper (I1) chloride

Single crystals of d(GCATGCT) and d((oxoG)CATGCT) to be used for soaking with
copper were grown using the same protocol as described in Chapter 2. The drops contained 2
uL of 450 uM oligonucleotides and 2 pL of the crystallisation solution containing 2.20 % (v/v)
MPD, 8.80 mM sodium cacodylate trihydrate pH 5.7, 17.80 mM hexamine cobalt (111), 13.30
mM sodium chloride and 355 mM potassium chloride. The drops were equilibrated against 500
ul of 35 % (v/v) MPD. The crystals grew within three months and were soaked in a drop
containing 2 pL of the crystallisation conditions and 2 pL of 25 mM copper (II) chloride for 5
days and 24 hours, respectively.

3.2.3. Data collection and data analysis for a crystal of d(GCATGCT) with copper
(11 chloride and a crystal of native d((oxoG)CATGCT)

Data from the d(GCATGCT) crystal soaked in copper (1) chloride and the
d((oxoG)CATGCT) crystal were collected from a flash-cooled single crystal of approximate
dimensions 200 x 100 x 100 um and 150 x 100 x 100 um respectively, at 100 K. The data were
collected using the in-house XtaLAB Synergy-S diffractometer using a PhotonJet-S X-ray
source at a wavelength of 1.5406 A with a HyPix-6000HE detector. The data for the copper-
soaked crystal were integrated and scaled using the CrysAlisPRO software, giving 9598 unique

reflections. The structure was solved by molecular replacement using Phaser® and the structure
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from the PDB 1MF5. The model was updated using Coot® and refined using phenix.refine?.,
To confirm that the model was satisfactory and that the observed data and the calculated data
from the model were in agreement, the Rfee and the Rwork Were calculated after each round of
refinement. R-factors can be made arbitrarily low by overfitting the data during refinement.
Consequently, five percent of the reflections were reserved for the Rsree Set and not used during
refinement. The Rfree and Rwork Observed after the final round of refinement for this model were
0.1819 and 0.1349 respectively. These values can be compared relatively to X-ray structures of
similar resolution after deposition and validation in the Protein Data Bank. The data, and final

coordinates, were deposited in the Protein Data Bank with ID 8BAE.

The data for the oxidised structure were integrated and scaled using the CrysAlisPRO
software, giving 4151 unique reflections. The structure was solved by molecular replacement
using Phaser and the structure from the PDB 1MF522. The model was updated using Coot. Both
oxoguanines were refined using the ligand parameters from entry 80G using eLBOW?3,
Refinement was done using phenix.refine and give a final Rwork 0f 0.1861 and Rfree 0f 0.1969.
Five percent of reflections were reserved for the Rree Set. The data, and final coordinates, were
deposited in the Protein Data Bank with ID 8BAF. The data collection and refinement statistics
for 8BAE and 8BAF can be found in Table 3.1.

Data from the d((oxoG)CATGCT) crystal soaked in copper (I1) chloride were collected
from a flash-cooled single crystal of approximate dimensions 150 x 100 x 100 um, at 100 K
with 0.004 s frames on beam line 103 at Diamond Light Source Ltd using radiation with a
wavelength of 0.9762 A. 3600 frames were collected with an oscillation angle of 0.1° to give
360° of data. The data were integrated and scaled using xia22* with XDS? giving 11191 unique
reflections. The (0xoGCATGCT)-Cu structure was solved by molecular replacement using
Phaser and the unsoaked structure presented in this chapter. The model was updated using Coot
and refined using phenix.refine to give a final Rwork 0f 0.1518 and Rree 0f 0.1724. Five percent
of reflections were reserved for the Rree Set. The data, and final coordinates, were deposited in
the Protein Data Bank with ID 8BAG. The data collection and refinement statistics for 8BBAG
can be found in Table 3.1.
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3.2.4. Structural analysis

All figures were created using PyMOL? unless specified otherwise. Dinucleotide step
parameters were calculated using Web 3DNA 2.0%" are available in the Supplementary
Information. CCP4 maps were generated from the final mtz file, including the anomalous map
when available, using the phenix.mtz2map program. Maps were visualised in PyMOL and
displayed using the mesh function. 2mFo-DFc maps were contoured at 1c unless specified
otherwise. Anomalous maps were contoured at 3c unless specified otherwise. The surface maps
generated were visualised in PyMOL and displayed using the mesh function at level 2.0.

Packing diagrams were generated using Mercury?®,

3.3. Results

3.3.1. oxoG substitution in a non-classical quadruplex structure

Here is reported the structure (PDB ID: 8BAF) acquired after substituting the guanine
in position 1 of the d(GCATGCT) sequence by its oxidisation product 8-oxoguanine. The
structure was found to be two strands, of which each form a non-canonical quadruplex with a
symmetry mate, for a total of 14 nucleotides (Figure 3.1). The biological unit is comprised of
two strands forming a non-classical quadruplex structure. The structure was superimposed to
the native structure reported in Chapter 2, 8OE3, and 8BAF was found to be identical to 8SOE3
after a RMSD of 0.137 A was calculated. The nucleotides are labelled from oxoG1 to T7 in the
5'-3' direction on strand A and from oxoG8 to T14 in the 5'-3' direction on strand B. Nucleotides
from symmetry related strands are designated with a *. The Watson-Crick inter-strand bonds
between 0xoG1*-C6, C6*-0x0G1, C2*-G5 and G5*-C2, which form the two G/C quadruplex
formations, and the Hoogsteen base pair between A3-A3* reported in 8BAF are also reported
in BOE3 (Figure 3.1a). Additionally, no alternative conformations for G1*, C6* and T7* were
found in 8BAF, unlike in 80OE3. Four hexamine cobalt residues were also reported in 8BAF’s
asymmetric unit compared to the six in 80OE3. Additionally, crystal packing analysis showed
no difference in the solvent channels compared to the ones found in the undamaged structure
(Figure 3.2).
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Figure 3.1: Asymmetric unit of 8BAF. The two strands each form a non-canonical quadruplex with
a symmetry mate. Carbon, oxygen, nitrogen, and phosphate atoms are shown as yellow, red, blue, and orange
respectively. The symmetry mate is shown as cyan. Hexammine cobalt (I11) ions are shown as blue and pink
spheres. Water molecules are shown as small red spheres. a. Schematic view of the biological unit of 8BAF. b.
As comparison, the schematic view of the biological unit of 8OE3. Inter-strands interactions are shown as
dashed lines.

Locally, both oxoguanine bases participate in the quadruplexes and the reported local
base-pair parameters from the damaged structure show little difference with the parameters
from the native structure. Details of the local base-pair parameters can be found in the
Supplementary Information. Additionally, the sugar puckers in 8BAF have been classified as
C2'-endo for both oxoG1 and oxoG8 and were found not to differ from the sugar puckers
reported for G1 and G8 in 80OE3. (Figure 3.3) Comparison of sugar puckering can be found in
Table 3.2.
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Figure 3.2: Packing diagrams for the structures 80OE3 (a), 8BAE (b), 8BAF (c) and 8BAG (d) with
views down the b axis. The quadruplexes are shown as sticks. Carbon, oxygen, nitrogen, and phosphate atoms
are shown as cyan, red, blue, and orange respectively. Solvent channels are highlighted with blue circles. The
copper (I1) ions are shown as spheres.
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Figure 3.3: Close-up of the superposition between oxoG1 and G1 (top) and oxoG8 and G8 (bottom)

from the structures 8BAF and 80E3 respectively. 8BAF and 80E3 are shown as yellow and green sticks

respectively. Water molecules are shown as spheres.

Table 3.2: Sugar pucker pseudorotation angles and sugar pucker type for the oligonucleotide
d(GCATGCT) and d(8oxoGCATGCT) in 80OE3 and 8BAF respectively.

80E3 8BAF
Phase angle of  Sugar Phase angle of Sugar
Base | pseudorotation  Pucker Base pseudorotation (P), ° Pucker
P).°

5°-G 177.8 C2'-endo | 5’-0x0G 163.4 C2'-endo

c C 117.7 Cl'-exo c 117.3 Cl'-exo
H A 157.4 C2'-endo A 155.9 C2'-endo
Mo 1703 C2endo | T 167.7 C2-endo
N G 183.2 C3'-exo G 180.6 C3'-exo
A Cc 1242 Cl'-exo c 130.9 Cl'-exo
T-3° 11.0 C3'-endo T-3 184.5 C3'-exo

5-G 184.8 C3'-exo 5’-0x0G 172.3 C2'-endo

Cc 134.5 Cl'-exo C 125.8 Cl'-exo

C A 153.3 C2'-endo A 152.3 C2'-endo
;l\ T 156.7 C2'-endo T 159.4 C2'-endo
| G 186.5 C3'-exo G 181.2 C3'-exo
N C 123.1 C1'-exo C 105.0 O4'-endo
B T-3° 167.6 C2'-endo T-3’ 356.5 C2'-exo
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3.3.2. Copper (I1) ions coordination analysis after soaking of native crystals

8BAE was obtained after soaking native crystals of d(GCATGCT) in copper (Il)
chloride. Like 80OES3, the structure was found to be two strands, of which each form a non-
canonical quadruplex with a symmetry mate, for a total of 14 nucleotides (Figure 3.4). The
biological unit is comprised of two strands forming a non-classical quadruplex structure. The
structure was also superimposed to the native structure 8OE3, and 8BAE was found to be nearly
identical to 8OE3 after a RMSD of 0.106 A was calculated, which indicated soaking has not
induced any significant changes. The nucleotides are labelled from G1 to T7 in the 5'-3'
direction on strand A and from G8 to T14 in the 5'-3' direction on strand B. Nucleotides from
symmetry related strands are designated with a *. Equivalently, the Watson-Crick inter-strand
bonds between G1*-C6, C6*-G1, C2*-G5 and G5*-C2, which form the two G/C quadruplex
formations, and the Hoogsteen base pair between A3-A3* reported in 8BAE were reported in
80E3 (Figure 3.4a). Additionally, alternative conformations at the G1* 5’-OH group, along
with disorder at the C6*-T7* phosphate linkage, were reported with 60/40 % and 62/38 %
occupancies respectively. Four hexamine cobalt molecules were reported in 8BAF’s
asymmetric unit compared to the six in 8OE3. Additionally, analysis of the crystal packing

showed no difference either between the solvent channels in 8BAE and 80E3 (Figure 3.2).
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Figure 3.4: Asymmetric unit of 8BAE. The two strands each form a non-canonical quadruplex with
a symmetry mate. Carbon, oxygen, nitrogen, and phosphate atoms are shown as magenta, red, blue, and
orange respectively. The symmetry mate is shown as cyan. Hexammine cobalt (I11) ions are shown as blue and
pink spheres. Water molecules are shown as small red spheres. a. Schematic view of the asymmetric unit of
8BAE and the symmetry mate for each strand. Nucleotides from symmetry related strands are designated

with a *. Inter-strands interactions are shown as dashed lines.

After soaking, the Cu?* ions were found directly coordinated to the N7 position of G1
and G8 (Figure 3.5). After occupancy refinement, the copper ion bound to G1 (Cu?*(1)) was
attributed an occupancy of 66 %, while the copper ion bound to G8(A) and G8(B) (Cu?*(2))
was attributed an occupancy of 22 %. Noticeably, no Cu®* ions were found directly coordinated
to G5 and G12 (Figure 3.5). A partial hydration shell was observed around both copper ions.

Both metal ions parameters were reported in Table 3.3.
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Figure 3.5: Comparison in copper (Il) ions coordination between 8BAE (magenta) and 8BAG
(purple). All the guanine bases present in the asymmetric units of the two structures are represented. Carbon
atoms are shown as magenta and purple in 8BAE and 8BAG respectively. Oxygen, nitrogen, and phosphate
atoms are shown as red, blue, and orange respectively. Copper ions are shown as orange spheres. Water

molecules are shown as red spheres. Atoms from the symmetry mate are shown as cyan.
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Table 3.3: Metals ions parameters from 8BAE and 8BAG (distance in A)

PDB ID Metal Occupancy Distance to guanine N7 Distance to water
molecules
8BAE Cu?*(1) 0.66 2.40 2.08; 2.02; 3.00
Cu?*(2) 0.22 2.02 (A); 1.87 (B) 1.54;1.94; 1.86; 2.84
8BAG Cu?*(3) 0.39 2.19 2.50; 3.23
Cu?t(4) 0.34 2.18 2.97,3.12

Like 8BAE, 8BAG was obtained after soaking native crystals of d(oxoGCATGCT) in
copper (I1) chloride. And like the other structures from this work, the structure was found to be
two strands, of which each form a non-canonical quadruplex with a symmetry mate, for a total
of 14 nucleotides (Figure 3.6). The biological unit is comprised of two strands forming a non-
classical quadruplex structure. The structure was also superimposed on its native structure
8BAF, and 8BAG was also found to be nearly identical to 8BAF after a RMSD of 0.106 A was
calculated, which indicated soaking has not induced any significant changes. The nucleotides
are labelled from G1 to T7 in the 5'-3" direction on strand A and from G8 to T14 in the 5'-3'
direction on strand B. Nucleotides from symmetry related strands are designated with a *.
Equivalently, the Watson-Crick inter-strand bonds between G1*-C6, C6*-G1, C2*-G5 and
G5*-C2, which form the two G/C quadruplex formations, and the Hoogsteen base pair between
A3-A3* reported in 8BAG were reported in 8OE3 (Figure 3.6a). Furthermore, like in 8BAF,
no disorder was reported. Additionally, no difference was found between the solvent channels
found in 8BAG and 8BAF either. Crystal packing was consistent between all the three figures
presented in this study (Figure 3.2).
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Figure 3.6: Asymmetric unit of 8BAG. The two strands each form a non-canonical quadruplex with
a symmetry mate. Carbon, oxygen, nitrogen, and phosphate atoms are shown as purple, red, blue, and orange
respectively. The symmetry mate is shown as cyan. Hexammine cobalt (I11) ions are shown as blue and pink
spheres. Water molecules are shown as small red spheres. a. Schematic view of the biological unit of 8BAG
with the location of the copper (11) ions. The copper (Il) ions are coordinated to the first guanine present in
the strand. b. In comparison, schematic view of the biological unit of 8BAE with the location of the copper (11)
ions. The copper (I1) ions are coordinated to the fifth guanine present in the strand. Nucleotides from

symmetry related strands are designated with a *. Inter-strands interactions are shown as dashed lines.

Comparatively to 8BAE, the Cu?* ions were found in 8BAG after soaking. However,
unlike 8BAE, the Cu?* ions were found directly coordinated to the N7 position of G5 and G12
(Figure 3.5). After occupancy refinement, the copper ion bound to G5 (Cu?*(3)) was attributed
an occupancy of 39 %, while the copper ion bound to G12 (Cu?*(4)) was attributed an

occupancy of 34 %. Both metal ions parameters were also reported in Table 3.2.
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3.4. Discussion

3.4.1. Effects of oxidative damage on metal ions coordination

Cu-mediated oxidative damage of nucleic acids has been extensively studied and
versions of this reaction have been used to investigate both the reactive species and the resulting
damage in the presence of both copper and hydrogen peroxide. The reaction between hydrogen
peroxide and Cu (1) produces Cu (I) and the reactive oxygen species O~ (Scheme 3.1.(1)) and
is known to be slow and the limiting step of the redox cycle®. Therefore, reducing agents such
as ascorbic acid or hydroxylamine have been used to accelerate the reaction rate'>?°. Cu (1)
reaction with H2O: is also known to produce HOe, a short-lived oxygen species which reacts at

diffusion rates with nearby molecules, including nucleic acids*® (Scheme 3.1.(2)).

(1) Cu?* + H20, » Oz + Cu*
(2) Cu* + H202 - Cu?" + HO»

Scheme 3.1: The reaction of copper with hydrogen peroxide

Hydroxyl radicals play a significant role in causing oxidative damage to nucleic acids and
certain bases, and the proximity of the copper reaction centre when bound to the N7 position of
guanines has been put forward as an explanation to base damage being more prevalent when

copper is present’?,

Preferred binding sites for copper (11) ions in two systems forming non-canonical
quadruplexes have been investigated in this study to determine possible damage hot spots in
the event a guanine base is oxidised after the reaction between a copper (11) ion bound to the
N7 positions of the guanine base and a hydrogen peroxide molecule. Copper coordination was
determined at the N7 position of the guanine present at the 5’ end of both strands, in a similar
way as nickel and cobalt in 8ASM and 8ASO as discussed in Chapter 2. This suggests the same
unavailability of the N7 position of the second guanine (G5 and G12) for transition metals to
coordinate, possibly because of a metal centre more favourable at the G1 and G8 positions, as

copper binding can be influenced by both nucleophilicity of the binding site and steric effects
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around it*. However, as both G1 and G5 are available from the solvent channels, these positions
should not be unavailable to copper (Il) coordination when only potential binding sites
availabilities are considered. Furthermore, the distance between G1 and G5* is close to the
distance which has been observed between two neighbouring guanines in the Z-DNA forming
sequence d(CGCGCG)™, so the proximity of two potential binding sites for copper (I1) is
unlikely to be determinant in binding preferences here. However, the absence of a complete
solvation sphere aroundall the copper (1) ions found in both structures might possibly indicate
disorder in the solvent channels and information might be missing to analyse possible steric
clashes. The importance of steric clashes has previously been investigated in multiple systems
to justify binding preferences. For example, crystals of the Z-DNA forming sequences
d(CGCGCQG) and d(CGCGTG) which had been soaked in both Co (1) ions and Cu (lI) ions
were analysed. In B-DNA systems, steric clashes between the hydrated metals bound to the N7
position of guanines and the previous base were also reported to influence where the metals
would bind®2, Likewise, the observation that bound guanines are often located at the end of an
oligonucleotide in duplexes containing Ni (I1) ions would often be explained by the reduction
of clashes between the metal ion and the local environment!>3, Furthermore, another study
showed sequence-specific and strand-specific binding of divalent cations with a preference for
GGCC sequences that could also be explained by the hydration sphere around the metal ion as
the cause of steric clashes®. However, some of these differences could be explained by the
different methods which can be used to introduce transition metals into the system, since all the
structures used as examples here would have been acquired from crystals where the metal ions
were introduced by either cocrystallisation or soaking. The differences between these two
methods and the potential consequences on metal binding, metal availability for reductants and
preferred metal binding sites were discussed in Chapter 2. Still, the presence of an ordered bulk
solvent to be able to identify the first shell, or the molecules and atoms directly coordinated to
the metal ion, and second shell of interactions is still important regardless of the method

used?3>3,

Demonstrations of binding preferences such as reported in this study could suggest
damage preferences in the event the bound base is the one which ends up oxidised by the
hydroxyl radicals. In this case, the three structures might illustrate three potential intermediates

in a Fenton-like copper environment. Initially, and as illustrated in 8BAE, copper (l1) ions are
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found coordinated to the guanine bases at the 5* end of the strands and, supposing the closest
base gets damaged during the reaction between copper and hydrogen peroxide, this guanine
would be oxidised to 8-oxoguanine, an intermediate represented by 8BAF. The crystals of the
damaged sequence were grown in the same conditions as the native sequence and a similar non-
canonical structure was solved. Furthermore, the change from G to oxoG did not influence how
the sequence crystallised. However, metal ions need a donor atom to have one pair of electrons
available to be able to directly coordinate and the nitrogen in the N7 position can no longer
donate a pair of electrons after guanine oxidation (Figure 3.7). Ultimately, this would prevent
copper (I1) ions from coordinating to the guanine bases at the 5’ end of the strands after
oxidative damage at this position. Finally, 8BAG would represent the last intermediate, when
the damaged base, oxoG1, is present and copper (Il) ions are still available to coordinate.
Surprisingly, coordinated copper (I1) ions have been located at the N7 position of G5, a guanine

which previously had no copper (1) ions bound in 8BAE.

) no electrons
donor atom

y / available
> 0 o)

H
g 7
NH oxidation N NH
S i, R
N N/)\NHz N //L

/

Guanine (G) 8-oxoguanine (0x0G)

Figure 3.7: Oxidation reaction of guanine to form 8-oxoguanine. A nitrogen (N7, circled in red) can
donate its pair of electrons to directly coordinate to metal ions. After oxidation, these electrons are no longer
available and metal ions can no longer coordinate directly to N7.

The results were surprising, as the absence of a metal centre at the N7 position of G5
and G12 was expected in 8BAG. No copper (Il) ions were found to coordinate to the N7
position of G5 in 8BAF, and since the two structures were found to be nearly identical after the
RMSD was calculated, the same was predicted to happen in 8BAG. However, this is not what
has been reported, and two copper (I1) ions were found bound to G5 and G12. Furthermore, no
major differences were identified between the local environments around the two neighbouring
guanines, which includes waters and hexamine cobalt complexes. However, disorder in the

solvent channel in all structures could potentially explain why no potential explanations for
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steric clashes have been identified. In DNA crystals, an ordered hydrogen bond network of
water molecules would usually be found, a network more apparent the more ordered water
molecules are placed at higher resolution®’, something that has not been observed in all the
three structures here despite the high-resolution. Furthermore, low occupancy of the metal
centres and a partial hydration sphere in both 8BAE and 8BAG could also explain why some
information is missing to explain why the 5’ position is favoured in the absence of the damaged
base. Nonetheless, this does not explain why the second guanine is suddenly bound and has a
metal centre following oxidative damage if this was an unfavourable in the native environment
Yet, other different hypothesis could be considered. As discussed in Chapter 2, a concentration
in metal ions too low or short soaking time can influence binding preferences, especially if the
concentration in copper (11) ions is too low relative to the concentration in DNA in the crystal.
But this scenario was anticipated and the crystals for 8BAE and 8BAG were soaked for five
days and one day respectively, until the crystals were too damaged to diffract or dissolved.
Furthermore, in addition to steric clashes, charge effects might influence binding preferences
in this case. Remarkably, DNA are negatively charged molecules which attract positively
charged ions®®. Yet, it might be possible that the high solvent content in hexammine cobalt (111)
ions and copper (1) ions, coupled with the disorder, has influenced binding preferences. A
theory which could also explain why less hexammine cobalt were identified in the asymmetric
unit of 8BAE after soaking. However, although why G5 and G12 were not a preferred binding
sites for copper is debatable, the results can suggest a potential mechanism for oxidative DNA
damage in Fenton-like copper system. With the hypothesis oxidative damage might occur
where the copper binds to the DNA, the possibility that not all guanines are occupied by a
copper means the likelihood of specific positions being damaged is greater. However, once
damaged, the damaged guanine can no longer coordinate with a copper (Il) ion and a new
preferred binding sites is occupied on a previously otherwise unoccupied guanine. Then, this
guanine could be damaged and in turn, new possible binding sites might be preferred,
generating even more oxidative damage. Damage progression in Fenton systems is not a
mechanism that has been previously described. Yet, it is still important to consider to be able
to understand how DNA damage can progress in oxidative stress environment, especially at an
atomic level. Additionally, this might also indicate that information on preferred binding sites
alone might not be sufficient to predict hot spots for oxidative damage in DNA. Nevertheless,

soaking crystals containing copper (I1) ions with hydrogen peroxide, and potentially observe
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oxidative damage after an in-crystal reaction, would help to test whether or not damaged is
contained to bases adjacent to the reaction centre.
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Chapter 4 - Iron (I1) Binding Preferences to
DNA Structure — Observing Metal
Coordination Before Oxidative Damage

4.1. Introduction

Iron (Fe) is an abundant transition metal involved in essential biological processes such
as enzymatic functions?, oxygen transport? and electron transport®. However, free iron (Fe (11))
can also have undesirable effects in the cellular environment by reacting with hydrogen
peroxide (H202), a by-product of cellular respiration. This reaction, known as the Fenton
reaction (Eqg. (1)), generates a highly reactive oxygen species (ROS), hydroxyl radicals (HO«)
which can damage cellular components®. The hydrogen peroxide decomposition mechanism
was first suggested by Haber and Weiss in 1934 (Scheme 4.(1-4)) and has been used since then

to describe hydroxyl radicals’ production®.

(3) Fe*" + H02 » HO" + HO™ + Fe®*
(4) Fe?* + HO" » HO™ + Fe3*

(5) HO" + H,0; - H20 + HO,

(6) HO2 + H202 - HO" + H20 + O2

Scheme 4.1: The reaction of iron with hydrogen peroxide

During normal cellular activity, antioxidants keep ROS levels balanced. However, an
imbalance between ROS production and the ability to neutralise ROS in a cell, a phenomenon
known as oxidative stress®, has been linked to many disorders, including neurological

disorders’, cancer, and cardiovascular diseases®.

Nucleic acids have been shown to be easily damaged by ROS during oxidative stress
generated by elevated Fe?* concentrations. For example, an increased level of oxidative damage

reflected by the presence of the oxidative stress marker product 8-oxo-7,8-dihydro-2’-

100



deoxyguanine (0x0G), has been reported in the brains of individuals having suffered from
neurodegenerative diseases, such as Alzheimer’s and Parkinson’s diseases, and has been linked
to iron dysregulation®. Moreover, the ability of iron to bind to DNA through the N7 position of
purine bases and the phosphate backbone, and the short-lived existence of hydroxyl radicals,
suggests that damage can be correlated to binding preferences of iron!%*2. And often, this
correlation has been used to discuss sequence-specific DNA damages including oxoG and
double-stranded cleavage. Recently, Fleming et al. has conducted multiple studies to identify
oxidation products after using copper (11) and iron (I1) to catalyse the Fenton reaction®*4, It has
been concluded that copper coordination to guanine played a major role in base oxidation, while
iron coordination to the phosphate backbone could explain the prevalence of strand-break in Fe
(I)/H202 systems. However, few studies have looked in details on binding preferences of Fe
(11) in the presence of DNA as a function of structure. 20 years ago, a study by Rai et al. used
NMR to confirm iron binding to TG steps with neighbouring purines at both 5’ and 3’
extremities (5’-Pu-TGR-Pu-3"), and the result determined that Fe (I1) interacts preferentially at
the 5°-ATGA-3’ site through the N7 position of the guanine®. This system, identified by Henle
et al., has shed some light on iron positioning and helped understand why specific strand-
cleavage observed upstream to this guanine might occur'®. However, since then, no structures
of DNA in the presence of iron have been reported to further investigate iron-binding
preferences. Furthermore, while the strong correlation between iron binding sites and the type
of DNA damage that occurs has been brought up as an explanation for preferential DNA
damage, at the present, no experiment has been conducted to look at damage before and

immediately after identifying a damage hot-spot.

Binding preferences of many transition metals to DNA, such as to copper, cobalt,
manganese, and zinc, have been identified using X-Ray crystallography, as observed in the
previous Chapters of this thesis. These studies have been used as the basis to understand binding
preferences of iron, as systems containing iron (I1) can be challenging. Iron (11) oxidises easily
in an aerobic environment, and depending on pH, only a couple of hours are necessary to
convert all iron (11) ions to iron (I11) ionst®. Crystal growth has been known to sometimes take
several months, and even soaking experiments can take several days, thus an anoxic

environment would be necessary to obtain DNA crystals containing ordered iron (1) ions.
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To identify damage hot-spots, the chosen crystal system not only would need to
withstand metal soaking, but it would also need to withstand hydrogen peroxide. In this study,
a crystal system has been selected to attempt iron (I1) chloride soaking and obtain a DNA
structure with ordered metals. The Z-DNA forming sequence d(CGCGCG) and its structure
have been extensively studied using X-Ray crystallography, notably by Brzezinski et al., whose
work reported the differences in crystal packing found in d(CGCGCG) structures, described as
the polymorphic form A and polymorphic form BY’. Additionally, this sequence has been shown
to form robust crystals that can diffract up to 0.6 A resolution, which have been used previously
to obtain accurate characteristics of metal coordination after soaking. These characteristics
highlighted this crystal system as a perfect candidate to withstand both metal soaking and
reactant soaking. In this chapter, the results have demonstrated six potential reaction centres in
the presence of six DNA-bound copper (Il) ions. However, the results also highlight the
potential differences between copper and iron interactions with DNA, as only four iron (I1) ions
were found to be bound to DNA. These differences could help understand the disparity
observed between DNA oxidative damage caused by copper-catalysed Fenton and iron-

catalysed Fenton chemistry.

4.2. Material and methods

4.2.1. DNA preparation

The oligonucleotide d(CGCGCG) was purchased from Eurogentec as a solid purified
by RP-HPLC. DNA concentration was determined from the value of the absorbance at A =260
nm, using the molar extinction coefficient provided by the manufacturer. 1.5 mM solution of
the DNA was annealed at 358 K for two minutes then allowed to cool slowly to room

temperature.
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4.2.2. Crystallisation and soaking experiment

Single crystals to be used for soaking were grown at 291 K by the sitting-drop vapor
diffusion method using the protocol® described by Drozdzal et al. The drops contained 2 uL of
1.5 mM oligonucleotides and 2 pl of precipitating solution containing 10 % (v/v) 2-methyl-2,4-
pentanediol (MPD), 40 mM sodium cacodylate, pH 6.0, 80 mM KCI, 12 mM NaCl and 12 mM
spermine tetrachloride. The drops were equilibrated against 0.5 ml of 35 % (v/v) MPD. The

crystals appeared within 48 hours.

To ensure the iron (1) chloride present in the solutions does not oxidise in the presence
of oxygen during the soaking experiment, a plate containing crystals grown in an aerobic
environment, as well as pre-weighted iron (I1) chloride, water, and a pre-mixed crystallisation
solution, were transferred inside a glove bag with a constant supply of nitrogen (N2) and left
for 24 hours to equilibrate. Prior to soaking, the pre-weighted iron (I1) chloride was mixed with
water to a concentration of 10 mM. The plate was kept in the glove bag while single crystals
were transferred from their drop to a drop containing 2 pL of water, 2 pL of precipitating
solution and 4 pL of 10 mM iron (II) chloride, to a total of 8 uL. The crystals were left to soak
in anoxic conditions for 48 hours. During iron-soaking, the crystals’ colour appeared to change

to a light blue colour (Figure 4.1). This change was used to track the experiment.

Crystals soaked in copper (I1) chloride did not require any adjustments. The crystals
were transferred to drops containing 2 pL of precipitating solution and 2 pL of copper 10 mM
(1) chloride for 72 hours. Similarly, the crystal’s colour change to light blue was monitored to

track the experiment.
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After iron-soaking

Figure 4.1: Crystals of the DNA sequence d(CGCGCG) before (left) and after the crystals were
soaked in drops containing 10 mM CuClz (middle) and 10 mM FeClz. The native crystals were uncoloured.
After soaking in both copper (11) and iron (I1), the crystal would take a light blue colour. These changes were

used to monitor the experiment.

4.2.3. Data collection and processing

Data from the native, copper-soaked and iron-soaked crystals were collected from single
crystals of approximate dimensions 200 x 100 x 100 um, at 100K using a XtalLAB Synergy-S
diffractometer and a PhotonJet-S X-ray source at a wavelength of 1.5406 A with a HyPix-
6000HE detector. The data collection and refinement statistics of all three datasets can be found
in Table 4.1.

2760 frames were collected from the native crystal. The data were integrated and scaled
using the CrysAlisPRO software, giving 10952 unique reflections. The structure was solved in
P212121 by molecular replacement using Phaser!® and the structure 110T from the Protein Data
Bank. The model was updated using Coot?° and refined using phenix.refine?’. To confirm that
the model was satisfactory and that the observed data and the calculated data from the model
were in agreement, the Rfee and the Rwork Were calculated after each round of refinement. R-
factors can be made arbitrarily low by overfitting the data during refinement. Consequently,
five percent of the reflections were reserved for the Rsree Set and not used during refinement.
The Rfree and Rwork Observed after the final round of refinement for this model were 0.1252 of
0.1053 respectively. These values can be compared relatively to X-ray structures of similar
resolution after deposition and validation in the Protein Data Bank. The data, and final
coordinates, were deposited in the Protein Data Bank with ID 8OEX.
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1350 frames were collected from the copper-soaked crystal. The data were also
integrated and scaled using the CrysAlisPRO software, giving 7930 unique reflections. The
structure was solved in P21212; by molecular replacement using Phaser®® and the structure 110T
from the Protein Data Bank. The model was updated using Coot® and refined using
phenix.refine?! to give a final Reree Of 0.1458 and Rwork 0f 0.1100. Five percent of reflections
were reserved for the Ryee Set. The data, and final coordinates, were deposited in the Protein
Data Bank with 1D 80OEY.

Finally, to transfer the iron-soaked crystal from the glove bag to the goniometer for data
collection, the crystal had to be collected with a loop from the plate still present in the glove
bag, then transferred from the bag to the goniometer. 1314 frames were collected from the iron-
soaked crystal. The data were also integrated and scaled using the CrysAlisPRO software,
giving 3119 unique reflections. The structure was solved in P212:2; by molecular replacement
using Phaser®® and the structure 110T from the Protein Data Bank. The model was updated
using Coot? and refined using phenix.refine?! to give a final Rfree 0f 0.2263 and Rwork 0f 0.1947.
Five percent of reflections were reserved for the Rree Set. The data, and final coordinates, were
deposited in the Protein Data Bank with ID 8OEZ.
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Table 4.1: Data collection and refinement statistics for SOEX, 8OEY and 80EZ. Outer shell statistics

shown in parentheses.

PDB ID

Data collection

Space group

Cell dimensions

a, b, c (A)

Resolution, (A)

Rmerge

Rmeas

Rpim

Total number of observations
Total number of unique
observations

CCuz

I/ol

Completeness, (%)
Multiplicity
Refinement
Resolution, (A)

No. Reflections
Rfree/Rwork

rmsd

Bond lengths, (A)
Bond angles, (°)

80OEX

P212121
18.28 30.76 42.48

18.28 - 1.07 (1.09 - 1.07)
0.189 (0.576)
0.198 (0.606)
0.057 (0.180)

133444
10952

0.999 (0.868)
11.4 (3.4)
99.6 (92.7)
12.2(9.7)

17.478 - 1.075 (1.113 -
1.075)
10894 (1019)
0.1053/0.1252

0.011
1.40

4.2.4. Structural and packing analysis.

8OEY

P212121
18.17 30.46 43.00

18.17 - 1.20 (1.22 - 1.20)
0.058 (0.346)
0.062 (0.377)
0.020 (0.148)

72414
7930

1.000 (0.932)
229 (5.1)
99.9 (99.4)

9.1(6.3)

17.566 - 1.200 (1.243 -
1.200)
7883 (747)
0.1100/0.1458

0.014
1.65

80OEZ

P212121
18.09 30.39 4251

14.60 - 1.64 (1.70 - 1.64)
0.105 (0.197)
0.123 (0.223)
0.039 (0.073)

30249
3119

1.000 (0.996)
13.7 (8.0)
99.3 (93.8)
9.7(8.8)

14.600 - 1.642 (1.701 -
1.642)
3084 (271)
0.2263/0.1947

0.017
1.69

All figures were created using PyMOL?? unless specified otherwise. Dinucleotide step
parameters were calculated using Web 3DNA 2.0%%. CCP4 maps were generated from the final
mtz file, including the anomalous map when available, using the phenix.mtz2map program.
Maps were visualised in PyMOL and displayed using the mesh function. 2mFo-DFc maps were
contoured at 1o unless specified otherwise. Anomalous maps were contoured at 2c unless

specified otherwise. Packing diagrams were generated using Mercury?*,
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4.3. Results

4.3.1. DNA hexamer: overall structure and helical parameters analysis

8OEX was obtained from a native crystal of the DNA hexamer sequence d(CGCGCG)
(Figure 4.2). The crystal diffracted to a high resolution of 1.07 A after collection on an in-house
X-Ray source. Although this structure will not show the level of details and accuracy other
structures from the same system have demonstrated previously?’, this structure can be directly

compared to the structures displaying copper and iron binding preferences after soaking.

sS4 GI12

c7 ‘ N

Figure 4.2: Native structure of the DNA hexamer sequence d(CGCGCG). The alternative

conformations are shown in cyan (A) and green (B). The duplex is shown as sticks.

The asymmetric unit of 8OEX contains two strands for a total of 12 nucleotides and
forms a duplex. A spermine molecule was also found to interact with the two Z-DNA duplexes
in the crystal lattice, in a similar way to the other Z-DNA structures presenting the same crystal
packing. The nucleotides from chain A are labelled from C1 to G6 in the 5°-3 direction and
the nucleotides from chain B are labelled from C7 to G12 in the 5°-3” direction. The structural
parameters classify the duplex as a left-handed Z-form structure. Disorder is observed at the
G4-C5 and G8-G9 phosphate linkages, as well as at the C7 5’-OH group. The alternative
conformations are referred to as A and B, and have occupancies of 69/31, 57/43 and 46/54 %
respectively (Figure 4.2). Details of the local base-pair parameters can be found in the

Supplementary Information. The pseudorotation angles between the alternative conformations
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were found to slightly vary, but not enough to change sugar puckering. The structure belongs
to the space group P2:12121, and crystal packing is consistent with the polymorphic form B of
d(CGCGCG) Z-DNA structures (Figure 4.3).

@ e

Figure 4.3: Packing diagram of the BOEX structure (a and b) compared to the packing diagram of
the 1D39 structure (c and d) with views along the c-axes (a and c) and the a-axis (b and d). This highlights the
differences between the two different mode of crystal packing observed in d(CGCGCG) systems, also

described as polymorphic form A and polymorphic form B.

8OEY, the copper-soaked structure was obtained from a native crystal of the DNA
sequence d(CGCGCG) grown in the same conditions as the unsoaked structure. After soaking
the crystal in copper (11) chloride for 72 hours, the crystal diffracted to 1.20 A. The asymmetric
unit contains two strands for a total of 12 nucleotides and forms a duplex as well. Nucleotides
are labelled in the same way as the native structure. The nucleotides from chain A are labelled

from Ccul to Geub in the 5°-3” direction and the nucleotides from chain B are labelled from

108



Ccu7 to Geul2 in the 5°-3° direction. Soaking did not change the overall structure parameters
and the duplex is still classified as a left-handed Z-form DNA. A comparison between this
structure and the native structure was conducted and a root-mean-square deviation (RMSD) of
0.492 A was calculated, which indicates high consistency (Figure 4.4a). Disorder was also
found at the Ccy7 5°-OH group, as well as at the Gcu4-Ccu5 phosphate linkage. The alternative
conformations are referred to as C and D and have occupancies of 58/42 and 52/48 %
respectively. Details of the local base-pair parameters can be found in the Supplementary
Information. Additionally, different sugar puckers were found at Ccy5, with conformation C
and D in the C1’-exo and C2’-endo range. In comparison, the same nucleotide was in the C1°-
exo range in the native structure. The sugar puckers at Gcu4 and Geu8 also differs from the
equivalent nucleotides in the native structure, with pseudorotation angles of 36.0° and 24.9°,
classifying both as C3’-endo and C4’-exo respectively. Comparison of sugar puckering can be
found in Table 4.2.

Figure 4.4: a. Superimposition of 80EX (cyan) and 80OEY (orange). b. Superimposition of 8OEX

(cyan) and 80OEZ (purple). Metal ions are represented as spheres.
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80EZ, the iron-soaked structure, was obtained from a native crystal of the DNA
sequence d(CGCGCG) grown in the same conditions as the unsoaked structure but kept in a
glove bag containing N2 before attempting soaking, to prevent oxygen to be present in the
system. The crystal diffracted to 1.64 A. Like with 8OEX and 8OEY, the asymmetric unit
contains two strands for a total of 12 nucleotides and forms a duplex. The same labelling system
is also used here as well. The nucleotides from chain A are labelled from Crel to Greb in the
5°-3’ direction and the nucleotides from chain B are labelled from Cre7 t0 Grel2 in the 5°-3°
direction. Soaking did not change the overall structure parameters and the duplex is still
classified as a left-handed Z-form DNA. A comparison between this structure and the native
structure was also drawn and a RMSD of 0.254 A was calculated, which indicates high
consistency between these two structures (Figure 4.4b). Disorder was similar and found at the
Cre7 5°-OH group, as well as the Gre10-Cre11 phosphate linkage. The alternative conformations
are referred to as E and F and have occupancies of 62/38 and 53/47 % respectively. Details of
the local base-pair parameters can be found in the Supplementary Information. Like the copper-
soaked structure, different sugar puckers were found at Cre7, with conformation E and F in the
Cl’-exo and C2’-endo range. However, unlike 8OEY, many sugar puckers in this structure
differs from the native structure. The sugar puckers at Gre2, Gre4, Cred and GrelO were
classified as C4’-exo, C4’-exo, C2’-endo and C4’-exo respectively. Comparison of sugar
puckering can be found in Table 4.2. It has also been noted that no electron density associated

with the spermine molecule was observed after both soaking experiments.
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Table 4.2: Sugar pucker pseudorotation angles and sugar pucker type for the oligonucleotide
d(CGCGCQG) in 80EX, 80EY and 80OEZ. Upper/bottom values refer to two alternative conformations
present. Which conformation the value refers to is shown in parentheses.

80EX 80EY 80EZ
Phase angle of ~ Sugar | Phase angle of  Sugar Phase angle of Sugar
Base | pseudorotation  Pucker | pseudorotation  Pucker pseudorotation Pucker
(). ° (P), ° (), °

5-C 147.8 C2'-endo 155.8 C2'-endo 153.2 C2'-endo
C G 35.2 C3'-endo 26.5 C3'-endo 39.6 C4'-exo
H C 165.0 C2'-endo 166.7 C2'-endo 161.9 C2'-endo
Moo 35.7 C3"-endo 36.0 Cé-exo 409 C4-exo
N C 141.1 (A) Cl'-exo 143.4 (C) Cl'-exo 145.9 C2'-endo

A 141.0 (B) Cl'-exo 151.8 (D) C2'-endo
G-3’ 168.3 C2'-endo 165.6 C2'-endo 163.3 C2'-endo
5°-C 162.9 (A) C2-endo 1715 (C) C2-endo 142.7 (E) Cl-exo
162.4 (B) C2'-endo 159.5 (D) C2'-endo 166.3 (F) C2'-endo
C G 36.5 C4'-exo 249 C3'-endo 454 C4'-exo
2 C 153.9 (A) C2'-endo 158.1 C2'-endo 144.4 C2'-endo

| 162.1 (B) C2'-endo

N G 25.7 C3'-endo 31.7 C3'-endo 455 C4'-exo
B o 156.3 C2'-endo 150.1 C2'-endo 146.4 (E) C2'-endo
148.9 (F) C2'-endo
G-3’ 168.3 C2'-endo 166.1 C2'-endo 166.5 C2'-endo

4.3.2. Cu?" and Fe?* ions coordination analysis

A total of six copper (1) ions were found in BOEY after the native crystal was soaked
in copper (1) chloride. The Cu?* ions were added based on the electron density present and
validated based on the presence of peaks in the anomalous map at 2 (Figure 4.5a). All Cu?*
ions were coordinated to the N7 position of guanines. After occupancy refinement, Cu?* (1),
Cu?* (2), Cu?®* (3), Cu?* (4), and Cu?* (5) have partial occupancies of 51, 57, 51, 48, and 52 %
respectively. Cu?* (6) was modelled as having alternative conformations (A and B) due to the
overall geometry and its proximity to the guanine and Cu?* (5) (Figure 4.6a). Cu®* (6A) and
Cu?* (6B) have partial occupancies of 32 and 17% respectively. The coordination sphere of
Cu?* (1), Cu?* (2), Cu?* (3), Cu?* (4) and Cu?* (5) all contain five water molecules (Figure 4.6a),
while it is difficult to attribute water molecules to the coordination spheres of Cu?* (6A) and
Cu?* (6B). However, after considering partial occupancies and distances, three water molecules
were attributed to the coordination spheres of Cu?* (6A) and four water molecules to the
coordination spheres of Cu?* (6B) (Figure 4.6a). A close-up of all the guanines present in the
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asymmetric unit can be seen in Figure 4.8. Details of copper coordination are available in Table
4.3.

Figure 4.5: a. Structure of 8OEY with anomalous difference map for the six Cu?* cations. Carbon,
oxygen, nitrogen, and phosphate atoms are shown as yellow, red, blue, and orange respectively. Copper ions
are shown as purple spheres. b. Structure of 8OEZ with anomalous difference map for the four Fe?* cations.
Carbon, oxygen, nitrogen, and phosphate atoms are shown as magenta, red, blue, and orange respectively.
Iron ions are shown as yellow spheres. Chloride ions are shown as green spheres.

A total of four iron (I1) ions were found in 80OEZ after a native crystal was soaked in
iron (11) chloride. The Fe?* ions were added based on the electron density present and validated
based on the presence of peaks in the anomalous map at 26 (Figure 4.5b). All Fe?* ions were
coordinated to the N7 position of guanines. After occupancy refinement, Fe?* (2), Fe?* (3) and
Fe?* (4) remained at a 100 % occupancy. Fe?* (1) has a partial occupancy of 74 %. The
coordination sphere of Fe?* (2) and Fe?* (3) contain five water molecules (Figure 4.7b).
However, both Fe?* (1) and Fe?* (4) have partial coordination spheres. Additionally, a chloride
ion was modelled as part of the Fe?* (4) ion’s coordination sphere (Figure 4.6b). This was
decided due to how far from the N7 position the density is and refinement did not give
satisfactory results with other atoms modelled in this position. A close-up of all the guanines
present in the asymmetric unit can be seen in Figure 4.8. Details of iron coordination are

available in Table 4.3.
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Figure 4.6: a. The coordination spheres of three Cu?* (5, 6A and 6B) in 8OEY. Cu?* (5) is shown here
as coordinated to the guanine from a neighbouring duplex (G’cu10). The 2mFo-DFc electron density map is
contoured at the 1.0c level (orange). Carbon, oxygen, nitrogen, and phosphate atoms are shown as yellow, red,
blue, and orange respectively. b. The coordination spheres of Fe?* (4) in 8OEZ. Fe?* (4) is shown here as
coordinated to the guanine from a neighbouring duplex (G’re10) The 2mFo-DFc electron density map is
contoured at the 1.0c level (purple). Carbon, oxygen, nitrogen, and phosphate atoms are shown as magenta,
red, blue, and orange respectively. Iron ions are shown as yellow spheres. Chloride ions are shown as green
spheres. Water molecules are shown as red spheres.

Table 4.3: Metals ions parameters from 8OEY and 8OEZ (distance in A)
PDB ID Metal ~ Occupancy Distance to guanine N7 Distance to water molecules

BOEY  Cu?*(1) 0.51 1.89 1.93; 2.19; 1.92; 1.89; 2.38
cu?* (2) 0.57 2.01 2.28; 2.04; 2.00; 2.40; 1.94
Cu?* (3) 0.48 1.98 2.12;2.17; 1.86; 1.92; 2.16
Cu?* (4) 0.52 2.00 1.87; 2.41; 1.97; 2.46; 1.93
Cu?* (5) 0.51 1.97 2.27; 2.09; 1.86; 1.78; 2.29
Cu* (6A) 0.32 2.37 1.95; 2.45; 2.30
Cu?* (6B) 0.17 2.05 1.93;1.85; 1.83; 2.53
8OEZ Fe?* (1) 0.74 2.35 2.24;1.86
Fe?* (2) 1.00 2.26 2.46; 2.23; 2.26; 2.31; 2.38
Fe?* (3) 1.00 2.35 2.14;2.07; 2.33; 1.99; 2.13
Fe?* (4) 1.00 251 2.41;1.89; 2.92; 3.04
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Figure 4.7: a. The coordination spheres of Cu?* (2) in 8OEY. The 2mFo-DFc electron density map is
contoured at the 1.0c level (orange). Carbon, oxygen, nitrogen, and phosphate atoms are shown as yellow, red,
blue, and orange respectively. Copper ions are shown as purple spheres. b. The coordination spheres of Fe?*
(2) in 8OEZ. The 2mFo-DFc electron density map is contoured at the 1.0c level (purple). Carbon, oxygen,
nitrogen, and phosphate atoms are shown as magenta, red, blue, and orange respectively. Iron ions are shown
as yellow spheres. Both ions are coordinated to an equivalent guanine in the structure. Water molecules are

shown as red spheres.
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Figure 4.8: Comparison between all guanines present in the asymmetric unit for SOEY and 8OEZ
Carbon atoms are shown as yellow and magenta in 8OEY and 80EZ respectively. Oxygen, nitrogen, and

phosphate atoms are shown as red, blue, and orange respectively. Copper ions are shown as purple spheres.
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4.4. Discussion

Two novel crystal structures of the d(CGCGCG) sequence are presented in this work
and are the result of a soaking experiment. 8OEY shows the presence of six copper (I1) ions
sites bound to the duplex at the N7 positions of Gcu2, Geud, Geub, Geu8, Geul0, and Geul2. All
six were found to be partially occupying their position. Two of the Cu?* were identified as 1.51
A apart, which is a significantly shorter distance than copper-copper bond lengths found in the
literature®>?, For this reason, these two positions were modelled as occupied by the same
copper. By comparison, 1D39, a structure of the d(CGCGCG) duplex in the presence of copper
(1) ions has been previously reported?’. All six guanines were also partially coordinated.
However, the native crystal used for this soaking experiment was grown in conditions lacking
spermine and the Z-DNA duplex would have crystallised in the A polymorphic form'’. A
slightly different crystal packing might explain why one of the coppers bridge two guanines,
while the same position in 8OEY shows a high order of disorder and alternate positions (Figure
4.4). This shows the importance of highlighting crystal packing while discussing metal ions
positions after a soaking experiment. However, this does not explain why each position is only
partially occupied, as the soaking experiments of both polymorphic form (A and B) have shown
partial occupancies at equivalent resolutions. In 80OEY, all the copper (I1) ions occupancies
were reported as 51, 57, 48, 52, 51, 32, and 17 %. Yet, this phenomenon is not exclusive to
copper coordination, as another soaking experiment of the B polymorphic form of Z-DNA has
also led to structures containing partially occupied metal ions. Cr®* ions were found to have
partial occupancies of 35, 26 and 40 %2, In contrast, this is not the case for Mn?* and Zn?* ions,
as these ions were fully coordinated at the N7 position of G6, and at the N7 position of G6 and
G10, respectively?. Opposingly, 8OEZ shows the presence of four Fe?* ions at 100, 100, 74,
and 100 % occupancies, and were coordinated to the N7 positions of Gre2, Gred, Gre6, and
Gre10 respectively. No Fe?* ions were found to be coordinated at the N7 positions of Gr.8 and
Gre12. Akin to Mn?* and Zn?" ions, and in contrast to Cu?* and Cr®" ions, three of the Fe?* ions
were found to be at full occupancy. Out of all the N7 positions occupied by metals reported in
these studies, G6 appeared to be the preferred sites for metal binding, possibly because the
positions can accommodate metals ions of various ionic radii. However, other factors must be
at play for the other positions, like soaking time and concentration, as Zn?* was found to bind

less positions than Fe?* with a smaller ionic radius?®.
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These differences in coordination are significant, especially when studying the effects
of oxidative damage. Differences in DNA oxidative damage have been observed to be specific
to which metal catalyses the Fenton reaction and is often linked to differences in metal
coordination to the DNA. For instance, in recent years, Burrows’ group has characterised
oxidation products depending on the metal present in the system and changes were attributed
to the differences in binding affinity between copper and iron*>4, While using a system using
the nucleoside 2'-deoxyguanosine (dG) and the nucleotide 2'-deoxyguanosine-5'-
monophosphate (dAGMP) as a simple model to identify differences in interactions between Fe
(1), Cu (1), Cr (111), and the base, Noblitt et al. have been able to observe differences in
oxidative damage depending on the presence or absence of a phosphate group®. The
Fe(I1)/H202 system gave higher yield of oxidative damage when reacting with the nucleotide,
suggesting Fe (1) interacts with both N7 of the guanine base and the phosphate group, unlike
Cu (1) which was found to interact with the N7 position on the guanine, and Cr (lI11), which
was found to interact through the phosphate group°. Additionally, capillary electrophoresis and
Fourier transform infrared (FTIR) difference spectroscopic methods also confirmed Fe (lI)
binds to the phosphate groups and the N7 position of guanines®. However, extended X-ray
absorption fine structure (EXAFS) of a solid Fe(11)-DNA complex provided evidence of five
oxygen atoms and one nitrogen atom in the inner coordination sphere of the Fe(I1)-DNA
complex, supporting the idea that Fe (I1) binds to the N7 position of a base, with no mention of
binding through the phosphate groups®2. Nonetheless, few structural studies have been done to
confirm whether damage occurs where iron (1) is binding. For instance, Rai et al. used NMR
to conduct a comprehensive study of iron (I1) binding preferences following the observation
that Fe (I1)/H20- systems lead to sequence-specific strand-cleavage, especially at 5’-RTGR-3’
sequences. And the resulting structure established that Fe (I1) ions interact preferentially at the
5’-ATGA-3’ site through the N7 position of the guanine. Another study by the same group later
confirmed the correlation between preferential binding and enhanced cleavage at this
position®33, However, no follow-up studies have been done to look at more systems such as

A-DNA, Z-DNA or higher-order structures and this work remains an isolated example.
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In 8OEY, Fe (Il) binds preferentially at the N7 position of guanines. No Fe (I1) ions
were found to bind to the phosphate backbone directly, however, water mediated contacts were
identified between Fe?* (1), Fe?* (2) and Fe?* (3) and phosphate groups from neighbouring Z-
DNA hexamers. As such contacts were also identified in the d(CGCGCG)-Cu?* structure
however, it does not appear these interactions are typical of DNA-Fe?* interactions as suggested
by previous studies but are more of an artefact from crystal packing and the resulting proximity
of other duplexes. Likewise, similar interactions have been identified in systems containing Ni
(11)*4%, Co (11)*® and Zn (11)*". Nonetheless, the major difference between the d(CGCGCG)-
Cu?* structure and the d(CGCGCG)-Fe?* structure is the absence of metal centres at G8 and
G12 in the later structure. The lack of phosphate groups at proximity however might explain
the difference, as Cu (Il) has the lowest relative metal affinity to the phosphate backbone and

is known to bind preferentially to the N7 position of guanines®.

In this work, the distances between Fe (11) and the N7 position of guanines have been
reported as 2.35 A, 2.26 A, 2.35 A and 2.51 A. Similarly, the distances at the same position in
the d(CGCGCG)-Cu?* structure have been reported as 1.89 A, 2.01 A, 1.98 A and 1.97 A
respectively. On average, Fe?*-N7 distances were found to be greater than Cu?*-N7 distances
and are comparable to the distance (2.22+0.02 A) reported by Bertoncini et al. in a DNA-Fe?*
system®. Additionally, a crystallographic study found that the average high-spin Fe (11)-N
distance was 2.17 A%, which suggests the presence of high-spin Fe (11) bound to the DNA®,
However, a similar bond length between Fe (l1I) and N, along with a similar octahedral
geometry for the hydration sphere between Fe (Il) and Fe (I11), might make it difficult to
differentiate between Fe (Il1) ions and Fe (Il) ions in the structure. The experiment was
conducted in an oxygen-free environment; however, oxidation might still be possible during
the transfer between the glove bag and the X-Ray diffractometer. Fortunately, Fe (1) oxidises
at a slower rate at pH values close to the crystal system’s pH in an aerobic environment, where
the reaction is assumed to take hours, compared to oxidation at higher pH (> 7), where the
reaction is believed to only take minutes'®, and Fe (Il) conversion to Fe (I11) seems to be
unlikely in the short time during the transfer to the X-Ray diffractometer.
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Identifying Fe (11) metal centres is the first step in attempting in-crystal Fenton reaction.
This work shows where potential damage hotspot could occur and could help understand where
damage occurs as a function of structure in the crystalline environment. Interestingly, Burrows’
group has reported, in the absence of reductants, a lower guanine conversion rate with the
Fe(I1)/H202 system® than with the Cu(11)/H20> system®#; this could be interesting to see if this
difference can be explained by the lower distribution of binding sites in the d(CGCGCG)-Fe?*
structure compared to the d(CGCGCG)-Cu?* structure.
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Chapter 5 - Structural Analysis of Peroxide-
Soaked DNA Crystals Containing Ordered
Copper Binding Sites: Towards
Understanding Oxidative Damage at the
Atomic Scale

5.1. Introduction

Hydrogen peroxide (H20-), a strong oxidant first discovered and reported as “oxygenated
water”™!, has been described as a major redox metabolite of oxygen generated in multitude of
biological processes. As mentioned in previous chapters, the hydrogen peroxide decomposition
2 (Scheme 5.1) can be catalysed by metal ions in the so-called Fenton reaction (Scheme 5.1.(1))
and generate hydroxyl radicals (HO-), a highly reactive oxygen species (ROS) which can

damage cellular components®.

(1) M™D + H,0, -» HO" + HO- + M®™
(2) MO + HO > HO + M®™
(3) HO" + H,02 — H,0 + HO;
(4) HO2 + H202 > HO + H20 + O2
Scheme 5.1: The reaction of copper with hydrogen peroxide

In normal circumstances, antioxidants keep ROS levels balanced. However, during
oxidative stress, or when ROS production and the ability to neutralise ROS in a cell are
unbalanced, many cellular components are damaged, and various disorders, including
neurological disorders®, cancer, and cardiovascular diseases® have been linked to this
phenomenon. Nucleic acids are no exception to the rule and have been determined as being
damaged easily in an oxidative stress environment. The presence of ROS in the cell can result
in single strand breaks, double-strand breaks, the formation apurinic/apyrimidinic lesions and

base modifications, and lead to mutations and diseases®.
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The presence of metal ions and oxidative DNA damage and have frequently been linked.
For instance, increased level of oxidative damage reflected by the presence of the oxidative
stress marker product 8-oxo-7,8-dihydro-2’-deoxyguanine (0xoG) have been reported in the
brains of individuals having suffered Alzheimer’s diseases and have been associated to iron
dysregulation’. And as discussed previously, binding preferences of metal ions have been
associated to the type of oxidative damage found in nucleic acids, especially as hydroxyl
radicals are short lived and a certain proximity between the reaction centre and where the
damage occurs would be needed®1°,

In Chapter 4, a crystal system which could be soaked in both iron (I1) chloride and copper
(I1) chloride was introduced. Both iron and copper catalyse the hydrogen peroxide
decomposition through the Fenton reaction or a Fenton-like reaction respectively, however, the
necessity to have anoxic conditions for the iron-soaked system made it impractical to try to soak
iron-soaked crystals in hydrogen peroxide. Nevertheless, copper (11) can still act as an excellent

model to develop a method to achieve in-crystal oxidative DNA damage.

This is not the first-time hydrogen peroxide soaking of crystals has been attempted, as
this method has been attempted previously to study the active site of enzymes such as peroxide
reductasest?, oxidoreductases'? or superoxide dismutases'®. However, soaking is not the only
method to obtain ordered hydrogen peroxide in crystal systems, as the molecule could have
been present before crystallisation. With this in consideration, a total of 81 crystallographic
entries published on the Protein Data Bank (PDB) have reported hydrogen peroxide as a
standalone ligand. Remarkably, none of the entries included nucleic acids. This highlights the
lack of structural data needed to understand the interactions between nucleic acids, metal ions

and oxidant leading to oxidative DNA damage.

In this Chapter, hydrogen peroxide soaking was attempted on copper-soaked crystals. A
long soak time was chosen after taking crystal size into consideration as well as average reaction

times for Cu (11)/H.02 systems in solution'*. However, this led to three different structures,
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80OE7, B0OES8 and 80OE9, two of which have hydrogen peroxide molecules trapped, and will be
discussed here. Additionally, to confirm whether copper (Il) ions slowly disappear as the
reaction take place or if copper-soaking simply did not result in all guanines occupied by copper
(1) ions, three data sets were collected from a single crystal on three different occasions during
the experiment. This was possible by collecting data from the crystal at room temperature using
a humidity control device, to stabilise the crystal and prevent desiccation. The copper (1) ions
disappearance in 8SOEA, 80EB and 8OEC will be discussed in conjunction with the result
from 80OE7, 80OES8 and 8OED0.

5.2. Material and methods

5.2.1. DNA preparation

The oligonucleotide d(CGCGCG) was purchased from Eurogentec as a solid purified
by RP-HPLC. DNA concentration was determined from the value of the absorbance at A =260
nm, using the molar extinction coefficient provided by the manufacturer. 1.5 mM solution of
the DNA was annealed at 358 K for two minutes then allowed to cool slowly to room

temperature.

5.2.2. Crystallisation of d(CGCGCG)

Single crystals to be used for soaking in Fenton reagents were grown at 291 K by the
sitting-drop vapor diffusion method using the same protocol used in Chapter 4° and described
by Drozdzal et al. The drops contained 2 pL of 1.5 mM oligonucleotides and 2 pl of
precipitating solution containing 10 % (v/v) 2-methyl-2,4-pentanediol (MPD), 40 mM sodium
cacodylate, pH 6.0, 80 mM KCI, 12 mM NaCl and 12 mM spermine tetrachloride. The drops
were equilibrated against 0.5 ml of 35 % (v/v) MPD. The crystals appeared within 48 hours.

5.2.3. Time-dependent in-crystal Fenton reaction and flash-freezing

Dozens of d(CGCGCG) crystals were transferred to a drop containing 2 pL of
precipitating solution and 2 pL of copper (II) chloride and left to soak for 24 hours. The crystals
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were then transferred to a drop containing 2 pL of precipitating solution and 2 pL of 2 %
hydrogen peroxide. The crystals were removed at different time intervals, ranging from 5
minutes to 1 hour, back-soaked for 30 seconds in mother liquor, and flash-cooled in liquid

nitrogen to be sent to Diamond Light Source for collection.

5.2.4. Synchrotron data collection and processing

Data from flash-cooled crystals of approximate dimensions 200 x 100 x 100 um were
collected at 100 K with 0.004 s frames on beam line 103 at Diamond Light Source Ltd using
radiation with a wavelength of 0.9763 A. For each dataset, 3600 frames were collected with an
oscillation angle of 0.10° to give 360° of data. The data were integrated and scaled using xia2°
with Dials. Out of the 17 crystals collected, 13 gave sufficient diffraction. The structures were
solved in P2:2:2; by molecular replacement using Phaser'” with the structure 110T from the
PDB as the starting model, except for two, which had to be solved in P1. Three structures were

selected to be presented in this work for their structural differences.

Data were collected from a crystal soaked in hydrogen peroxide for 5 minutes and gave
11347 unique reflections after being integrated and scaled. The structure was initially solved in
P212121 by molecular replacement, however, high R-factors after multiple refinement cycles
suggested this might not have been the appropriate strategy. Consequently, the data were
integrated and scaled again, this time in P1, giving 24395 unique reflections. After molecular
replacement, the model was updated using Coot® and refined using phenix.refine®®. To confirm
that the model was satisfactory and that the observed data and the calculated data from the
model were in agreement, the Rfree and the Rwork were calculated after each round of refinement.
R-factors can be made arbitrarily low by overfitting the data during refinement. Consequently,
five percent of the reflections were reserved for the Rsree Set and not used during refinement.
The Rfree and Rwork Observed after the final round of refinement for this model were 0.2332 of
0.1994 respectively. These values can be compared relatively to X-ray structures of similar
resolution after deposition and validation in the Protein Data Bank. The data, and final

coordinates, were deposited in the Protein Data Bank with ID 8OE?7.
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A second data set was collected from a crystal soaked in hydrogen peroxide for 1 hour.
The initial structure was also solved in P212:2; by molecular replacement, however, high R-
factors after multiple refinement cycles were also observed, and the data were integrated and
scaled in P1, giving 21952 unique reflections. After molecular replacement, the model was
updated using Coot*® and refined using phenix.refine'® to give a final Rree 0f 0.2089 and Ruwork
of 0.1691. Five percent of reflections were reserved for the Rsee Set. The data, and final
coordinates, were deposited in the Protein Data Bank with ID 80OES.

The third dataset was collected from a crystal soaked in hydrogen peroxide for 1 hour
and gave 11394 unique reflections after being integrated and scaled. The structure was solved
in P21212: by molecular replacement. The model was updated using Coot*® and refined using
phenix.refine® to give a final Rfee 0f 0.1779 and Rwork Of 0.1551. Five percent of reflections
were reserved for the Ryee Set. The data, and final coordinates, were deposited in the Protein
Data Bank with ID 80E9. The data collection and refinement statistics of all three datasets for

can be found in Table 5.1.
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Table 5.1: Synchrotron data collection and refinement statistics for 8OE7, 8OE8 and 80E9. Outer

shell statistics shown in parentheses.

PDB ID 80E7 80OES8 80E9
Data collection
Space group P1 P1 P2:12121

Cell dimensions

18.28, 30.74, 42.5

18.35, 30.67, 42.86

L0E (A) 90.01, 89.95, 90.01 89.98, 90.06, 89.94 Rk, ST, G
a, B,y ()

Resolution, (A) 30.74-1.25(1.27-1.25) 42.86-1.30(1.32-1.30) 24.92 - 1.04 (1.06 - 1.04)
Rmerge 0.043 (0.226) 0.051 (0.431) 0.186 (1.312)
Rimeas 0.050 (0.264) 0.060 (0.508) 0.189 (1.539)
Rpim 0.027 (0.136) 0.032 (0.267) 0.060 (0.772)
Total number of observations 87060 79075 110564

Total number of unique 24395 21952 11394
observations

CCup 1.000 (0.940) 0.998 (0.789) 0.996 (0.357)
/ol 19.7 (3.3) 19.9 (3.0) 6.7 (1.1)
Completeness, (%) 95.1 (89.3) 95.4 (89.3) 94.0 (55.1)
Multiplicity 3.6 (3.7) 3.6 (3.6) 9.7 (3.6)
Refinement

Resolution, (A)

24.920 - 1.250 (1.295 -

21.430 - 1.300 (1.346 -

24.918 - 1.040 (1.077 -

1.250) 1.300) 1.040)
No. Reflections 24320 (2345) 21922 (2090) 11327 (716)
Riree/Rwork 0.2332/0.1994 0.2089/0.1691 0.1779/0.1551
rmsd
Bond lengths, (A) 0.010 0.010 0.012
Bond angles, (°) 1.32 1.32 1.34

5.2.5. In-house multi dataset collection at room-temperature from a peroxide-
soaked crystal as a function of time

A d(CGCGCQG) crystal was transferred to a drop containing 2 uL of precipitating
solution and 2 pL of 20 mM copper (II) chloride and left to soak for 24 hours (Figure 5.1). The
crystal was mounted on a Micromesh from MiTeGen and placed on the goniometer of the in-
house XtaLAB Synergy-S X-ray diffractometer. The crystal was kept hydrated at a relative
humidity of 99 % using a HC-Lab Humidity Controller and a data set was collected. 872 frames
were collected from the crystal. The data were integrated and scaled using the CrysAlisPRO
software. The structure was initially solved in P212:2: by molecular replacement using Phaser*’
with the structure 110T from the PDB as the starting model. However, high R-factors after
multiple refinement cycles suggested this might not have been the appropriate strategy.
Consequently, the data were integrated and scaled again, this time in P21, giving 4161 unique
reflections. Data quality was assessed using phenix.xtriage and the intensity statistics suggested

twinning. The model was updated using Coot!® and refined using phenix.refine!®. Twinned
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refinement was carried out using the h, -k, -1 operator to give a final Rfree 0f 0.2276 and Rwork
of 0.1786. Five percent of reflections were reserved for the Rsee Set. The data, and final

coordinates, were deposited in the Protein Data Bank with ID 80EA.

The loop was then unmounted and transferred to a drop containing 2 uL of precipitating
solution and 2 % of hydrogen peroxide and left to soak for 30 minutes (Figure 5.1). The same
crystal was then mounted again on a Micromesh and another data set was collected. 326 frames
were collected from the crystal. The data were integrated and scaled using the CrysAlisPRO
software, giving 2494 unique reflections. The structure was solved in P212:2; by molecular
replacement using Phaser!’ with the structure 110T from the PDB as the starting model. The
model was updated using Coot!8 and refined using phenix.refine!® to give a final R 0f 0.1818
and Rwork Of 0.1737. Five percent of reflections were reserved for the Rfree Set. The data, and

final coordinates, were deposited in the Protein Data Bank with ID 8OEB.

The same soaking step was repeated one more time and a third data set was collected
from the same crystal (Figure 5.1). 250 frames were collected from the crystal. The data were
integrated and scaled using the CrysAlisPRO software, giving 1612 unique reflections. The
structure was solved in P212:2; by molecular replacement using Phaser!” with the structure
110T from the PDB as the starting model. The model was updated using Coot*® and refined
using phenix.refine’® to give a final Rfee of 0.1880 and Rwork Of 0.1467. Five percent of
reflections were reserved for the Rsree Set. The data, and final coordinates, were deposited in the
Protein Data Bank with ID 80OEC. The data collection and refinement statistics of all three

datasets for can be found in Table 5.2.
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S8OEB 8OEC

2
\_ \!_/
Mother Mother Mother Mother
liquor liquor liquor liquor
+ + +
CuCl, H,0, H,0,
(20 mM) (2%) (2%)
overnight 30 minutes 30 minutes

Figure 5.1: Diagram to illustrate when all three data sets were collected from the crystal during the
peroxide-soaked experiment. Step 1 involved soaking the crystal in a drop containing a 20 mM copper (11)
chloride mixed with the crystallisation condition. Step 2 and step 3 involved soaking the crystal in a drop
containing a 2 % H202 mixed with the crystallisation condition. The crystal was rinsed each time for thirty

seconds prior to collection.
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Table 5.2: In-house data collection and refinement statistics for SOEA, 80OEB and 8OEC. Outer shell

statistics shown in parentheses.

PDB ID

Data collection

Space group

Cell dimensions

a, b, c (A)

Resolution, (A)

Rmerge

Rmeas

Rpim

Total number of observations
Total number of unique
observations

CCuz

I/ol

Completeness, (%)
Multiplicity
Refinement
Resolution, (A)

No. Reflections
Rfree/Rwork

rmsd

Bond lengths, (A)
Bond angles, (°)

8OEA

P21

18.09, 30.65, 43.00

18.09 - 1.50 (1.54 - 1.50)

0.078 (0.327)

0.086 (0.390)

0.036 (0.209)
35360
4161

1.000 (0.885)
14.6 (3.3)
99.9 (99.8)
8.5 (5.6)

18.091 - 1.500 (1.554 -
1.500)
7645 (754)
0.2276/0.1786

0.004
0.64

5.2.6. Structural and packing analysis.

8OEB

P212121

18.31, 30.78, 43.16

18.31 - 1.80 (1.88 - 1.80)

0.059 (0.208)

0.073 (0.270)

0.042 (0170)
12004
2494

0.999 (0.952)
135 (5.4)
99.6 (100.0)
4.8 (3.8)

17.670 - 1.800 (1.864 -
1.800)
2461 (234)
0.1818/0.1737

0.010
1.83

8OEC

P212121
18.36, 30.78, 43.10

17.65 - 2.10 (2.25 - 2.10)
0.069 (0.161)
0.088 (0.205)
0.054 (0.125)

6194
1612

0.999 (0.982)
10.7 (6.7)
99.5 (100.0)
3.8 (4.2)

17.654 - 2.100 (2.175 -
2.100)
1586 (151)
0.1880/0.1467

0.004
1.67

All figures were created using PyMOL? unless specified otherwise. Dinucleotide step

parameters were calculated using Web 3DNA 2.0%%. CCP4 maps were generated from the final

mtz file, including the anomalous map when available, using the phenix.mtz2map program.

Maps were visualised in PyMOL and displayed using the mesh function. 2mFo-DFc maps were

contoured at 1o unless specified otherwise. Anomalous maps were contoured at 2c unless

specified otherwise. Packing diagrams were generated using Mercury??,
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5.3. Results

5.3.1. Peroxide-soaked d(CGCGCQG) crystals: 100 K collection.

5.3.1.1 Overall structure and helical parameters analysis

80OE7, 80OES8 and 80OE9 were obtained from crystals of the DNA hexamer sequence
d(CGCGCQG). All three were soaked in the same drop containing hydrogen peroxide, flash-
cooled and collected at 100 K.

80E?7, the first peroxide-soaked structure, was obtained from a native crystal of the DNA
sequence d(CGCGCG) grown in the same conditions as 8OEX, which was previously soaked
in copper (1) chloride for 24 hours. After soaking the crystal in hydrogen peroxide for five
minutes, the crystal was flash-frozen and sent for collection. The crystal diffracted to 1.25 A, a
resolution close to the resolution of the other structures collected during this experiment, and
the diffraction quality did not deteriorate as much as expected. However, the shift to the triclinic
space group P1 and a high Rrree could indicate that the soaking modified the lattice, although
crystal packing is consistent with the polymorphic form B of d(CGCGCG) Z-DNA structures
and does not indicate extensive changes in the crystal lattices. The asymmetric unit contains
eight strands for a total of 48 nucleotides and forms four duplexes. No spermine molecules were
found in the asymmetric unit. The nucleotides from each chain (A, B, C, D, E, F, G, H) are
labelled from Cchainl t0 Gehain6 in the 5°-3° direction. For clarity, dinucleotide parameters were
calculated separately for each duplex in the structure (A/B, C/D, E/F and G/H). The structural
parameters classify each duplex as a left-handed Z-form structure. Disorder is observed at the
Ga4-Ca5, Gp2-Cg3, Gc4-Ccb, Gp4-Cp5, Ge4-Ce5 and Gr2-Cr3 phosphate linkages. The
alternative conformations are referred to as 1 and 2, and have occupancies of 62/38, 59/41,
67/33, 51/49, 64/36 and 47/53 % respectively. Details of the local base-pair parameters can be

found in the Supplementary Information.

80OES, the second peroxide-soaked structure, was obtained from a crystal grown and
soaked in similar conditions as 8OE7, except for length of time this crystal was left in hydrogen
peroxide conditions. This crystal was soaked in hydrogen peroxide for an hour. The crystal
diffracted to 1.30 A. The asymmetric unit contains eight strands for a total of 48 nucleotides
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and forms four duplexes. A spermine molecule was also found to interact with each Z-DNA
duplexes in the crystal lattice, to a total of four molecules in the asymmetric unit; but only the
ordered part of the molecule was modelled, as the rest was found to be highly disordered and
could not be modelled in electron density. The nucleotides from each chain (A’, B’, C’, D’, E’,
F’, G’, H’) are labelled from Cchainl t0 Gchain6 in the 5°-3” direction. As 80OE7, dinucleotide
parameters were calculated separately for each duplex in the structure (A’/B’, C’/D’, E’/F” and
G’/H’). Soaking did not change the overall structure parameters and each duplex is still
classified as a left-handed Z-form DNA. Disorder is observed at the Ga4-Ca'5, Gp-2-Cp3,
Gp'4-Cp'5, Gc4-Cc'5, Gp2-Cp'3, Gp4-Cp'5, Ge4-Cg5, Gp2-Cr3, Gp4-Cr5, Gg4-Cs'5,
GH2-Cx3 and Gur4-Cw’5, phosphate linkages. The alternative conformations are referred to as
3 and 4, and have occupancies of 71/29, 24/76, 74/26, 67/33, 27/73, 63/37, 72/38, 30/70, 61/39,
71/29, 26/74 and 62/38 % respectively. Details of the local base-pair parameters can be found
in the Supplementary Information. Equivalently to 80OE?7, the structure belongs to the space
group P1, which could also indicate a compromised crystal lattice. However, crystal packing is
still consistent with the polymorphic form B of d(CGCGCG) Z-DNA structures.

80EJ9, the third peroxide-soaked structure, was obtained from a crystal grown and soaked
in identical conditions as 8OES. The crystal diffracted to 1.04 A. The asymmetric unit contains
two strands for a total of 12 nucleotides and forms four duplexes. A spermine molecule was
also found to interact with the two Z-DNA duplexes in the crystal lattice, in a similar way to
the other Z-DNA structures presenting the same crystal packing. The nucleotides from each
chain (A” and B”) are labelled from Cchainl t0 Gchain in the 5°-3” direction. The structural
parameters classify the duplex as a left-handed Z-form structure. Disorder is observed at the
Gp2-Cg»3 phosphate linkage, as well as at the Cg»1 5°-OH group. The alternative
conformations are referred to as 5 and 6 and have occupancies of 47/53 and 63/37 %
respectively. Details of the local base-pair parameters can be found in the Supplementary
Information. The structure belongs to the space group P2:2:21, and crystal packing is consistent
with the polymorphic form B of d(CGCGCG) Z-DNA structures. Globally, none of the sugar
pucker pseudorotation angles in 80OE7, 80OE8 and 8OE9 differ significantly from the ones
reported in 8OEX and 8OEY. Details of the sugar pucker parameters can be found in Table
5.3.
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Figure 5.2: a. Packing diagram of the 80OE7 structure. b. Packing diagram of the 80ES8 structure. c.
Packing diagram of the 8OE9 structure with views along the c-axes (left) and the a-axis (right).
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Table 5.3: Sugar pucker pseudorotation angles and sugar pucker type for the oligonucleotide
d(CGCGCQG) in 80OE7, 8OE8 and 80E9. Only chain A and chain B of each structure have been represented
here. The sugar pucker type for the oligonucleotide d(CGCGCG) in 8OEX and 80OEY have been added as
comparison. Chain C, D, E, F, G and H of structures 8OE7 and 80ES8 can be found in the Supplementary

Information.
80OE7 80OES8 80E9 80EX 8OEY
Phase angle of Sugar Phase angle of Sugar Phase angle of Sugar Sugar Sugar
Base pse”?g;ﬁﬁaﬁon Pucker pse”(zs;f)zaﬁon Pucker pse“?g;f’t,,aﬁon Pucker Pucker Pucker
5-C 154.5 C2'-endo 152.3 C2'-endo 149.2 C2-endo | C2-endo | C2'-endo
g G 41.9 C4'-exo 425 C4'-exo 328 C3-endo | C3'-endo | C3'-endo
IA Cc 168.5 C2'-endo 166.6 C2'-endo 163.5 C2-endo | C2-endo | C2'-endo
N| G 40.4 C4'-exo 45.0 C4'-exo 41.7 C4'-exo C3'-endo C4'-exo
A C 145.7 C2'-endo 143.1 Cl'-exo 140.2 Cl'-exo Cl'-exo Cl'-exo
G-3’ 168.7 C2'-endo 167.4 C2'-endo 169.2 C2-endo | C2-endo | C2-endo
5°-C 160.2 C2'-endo 152.7 C2'-endo 149.5 C2'-endo | C2-endo | C2'-endo
g G 44.2 C4'-exo 445 C4'-exo 33.1 C3'-endo C4'-exo C3'-endo
'IA Cc 157.2 C2'-endo 167.8 C2'-endo 162.8 C2'-endo | C2-endo | C2'-endo
N| G 35.2 C3'-endo 38.1 C4'-exo 35.0 C3-endo | C3-endo | C3'-endo
B Cc 155.5 C2'-endo 151.6 C2'-endo 154.4 C2'-endo | C2-endo | C2'-endo
G-3’ 167.6 C2'-endo 167.4 C2'-endo 168.0 C2-endo | C2-endo | C2-endo

5.3.1.2 Coordination of the Cu?* ions and H,O, molecules

In 8OE7, a total of twenty copper (Il) ions were found after the native crystal was
soaked in copper (I1) chloride followed by soaking in hydrogen peroxide for five minutes. The
Cu?* ions were added based on the electron density present and the distance from the N7
position of the guanine. All Cu?" ions were coordinated to the N7 position of guanines. Five
Cu?* ions were found coordinated to each duplex. And after occupancy refinement, a mix of
partial and total occupancies were attributed to all the Cu?* ions as well as partial coordination
spheres. Each Cu?* ion was named following this convention: Cu?* (Gchain’ Position’) for clarity.
Details of copper coordination are available in Table 5.4. Only the copper (Il) coordinated to

hydrogen peroxide molecules are listed.
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Table 5.4: Copper (1) ions parameters from 80E7, 80OE8 and 80E9 (distance in A)

PDB Metal Occupancy Distance to
ID name metal guanine N7
8OE7  Cu2*(Gad) 1.00 2.03
Cu?* (Gad) 1.00 2.18
Cu?* (Ge2) 1.00 2.14
Cu?* (Gc4) 1.00 2.03
Cu?* (Gc4) 1.00 2.03
Cu?* (Ged) 1.00 1.87
Cu?* (Geb) 0.90 2.09
80OE8  Cu?*(Gc2) 0.34 2.38

Interestingly, the coordination spheres of six of these Cu?* ions, Cu?* (Ga4), Cu?* (Ga4),
Cu?* (Gc2), Cu?* (Gcd), Cu?* (Gg4), Cu?* (Gg6) and Cu?* (G¢-2) included hydrogen peroxide
molecules. Cu?* (Gc4) was the only Cu?* ion to have two hydrogen peroxide coordinated, Oxy

(4) and Oxy (5). Details of hydrogen peroxide coordination are available in Table 5.5.

In 8OES, a total of eleven copper (11) ions were found after the native crystal was soaked
in copper (11) chloride followed by soaking in hydrogen peroxide for an hour. The Cu?* ions
were added based on the electron density present and the distance from the N7 position of the
guanine. All Cu?* ions were coordinated to the N7 position of guanines. Three Cu?* ions were
found coordinated per duplex in C’/D’, E’/F* and G’/H’. Two Cu?* ions were found coordinated
to duplex A’/B’. After occupancy refinement, a mix of partial and total occupancies were
attributed to all the Cu?* ions as well as partial coordination spheres. Details of copper
coordination are available in Table 5.3. A single hydrogen peroxide molecule, H202 (1), was
also found coordinated to Cu?* (G¢-2). Details of hydrogen peroxide coordination are available
in Table 5.4.
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Figure 5.3: Close-up of guanines with at least one hydrogen peroxide present in the coordination

sphere of its copper (11) ion. Carbon, oxygen, nitrogen, and phosphate atoms are shown as yellow, red, blue,

and orange respectively. Copper (I1) ions are represented as purple spheres. Hydrogen peroxide molecules are

represented as blue spheres. The 2mFo-DFc electron density map is contoured at the 1.06 level (orange).

Table 5.5: Hydrogen peroxide parameters from 8OE7 and 80OES (distance in A)

PDB H202 Occupancy Distance to Cu?* Metal
ID Name H202 name
8OE7 | Per (1) 0.80 1.81 Cu?* (Ga2)
Per (2) 1.00 1.91 Cu2* (Gad)
Per (3) 0.97 1.81 Cu?* (Gc2)
Per (4) 0.69 2.03 Cu?* (Gc4)
Per (5) 1.00 1.75 (01); 1.73 (02)  Cu?* (Gcd)
Per (6) 0.95 1.72 Cu2* (Ge4)
Per (7) 1.00 1.87 Cu2* (Ggb)
8OE8 | Per(1’) 1.00 2.02 Cu?* (Ge-2)
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However, no copper (I1) ions were found in 8OE9 after the native crystal was soaked in
copper (I1) chloride followed by soaking in hydrogen peroxide for an hour, unlike 8OES.
Interestingly, these three crystals were treated in the same conditions but still showed widely
different results. After copper (1) chloride soaking, a copper bound to each guanine in the
asymmetric unit was to be expected in each crystal. However, after hydrogen peroxide soaking,
some of the copper (I1) ions were found to be missing in all three structures, especially in 8OE9
where none remained. And although these crystals were grown in the same conditions and were
soaked in the same drops, the possibility that the copper (I1) chloride soaking step was not
performed long enough for all positions to be occupied remains. To determine if the absence of
copper (1) ions was due to copper-soaking or peroxide-soaking, a single crystal was used to
collect multiple data sets at different points of the soaking experiment.

5.3.2. Peroxide-soaked d(CGCGCQG) crystals: room temperature collection.

5.3.2.1 Overall structure and helical parameters analysis

80OEA, 80OEB and 80OEC were collected from that same crystal of the DNA hexamer
sequence d(CGCGCG). 80OEA was obtained from a native crystal of the DNA sequence
d(CGCGCG) grown in the same conditions as all the other structures in this Chapter and soaked
in copper (I1) chloride. This collection was performed at room temperature using a HC-Lab
Humidity Controller to preserve the crystal and confirm the presence of copper (1) ions before
the introduction of hydrogen peroxide into the system. The crystal diffracted to 1.50 A. The
asymmetric unit contains four strands for a total of 24 nucleotides and forms two duplexes. No
spermine molecules were found in the asymmetric unit. The nucleotides from each chain (a, b,
c, d) are labelled from Cchainl t0 Gchain6 in the 5°-3” direction. Dinucleotide parameters were
calculated separately for each duplex in the structure (a/b and c/d). The structural parameters
classify each duplex as a left-handed Z-form structure. Disorder is observed at the Ga4-Cab,
Gp2-Cp3 and Gu4-Cp5 phosphate linkages. The alternative conformations are referred to as a
and b and have occupancies of 22/78, 43/67 and 13/87 respectively. Details of the local base-
pair parameters can be found in the Supplementary Information. The structure belongs to the
space group P21, and crystal packing is consistent with the polymorphic form B of d(CGCGCG)
Z-DNA structures.
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80OEB was obtained after the same crystal used to collect 8OEA on the in-house source
was transferred to a drop containing hydrogen peroxide and left to soak for thirty minutes. This
collection was performed at room temperature using a humidity controller to preserve the
crystal for another soak and collection. The crystal did not diffract as much as 8OEA and
diffracted to 1.80 A. The asymmetric unit contains two strands for a total of twelve nucleotides
and forms a duplex. A spermine molecule was also found to interact in the major groove with
two Z-DNA duplexes in the crystal lattice. The nucleotides from each chain (a’ and b’) are
labelled from Cchainl t0 Gehain6 in the 5°-3” direction. The structural parameters classify the
duplex as a left-handed Z-form structure. Disorder is observed at the Gy-2-Cy'3 phosphate
linkage. The alternative conformations are referred to as ¢ and d and have occupancies of 36/64
%. Details of the local base-pair parameters can be found in the Supplementary Information.
The structure belongs to the space group P2:12:21, and crystal packing is consistent with the
polymorphic form B of d(CGCGCG) Z-DNA structures.

80OEC was obtained after the same crystal used to collect 8OEA and 8OEB was
transferred one more time to a drop containing hydrogen peroxide and left to soak for another
thirty minutes. This collection was still performed at room temperature using a humidity
controller for consistency between the data sets. This time, the crystal diffracted to 2.10 A. The
asymmetric unit contains two strands for a total of twelve nucleotides and forms a duplex. A
spermine molecule was also found to interact in the major groove with two Z-DNA duplexes
in the crystal lattice. The nucleotides from each chain (a” and b”’) are labelled from Cchainl t0
Gchain6 in the 5°-3” direction. The structural parameters classify the duplex as a left-handed Z-
form structure. Disorder is observed at the G,»2-Cy»3 phosphate linkage. The alternative
conformations are referred to as e and f and have occupancies of 57/43 %. Details of the local
base-pair parameters can be found in the Supplementary Information. The structure belongs to
the space group P2:2:2:, and crystal packing is consistent with the polymorphic form B of
d(CGCGCG) Z-DNA structures.
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Figure 5.4: a. Packing diagram of the 80EA structure. b. Packing diagram of the 80EB structure.
¢. Packing diagram of the BOEC structure with views along the c-axes (left) and the a-axis (right).
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Interestingly, one of the sugar puckers pseudorotation angles in 8OEA differed
significantly from all the other ones reported in, SOEB, 8OEC, 8OEX and 8OEY. The sugar
puckers at Gp2 were classified as O4'-endo. Details of the sugar pucker parameters can be found
in Table 5.6.

Table 5.6: Sugar pucker pseudorotation angles and sugar pucker type for the oligonucleotide
d(CGCGCQG) in 80OEA, 80OEB and 80EC. Only chain a and chain b of each structure have been represented
here. The sugar pucker type for the oligonucleotide d(CGCGCG) in 8OEX and 8OEY have been added as

comparison. Chain ¢ and d of structure 80OEA can be found in the Supplementary Information.

80EA 80EB 80EC 80EX 8OEY

Phase angle of Sugar Phase angle of Sugar Phase angle of Sugar Sugar Sugar

Base pseu‘:s;f)iaﬁon Pucker pseu?sgf}toation Pucker pse“‘:g;?f,aﬁon Pucker Pucker Pucker
5’-C 137.4 Cl'-exo 169.2 C2'-endo 148.9 C2-endo | C2-endo | C2-endo
g G 49.8 C4'-exo 43.4 C4'-exo 45.8 C4'-exo C3-endo | C3'-endo
'IA C 157.6 C2'-endo 164.9 C2'-endo 162.9 C2-endo | C2-endo | C2-endo
N| G 47.5 C4'-exo 60.0 C4'-exo 431 C4'-exo C3'-endo C4'-exo
a C 149.3 C2'-endo 150.7 C2'-endo 147.6 C2'-endo Cl'-exo Cl'-exo
G-3 169.2 C2'-endo 171.7 C2'-endo 162.1 C2-endo | C2-endo | C2'-endo
5’-C 1434 Cl'-exo 166.2 C2'-endo 150.3 C2-endo | C2-endo | C2-endo
g G 47.9 Cé4'-exo 71.3 C4'-exo 47.8 C4'-exo C4'-exo C3'-endo
'IA C 150.8 C2'-endo 158.7 C2'-endo 157.1 C2-endo | C2-endo | C2-endo
N| G 80.8 O4'-endo 39.6 C4'-exo 40.3 C4'-exo C3-endo | C3'-endo
b C 149.5 C2'-endo 156.3 C2'-endo 150.9 C2-endo | C2-endo | C2-endo
G-3 162.9 C2'-endo 167.8 C2'-endo 160.8 C2'-endo | C2-endo | C2'-endo

5.3.2.2 Coordination of the Cu®* ions

In 80OEA, a total of eleven copper (I1) ions were found after the native crystal was
soaked in copper (I1) chloride. The Cu?* ions were added based on the electron density present
and the distance from the N7 position of the guanine. All Cu?* ions were coordinated to the N7
position of guanines. However, G46 was the only guanine in the structure with no coordinated
copper (I1) ion. After occupancy refinement, a mix of partial and total occupancies were
attributed to all the Cu?* ions as well as partial coordination spheres. Each Cu?" ion was named

following this convention: Cu?* (Gcnain’Position”) for clarity.

After soaking the crystal in a drop containing hydrogen peroxide, only three copper (11)
ions were found to remain in 8OEB. Likewise, the Cu?* ions were added based on the electron
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density present and the distance from the N7 position of the guanine. All Cu®* ions were

coordinated to the N7 position of guanines. After occupancy refinement, a mix of partial and

total occupancies were attributed to all the Cu?* ions as well as partial coordination spheres.

Finally, after a second soak of the same crystal in a drop containing hydrogen peroxide,

a single copper (I1) ion was identified in SOEC. Due to the low resolution of the data, a copper

(1) ion was placed at this position due to the electron density, the proximity to the N7 position

of the guanine and the low distance between the atom and a nearby water molecule. Details of

copper coordination for all three structures are available in Table 5.7.

Surprisingly, the copper (I1) ions disappeared from the crystal lattice as the experiment

went on, only leaving a single copper (1) ion at low occupancy in 8OEC (Figure 5.5.).

Table 5.7: Copper (1) ions parameters from 8OEA, 80OEB and 8OEC (distance in A)

PDB Metal Occupancy Distance to Metal Occupancy Distance to
ID name metal guanine N7 name metal guanine N7
80EA | Cu?*(G:6) 0.93 2.14 Cu?* (Gcb) 0.72 2.14
Cu?* (Gad) 0.84 1.93 Cu?* (Ged) 0.82 2.06
Cu?* (Ga2) 1.00 2.19 Cu?* (Ge2) 0.51 2.08
Cu?* (Gb6) 0.65 2.39 Cu?* (Ged) 0.52 3.06
Cu?* (God) 0.58 2.13 Cu?* (Ga2) 0.92 2.54
Cu?* (Gb2) 0.63 3.14
80EB | Cu?* (G.6) 0.39 2.43
Cu?* (Ga4) 0.52 2.32
Cu?* (Ga2) 0.71 2.33
80EC | Cu?*(Ga2) 0.15 2.63
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5.4. Discussion

80E7, 80OES8, 80E9, 80OEB and 8OEC are all novel structures of the d(CGCGCG)
sequence after a crystal was soaked in hydrogen peroxide. Although the original intent was to
observe oxidative DNA damage in the crystal lattice with the hypothesis that an extra oxygen
would appear at the C8 position of guanines, no evidence that suggests this type of damage
occurred was observed in the electron density. The reaction between hydrogen peroxide and
copper was expected to occur at the binding sites identified prior to hydrogen peroxide soaking
and the hydroxyl radicals generated were expected to react with guanines to produce 8-
oxoguanine, the major oxidation product during oxidative stress?3. However, no indication that
any of the guanine bases were oxidised was reported. This could be due to the low conversion
rate of this reaction in the absence of a reductant, as a conversion rate of 9.5 % was reported in
these conditions**. Whilst this is potentially one explanation as to why damage was not
observed, as crystal periodicity is a crucial characteristic to generate a diffraction pattern and
hence, a 9.5 % conversion rate would likely be observable due to the high diffracting resolution
of the crystals.

Whilst damage sites could not be identified, hydrogen peroxide molecules were found
interacting with copper (I1) ions in 80OE7 and 80ES8, which is the first time this type of
interaction has been observed in a DNA system. The average distance between a hydrogen
peroxide molecule and copper was 1.85 A. Previously, protein structures with at least a peroxide
and a copper (1) ion in their active sites have been reported in the literature'®24-2¢ and distances
between the two have been described. Some of the distances reported in 8OE7 and 80OES could
be considered quite short compared to the average 1.90 - 2.00 A which is typically

observed!32527,

Another disparity between the structures was the increase in the apparent disorder in the
solvent channel. In 8OE7 and compared to what can be seen in BOEY at equivalent resolution,
the electron density is not as well defined and might suggest a highly disordered solvent after
peroxide soaking. Furthermore, the B-factors for the copper (I1) ions (~60.0 A?) were reported
as six times higher than the average B-factors in the structure (~10.0 A?), while the B-factors
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for the hydrogen peroxide were not as high (~25.0 A?). In comparison, the average B-factors
for the copper (ll) ions in BOEY was ~10.0 A2, B-factors in biological crystal structures at
equivalent resolution are normally not as high. The B-factors for the copper (I) ions in 8OE7
are significantly above the maximal B-factor average values that are compatible with the
crystalline solid state (B_max), described as 25 A? for resolution better than 1.5 A28, Large B-
factors can be interpreted as a sign of internal motion, but also as a sign of crystal defect and
diffraction decay?®. However, high B-factors were only reported in the solvent channel in this
structure, and this could be explained by the ongoing reaction between the copper (I1) ions and
the hydrogen peroxide happening in the crystal, especially as the average B-factor in the

structure was not described as high.

80OEA, 80EB and 80EC did not have ordered hydrogen peroxide molecules. However,
it is worth noting how copper (I) ions are removed from the structure as the crystal is soaked
in hydrogen peroxide. On average, there are five Cu (lI) ions per duplex in 80OEA, two and a
half per duplex in 8OEB and one per duplex in 8OEC. As the reaction between the copper (11)
ions and hydrogen peroxide goes on, the copper (Il) ions are removed from their original
binding sites. There could be several reasons why the copper (11) ions unbind from the guanines.
Copper (I1) ions are accessible to the solvent channel, and as indicated by the presence of H20-
in 8OE7 and 80OES, copper (1) chloride is reacting with the hydrogen peroxide present in the
solvent channels. Copper (11) reacts with H.O to produce HO+ (Scheme 5.2)*°. However, this
reaction is not direct. Copper (1) first reacts with H2O- to produce superoxide ions (O2") and
copper (1) ions (Scheme 5.2.(1)). There is a possibility that after copper (1) reacts with H203,
the copper (1) unbinds, then regenerates to copper (I1) and binds again. However, Cu (1) was
shown to also bind at the N7 position of guanine!®. Yet, these two statements are not mutually
exclusive, and it is possible that the structures described in this work are only intermediate of
what is happening, and both copper (1) and copper (I1) bind and unbind as the reaction goes on.
Furthermore, the high B-factors could be an indication a lot of movement is happening while

the reaction is ongoing.
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(7) Cu?* + H0, -» Oy + Cu*
(8) Cu* + H,02 —» Cu?* + HO»

Scheme 5.2: The reaction of copper with hydrogen peroxide

The complex mechanism presented here could explain the loss of copper (I1) binding
sites at the N7 position of the guanines and highlight why a disparity is observed between DNA
oxidative damage caused by copper-catalysed Fenton and iron-catalysed Fenton chemistry.
With constant binding and unbinding, the reaction centre in a copper-catalysed Fenton
chemistry might not be as well defined as an iron-catalysed Fenton chemistry reaction centre,
where iron (11) would directly react with hydrogen peroxide to produce hydroxyl radicals®. To
further investigate this mechanism, crystals with ordered iron (I1) centres could be soaked in
hydrogen peroxide and compared to this system. This could help identify the differences

between how iron (I1) and copper (I1) react with hydrogen peroxide in a DNA system.
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Chapter 6 - Conformational Changes Mediated
by a Fenton-like Copper Reaction in a G-
Quadruplex Forming Sequence.

6.1. Introduction

During normal cell metabolism, the regulation of reactive oxygen species (ROS) is
important to keep levels appropriate to cell function. However, during oxidative stress, when
ROS production increases and the cell’s ability to neutralise ROS is diminished, many cellular
components can be damaged and various disorders, including neurological disorders?, cancer?,
and cardiovascular diseases® can arise. Oxidative DNA damage has been reported as frequent
in oxidative stress environment, with single strand breaks, double-strand breaks, the formation
apurinic/apyrimidinic lesions and base modifications among the type of damage described®.
Often, oxidative DNA damage can lead to mutations and diseases®.

Out of all four DNA bases, guanine has the lowest redox potential®. As such, increased
levels of oxidative damage have been reflected by the presence of the oxidative stress marker
product 8-oxo-7,8-dihydroguanine (oxoG), a marker reported in the brains of individuals
having suffered from neurodegenerative diseases and linked to metal dysregulation like Fe or
Cu, transition metals known to react with hydrogen peroxide to generate hydroxyl radicals
(HO")®. Previously, the role of guanine oxidation was not seen as anything else but the cause of
mutations, however in recent years, research groups have started investigating the epigenetic

role of oxidative damage and guanine oxidation’.

Found in the telomeric and gene promoter regions of the genome, G-quadruplexes form in
G-rich nucleic acid sequences and consist of four guanine tetrads stabilised by Hoogsteen base-
pairing interactions, stacked on top of each other and stabilised by the presence of sodium
and/or potassium cations in the channel® (Figure 6.1a). G-quadruplexes can form many different
topologies and a multitude of proteins, including transcription factors, have been shown to

recognise and bind specifically to quadruplex sequences®!°. G-quadruplexes are also
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particularly sensitive to oxidative damage'!2. As a result, the presence of 8-0xoG in the
promoter regions of genes has been investigated and subsequently, the suggestion that oxoG
adopt a regulatory role during gene transcription via the base excision repair (BER) pathway

arosel316,
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Figure 6.1: a. Schematic showing how a G-quadruplex is stabilized by Hoogsteen base-pairing with
a potassium cation in the channel. After oxidative damage, pairing between the damaged guanine and the
other guanine is prevented. b. The loss of hydrogen acceptor on the Hoogsteen edge of the damaged base can

lead to structural destabilisation.

Various studies have looked at the effects of oxoG on G-quadruplexes structure!’22,
And although this has provided some insight on what the effects structure are after damage, a
single damaged base was incorporated prior to structural analysis in each study and the

structural effects of damage in an actual oxidative stress environment were not examined.
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Circular dichroism (CD) spectroscopy is a structural technique which can be used to
differentiate the structure of biological molecules including DNA, in solution?. Nucleic acids
are chiral molecules which can absorb right- and left-handed circularly polarized light
differently. This difference, commonly called circular dichroism, can be described with the
quantity called ellipticity, ®, expressed in degrees?®. Structural differences in DNA lead to
unique CD spectral signatures, and with G-quadruplexes, specific CD spectral signatures have
been associated with distinct G-quadruplex topologies: a positive band at 260 nm and a negative
band at 245 nm for parallel G-quadruplexes, a positive band at 295 nm and a negative band at
260 nm for antiparallel quadruplexes, and two positive bands at 260 and 295 nm and a negative
band at 245 nm for “hybrid” quadruplexes® (Figure 6.2a). These differences in topologies,
arising from differences in arrangements of anti/syn glycosidic angles (Figure 6.2b), can be
reliably tracked using CD and this technique can be used to monitor changes in the topology,

especially when the guanine-tetrad stacks are affected as they mainly contribute to the CD
signal®.

a.
3 -
| \ parallel JL— antiparallel
— quadruplex ) :"7 quadruplex
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5 ) 5 x’ ?
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:OH/ ;Oa/
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Figure 6.2: a. An example of possible parallel and antiparallel G-quadruplexes that have been
reported. The name refers to the orientation of the strands part of the quadruplex core. b. Representation of

the anti and syn glycosic bond angles that can be adopted by guanine bases in G-quadruplexes.
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Hence, changes in G-quadruplex topologies during oxidative damage can be monitored, as one
of the consequences of guanine oxidation is the protonation at the N7 position of guanines, a
modification which can prevent Hoogsteen pairings between the oxidised guanine and the other

guanines in the tetrad and destabilise the whole structure!®? (Figure 6.1b).

In this work, circular dichroism (CD) was used to monitor changes in a G-quadruplex
structure as a function of time and temperature with the expectation that oxidative damage to
guanines will prevent the guanine tetrads from reforming. For this, a G-quadruplex forming
sequence found in the P1 promoter region of the PSEN2 gene, a gene which encodes for the
presenilin-2 protein known for its role in processing amyloid precursor protein?’, was chosen.
PSENZ2 expression is mainly controlled by the P1 promoter whose activity depends on two

transcription binding sites for the transcription factor Sp1? (Figure 6.3).

TSS

5’-GGGCGETGGCCTGGEGECEEGECETCGEEGECEEGEGECCTGGG-3”

15t G-tract 20d Gotract 3% G-fract 4% G-tract 5th G-tract 6 G-tract

Figure 6.3: Transcription start site (TSS) of the PSEN2 gene. This exact sequence was used in this
study. The binding sequences of SP1 have been underlined. Each track of guanines hypothesised to be part of

the core is represented in red.

Considering past studies have established how OxoG in GC-rich Spl binding sites enhance
gene transcription®®, this sequence appeared as an excellent candidate to monitor oxidative
damage. The 36-nucleotide long sequence was chosen after the gene promoter sequence was
analysed using QGRS Mapper?® to predict which portion of the promoter was more likely to
form a G-quadruplex. After the sequence was prepared in a potassium cacodylate buffer, and
the quadruplex formation was validated with CD, the sequence was confirmed to fold into a

hybrid G-quadruplex in presence of potassium (Figure 6.4).
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Figure 6.4: CD spectra of PSEN2 in 20mM potassium cacodylate buffer at various temperature. The

PSENZ2 sequence folds into a hybrid G-quadruplex in presence of potassium.

Separately, sequences of PSEN2 which had their tract of guanines (G-tracts) substituted by
either A-tract or T-tract (Table 6.1) were investigated to identify which tracts participate in the
tetrad core as it is unclear which G-tracts are implicated and only four out of the six found in
the PSEN2 sequence are needed to form the G-quadruplex. Ultimately, this should also help
identify which G-tracts could potentially be damaged primarily in an oxidative stress
environment, as adenine and thymine bases will not participate in Hoogsteen base-pairing in

the tetrad core, the same way oxidised guanines will not be able to form Hoogsteen base pairs

with other guanines.
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Table 6.1: The sequences used in this study. A is adenine, C is cytosine, G is guanine and T is thymine.

Each tract of guanines (G-tract) hypothesised to be part of the G-quadruplex core is represented in red. The

G-tracts which have been substituted by either A-tracts or T-tracts are represented in blue.

Name
PSEN2

G3T4

PSEN2 Al
PSEN2 A2
PSEN2 A3
PSEN2 A4
PSEN2 A5
PSEN2 A6
PSEN2 T1
PSEN2 T2
PSEN2 T3
PSEN2 T4
PSEN2 T5
PSEN2 T6

Sequence (5’ to 3°)

GGGCGTGGCCTGGGCGGGCGTGGGGCGGGGLCCTGGG

GGGTTTTGGGTTTTGGGTTTTGGGTTTT
AAACGTGGCCTGGGCGGGCGTGGGGCGGGGCCTGGEG
GGGCGTGGCCTAAACGGGCGTGGGGCGGGGCCTGGG
GGGCGTGGCCTGGGCAAACGTGGGGCGGGGCCTGGG
GGGCGTGGCCTGGGCGGGCGTAAAACGGGGCCTGGG
GGGCGTGGCCTGGGCGGGCGTGGGGCAAAACCTGGG
GGGCGTGGCCTGGGCGGGCGTGGGGCGGGGCCTAAA
TTTCGTGGCCTGGGCGGGCGTGGGGCGGGGCCTGGG
GGGCGTGGCCTTTTCGGGCGTGGGGCGGGGCCTGGG
GGGCGTGGCCTGGGCTTTCGTGGGGCGGGGCCTGGG
GGGCGTGGCCTGGGCGGGCGTTTTTCGGGGCCTGGG
GGGCGTGGCCTGGGCGGGCGTGGGGCTTTTCCTGGG
GGGCGTGGCCTGGGCGGGCGTGGGGCGGGGCCTTTT

Subsequently, Fenton reagents (H202 1 mM, CuClz 200 uM, citric acid 1 mM) were added to

samples containing the DNA sequence PSEN2, which were monitored using CD, to look at the

effects of oxidative damage. The DNA sequence G3T4 (Table 6.1), a parallel G-quadruplex

forming sequence containing only four G-tracts, was also used in this experiment to monitor

the effects of oxidative damage on a model system. Finally, a sample of the DNA sequence

PSENZ2 treated with the Fenton reagents to induce oxidative damage was analysed on a

denaturing gel to identify potential strand breaks.

This method was developed in parallel with the method that was presented in Chapter 5

and the rest of the work presented in this thesis. The overall aim was to find interesting systems

with the method presented here and to attempt crystallisation to further investigate mechanism

of oxidative damage as a function of structure.
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6.2. Material and methods

6.2.1. DNA and samples preparation

The oligonucleotides were purchased from Eurogentec as a solid purified by RP-HPLC.
DNA concentration was determined from the value of the absorbance at A = 260 nm, using the
molar extinction coefficient provided by the manufacturer. All sequences were prepared to 200
uM stock solutions with HPLC water. Stock solutions of the chemicals used for the Fenton
experiment were freshly prepared before each experiment: potassium chloride (1 M), copper
(1) chloride (50 mM), citric acid (200 mM), potassium cacodylate buffer (pH 7.0, 200 mM),
potassium sulfite (250 mM) and hydrogen peroxide (1% w/v) (SLS). DNA samples were
annealed in a 20 mM potassium cacodylate pH 7.0 buffer and 50 mM potassium chloride at
358K for 2 minutes then slowly cooled down at RT. All chemicals were purchased from Sigma-

Aldrich unless stated otherwise.

6.2.2. Quadruplexes formation and melting experiments.

Circular dichroism spectra were obtained using a Chirascan V100 — Circular dichroism
spectrometer. Spectra were collected from 200-350 nm with a 1 second integration time, 1 nm
slit and a reduced volume quartz cell with a 1 mm path length. Data were collected every 10 °C
Celsius from 20 to 80 degrees Celsius at a ramp-rate of 2 degrees Celsius per minute then cooled
down to 20 degrees Celsius. All spectra of the unmodified PSEN2 sequence were obtained
using a DNA concentration of 15 uM. All spectra of substituted PSEN2 sequences (adenine or
thymine) were obtained at a DNA concentration of 20 uM. All spectra were corrected by
subtracting the background and by correcting the offset at 350 nm. Table 6.1 lists all the
sequences used in this study.
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6.2.3. Fenton reaction monitoring using Circular Dichroism

Circular dichroism spectra were obtained using a Chirascan V100 — Circular dichroism
spectrometer. Spectra were collected from 200-350 nm with a 1 second integration time, 1 nm
slit and a reduced volume quartz cell with a 1 mm path length. Copper (I1) chloride, citric acid
and hydrogen peroxide were added to annealed samples to a concentration of 200 uM, 1 mM
and 1 mM respectively. The hydrogen peroxide was added to the cuvette containing the sample
last and data collection was started immediately after. Data were collected every 10 degrees
Celsius from 20 to 80 degrees Celsius then from 80 to 20 degrees Celsius at a ramp-rate of 2
degrees Celsius per minute to monitor the Fenton reaction and DNA damage. All spectra were
obtained for a constant DNA concentration (15 uM). All spectra were corrected by subtracting
the background and by correcting the offset at 350 nm.

6.2.4. Sample preparation for analysis

Samples were quenched using potassium sulfite and desalted using ethanol
precipitation. 3 volumes of ice cold 100 % ethanol were directly added to the samples, mixed
thoroughly, and left at -20 °C overnight. The samples were then centrifuged at 13,000 rpm for
30 minutes at 4 °C. The supernatants were removed, and the pellets were washed carefully with
ice cold 75 % ethanol and spun at 13,000 rpm for 10 minutes. This step was repeated one more
time and the supernatants removed. The pellets were then left to air dry and resuspended in
deionised water. Samples were made to ensure 200 ng are loaded on the gels. To ensure
separation on the denaturing gel, three DNA sequences of various lengths were prepared

alongside these samples to act as reference samples.

6.2.5. Preparation of denaturing polyacrylamide gels

To analyse the samples, an 18 % urea (8M) polyacrylamide gel was prepared. 4 mL of
10x TBE buffer, 18 mL of a 40 % acrylamide: bis-acrylamide 29:1 solution, 19.2 g of urea and
HPLC water were mixed to make a 40 mL gel solution. The solution was shaken vigorously
until the urea was dissolved. 40 pL. of TEMED was added to the mix, followed by 400 uL of
freshly prepared 10% (w/v) APS. The solution was mixed, poured between the gel plates and a

comb was placed immediately before the gel starts polymerising. The gel was allowed to
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polymerise for 30 minutes. Once complete, the comb was removed, and the reservoir of the
electrophoresis tank was filled with 1x TBE buffer. Gel was pre-run at 125 V for 30 minutes,
then the wells washed before loading the samples. The samples were mixed with 6x
Bromophenol Blue and loaded on the gel. The electrophoresis tank was placed in an oven at 60
°C and run for one hour at 150 V. The gel was then soaked in 1x TBE for 15 minutes, followed

by staining in a 1x TBE solution mixed with SYBR Gold. The gel was then examined under

UV light.

6.3. Results

6.3.1. Confirmation of G-quadruplex formation by circular dichroism

CD measurements were first run to confirm the PSEN2 sequence forms a hybrid G-
quadruplex in presence of potassium. Then, to ensure the G-quadruplex folds and unfolds
correctly during the experiments, a protocol identical to the one that will be used to monitor
samples treated with Fenton reagents was used. The temperature was slowly increased to 80
°C, then decreased back to 20 °C at the same rate. CD spectra were collected every 10 °C and
the result can be seen in Figure 6.5. The CD signal at 240, 265 and 295 nm recovered after
cooling the sample to 20 °C, which suggests the PSEN2 sequence folds back correctly into a

“hybrid” G-quadruplex under the time constraint created by the experiment.

—20°C 80°C
_ 30°C } 70°C
—40°C
50°C
60°C
70°C
80°C

CD [mdeg]
CD [mdeg]

wavelength [nm] wavelength [nm]

Figure 6.5: CD spectra of the PSEN2 G-quadruplex as a function of temperature. a. As the
temperature increases, the G-quadruplex is denatured. b. Decreasing the temperature favoured the refolding

of the G-quadruplex in its original “hybrid” topology.
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6.3.2. Effects of oxidative damage on PSENZ2 topology after thermal denaturation

Before the run, copper (I1) chloride and citric acid were added to the annealed sample
and transferred to a 1 mm cuvette. In this study, copper was used as a non-oxygen sensitive
model for iron and citric acid was used as a substitute to ascorbic acid, a chiral molecule with
a strong CD signal. To coincide the addition of hydrogen peroxide with the start of the
experiment, the hydrogen peroxide was added to the cuvette last and data collection was started
immediately after. At the end of the experiment, the sample was immediately quenched with

potassium sulfite and desalted using ethanol precipitation.

While the Fenton reaction was ongoing, the temperature was increased and decreased
at the same rate used to ensure the G-quadruplex could refold with the same topology.
Consequently, the two results can be directly compared. The major consequence of denaturing
the PSEN2 G-quadruplex in the presence of Fenton reagents was the changes in the CD spectra
between the start (20 °C, native, Figure 6.6a) and the end (20 °C, damaged/undamaged, Figure
6.6a) of the experiment. A major 48.6 % decrease in the ellipticity at 265 nm was observed, a
result that was anticipated as oxidative damage promotes the destabilisation of G-quadruplexes.
A similar decrease in the ellipticity was observed when the same method was employed with
the G3T4 sequence (Supplementary information). However, an unexpected 17.0 % increase in
the ellipticity at 295 nm was noticed, which could suggest the sequence refolds differently, an
increase in the signal at 290 nm could suggest a structure with a more prominent anti-parallel
component (Figure 6.6a).
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Figure 6.6: a. CD spectra of the PSEN2 G-quadruplex before (red) and after (blue) the Fenton
reagents (H202 1 mM, CuClz 200 pM, citric acid 1 mM) were added to the sample. The sample was slowly
brought to 80 °C, a temperature which would have denatured the DNA. After cooling down the sample back
to 20 °C, changes in the CD spectra were identified. A decrease in the ellipticity at 265 nm and an increase in
the ellipticity at 295 nm were observed, which could suggest the sequence refolds differently. b. In comparison,
no changes in the CD spectra were identified when no Fenton reagents were added to the and the DNA was

able to refold in its original “hybrid” topology at the end of the experiment.

6.3.3. Effects of G-tract substitution on PSEN2 topology

The PSEN2 sequence contains six G-tracts, but only four out of the six will participate
in the tetrad core, while the other two will be part of the loop region. To identify which G-tracts
are part of the core and possibly understand which G-tracts have potentially been damaged, CD
measurements of twelve substituted sequences were run at 20 °C. Each sequence has had one
of the six G-tracts substituted by either T-tracts or A-tracts. All the substituted PSEN2

sequences and given names are summarised in Table 6.1.

The native PSEN2 sequence forms a “hybrid” G-quadruplex in the presence of
potassium, with distinct positive bands at 260 and 295 nm and a negative band at 240 nm
(Figure 6.4). And when compared to the CD profile of the PSEN2 A1, PSEN2 A6, PSEN2 T1,
and PSEN2 T6 sequences, no significant differences were observed. The same positive bands
at 265 and 295 nm and negative band at 240 nm (Figure 6.7) were identified, a result which
suggests that substituting the first and sixth G-tracts did not prevent these DNA sequences from
folding into the same hybrid G-quadruplexes than the native G-quadruplex, regardless of

whether the substitution was done with A-tracts or T-tracts.
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Figure 6.7: CD spectra of all the substitutions in the PSEN2 sequence resulting in no significant
topological changes. 1st and 6th G-tract substitutions did not influence topology, regardless of if the

substitution was done with adenine or thymine bases. Each sample was prepared using 20 mM potassium

CD [mdeg]
CD [mdeqg]

wavelength [nm] wavelength [nm]

cacodylate pH 7.0 buffer and 50 mM potassium chloride. Each CD spectra was collected at 20 °C and was

compared to the CD spectra of the native PSEN2 sequence.

Additionally, substitution of the third G-tract resulted in substantial variations in the
band intensity at 295 nm, while the same positive band at 265 nm and negative band at 240 nm
found in the CD spectra of the native sequence were observed, suggesting both sequences still
formed a “hybrid” G-quadruplex. The significant increase in the band intensity at 295 nm in
PSEN2 A3 and PSEN2 T3 can be seen in Figure 6.8. Similarly, substitution of the fourth G-
tract resulted in positive bands at 260 and 295 nm and a negative band at 240 nm, suggesting
the formation of a “hybrid” G-quadruplex as well, except the signal is much stronger at 295 nm
than at 260 nm, which could suggest a shift towards a “hybrid” structure with a stronger anti-

parallel signal. The CD profiles of the PSEN2 A4 and PSEN2 T4 sequences can be seen in
Figure 6.8.
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Figure 6.8: CD spectra of all the substitutions in the PSEN2 sequence resulting in small changes
which did not change the overall topology. 3" G-tract substitutions was not influenced by whether the
substitution was done using adenine or thymine bases. 4" G-tract substitutions led to a stronger CD signal at
290 nm, but a positive band at 260 nm suggests this sequence still forms a “hybrid” quadruplex. Each sample
was prepared using 20 mM potassium cacodylate pH 7.0 buffer and 50 mM potassium chloride. Each CD

spectra was collected at 20 °C and was compared to the CD spectra of the native PSEN2 sequence.

Finally, major changes in band intensity were detected in PSEN2 A2, PSEN2 A5,

PSEN2 T2, and PSEN2 T5. The CD spectra all displayed an intensive positive band at 295 nm
and a negative one at 265 nm (Figure 6.9), consistent with the presence of an antiparallel G-

quadruplex in solution.
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Figure 6.9: CD spectra of all the substitutions in the PSEN2 sequence resulting in the change of the
overall topology. 2" and 5™ G-tract substitutions led to the formation of an anti-parallel G-quadruplex. The
change was not influenced by the type of substitution (adenine or thymine). Each sample was prepared using
20 mM potassium cacodylate pH 7.0 buffer and 50 mM potassium chloride. Each CD spectra was collected at

20 °C and was compared to the CD spectra of the native PSEN2 sequence.

6.3.4. Identifying strand breaks after the Fenton reaction

Although over half of the damage done to DNA by hydroxyl radicals accounts to damage
to bases®, strand breaks still constitute a significant portion of the damage mediated by Fenton
reaction®*2, To ensure the conformational change observed after denaturing and renaturing the
sample treated with Fenton reagents were not due to strand cleavage, the samples were run on
a denaturing urea polyacrylamide gel. Denaturing polyacrylamide gels allow for the separation
of DNA molecules based on their length®; thus, strand scission could be identified by the
presence of multiple resolved bands representing the smaller cleaved DNA strands. The PSEN2
sequence is 36-nucleotides long, so being able to observe band separation between relatively
shorts strands was important. To this purpose, a high percentage gel (18 %) was used. And to
ensure resolution was appropriate, a mix of three nucleotides of different lengths was loaded

on the gel.
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After the experiment, a first single band was identified as the untreated PSEN2 sample
and was used as a control to determine how far a 36-nucleotide long sequence migrates in these
conditions. A second single band was identified as the PSEN2 sample treated with Fenton

reagents and no strand breaks were identified (Figure 6.10).

mix 31nt 24nt 12nt PSEN2 Fenton

Figure 6.10: 18% denaturing urea polyacrylamide gel (urea, 8M). PSEN2 samples treated with
Fenton reagents were desalted using ethanol precipitation. Gel was run at 150V for one hour. Four reference
samples were used to good resolution: a 31-nucleotide long DNA sequence, a 24-nucleotide long DNA sequence
and a 12-nucleotide long DNA sequence. A sample containing all three DNA references was loaded on the gel

to ensure separation. The DNA samples were all suspended in deionised water before being loaded on the gel.

6.4. Discussion

In this study, a G-quadruplex forming sequence found in the promoter region of the
PSEN2 gene was treated with Fenton reagents and conformational changes were monitored
using Circular Dichroism. G-quadruplexes are particularly known to be susceptible to oxidative
damage!*'? and many studies have looked at the structural effects of damage on G-
quadruplexes. One of the consequences of guanine oxidation is the protonation at the N7
position of guanines, a modification which can prevent pairing between bases and knock
damaged G-tracts out of the core tetrads!®?. As a result, several mechanisms involving
damaged G-tracts and conformational changed, like how oxoG can regulate gene expression
when incorporated into G-quadruplex forming sequences found in promoter, have been
reported2®. More recently, the “spare tire” mechanism was described, where a fifth tract of

guanines is recruited to aid in the repair of damaged G-quadruplexes®®. These spare G-tracts
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were portrayed as facilitating the repair process, to prevent gene dysregulation in the event
guanines involved in the G-quadruplex’s core formation are damaged under oxidative stress
conditions. However, Brown et al. later concluded extra guanine-runs were less likely to act as
“spare tires” but were more likely to be part of a complete system in which equilibrating G-

quadruplex structures exist®’.

The epigenetic role of oxoG is still quite misunderstood, but an increasing number of
studies about the effects of oxoG in G-quadruplexes, and more particularly in G-quadruplex
forming sequences found in promoter regions, is being published®?53 In this Chapter, the G-
quadruplex forming sequence PSEN2 is being investigated. PSEN2 is a 36-nucleotides long
sequence found in the promoter region of the PSENZ2 gene. Previously, alteration in the PSEN2
gene’s expression has been described as a risk factor for Alzheimer’s disease (AD)®.
Furthermore, increased levels of oxidative damage have been reported in the brains of
individuals having suffered from AD®. Therefore, the hypothesis that the presence of oxidative

damage in the promoter region of the PSEN2 gene regulate gene expression can be explored.

The sequence was characterised with CD and was found to form a hybrid quadruplex in
the presence of potassium cations. A CD melt was initially run to control that the sequence can
unfold and refold correctly in the time the experiment takes, and it was determined that PSEN2
does not undergo conformational changes under these conditions. Then, the same experiment
was run with PSEN2 mixed with Fenton reagents, and this time, a significant decrease in the
signals at 245 and 260 nm was observed. As expected, oxidative damage can destabilise the
whole structure and a loss of CD signal is expected as the CD signal originates from the stacking
interactions between the guanines*®. However, an increase in the CD signal at 295 nm was not
expected in this scenario, as the whole structure should have been destabilised. An increase in
the signal at 295 nm in this case could suggest the reformation of predominantly anti-parallel
G-quadruplexes. Multiple studies have described how the presence of oxoG has induced
changes in the CD spectra®®82638 For example, changes in the CD spectra of VEGF were
reported after oxoG was incorporated in the core and loop region of the quadruplex. These
changes were attributed to the presence of a “spare tire” which stabilises the quadruplex

formation®®. In this work, the presence of two potential “spare tires” in the sequence could
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explain why this sequence was able to refold, as these “spare tires” would aid in the repair of

the G-quadruplex.

However, CD does not provide structural information at an atomic level, hence the
localisation of the damaged bases cannot be identified with this method alone. To understand
where oxidative damage could potentially happen, each G-tract was substituted by adenine and
thymines bases, as they will not participate in Hoogsteen base-pairing in the tetrad core. These
substitutions can help understand the structural consequences following the damage of entire
tracts of guanines in an oxidative stress environment, as well as potentially identify which G-

tracts are implicated in the tetrad core.

The CD spectra of all the substitutions were observed and a mixture of different
conformations were described. When the first and sixth G-tracts were substituted in the PSEN2
sequence, no significant changes were noted in these CD spectra compared to the CD spectra
of the native sequence. This could suggest that these guanine bases are not implicated in the
tetrad core in the native structure. Other substitutions such as the substitutions of the third and
fourth G-tracts by adenine and thymine bases led to changes in the CD spectra compare to the
native CD spectra, especially in the signal at 295 nm. However, these sequences still form
hybrid G-quadruplexes, albeit with a stronger anti-parallel signal. The last substitutions, second
and fifth G-tracts, were found to have a stronger effect on the topology of the G-quadruplexes.
The positive signal at 295 nm and negative signal at 260 nm observed in these CD spectra are
indicative of the formation of anti-parallel quadruplexes.

None of the CD spectra observed after the substitutions resembled the CD spectra
collected after treating the PSENZ2 sequence with Fenton reagents. However, specific
substitutions have induced shifts to different topologies and multiple G-quadruplex topologies
could possibly exist in an equilibrium in solution®”. Although entire G-tracts were substituted
in this case, and not single guanine-bases, oxidative damage could still lead to a similar
equilibrium in solution. The diversity in conformations observed from the substituted sequences

might also indicate oxidative damage can damage more than one tract of guanines and a mix of
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different conformation is present in the sample. The result from the denaturing gel indicate
strand break is unlikely, a result that supports the hypothesis that a mix of conformations might
be present in the sample. These conformational changes, especially when the sequence is
present in the promoter, could lead to the sequence no longer being recognised by the
transcription factor SP1, whose binding sites is present in the PSEN2 sequence?®. The presence
of oxoG in an SP1 binding site has been shown to enhance gene transcription in the past and it
is possible a similar mechanism exists for PSEN2%°. However, further experiments done with
8-oxoguanine substitutions would still be needed to confirm the effect of damaged guanines in
the PSEN2 sequence, for a more adequate model. Mass spectrometry and High-performance
liquid chromatography (HPLC) can also be used to determine the presence of oxidative
damage-products post DNA-oxidation*!~*3, These techniques could be applied to identify oxoG

bases after treating the PSEN2 sequence with Fenton reagents.
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Summary and Future Work

The work presented in this thesis is the first time a DNA crystal was soaked in hydrogen
peroxide to attempt to induce Fenton-based oxidative damage and identify preferred sites where
this could occur. To find suitable systems, the methodology used to obtain ordered metal sites
had to be considered. Cocrystallisation and soaking are two methods mainly used to get
transition metals into the crystals. The work presented in Chapter 2 demonstrates how the DNA
sequence d(GCATGCT), known to crystallise as non-canonical quadruplexes stabilised by
guanine-cytosine tetrads, adopts two distinct structures when crystallised using these two
methods. The ordered transition-metal ions found in the four reported structures were nickel
(1) ions and cobalt (1) ions, two transition metals which may act as models for iron (II) or
copper (I1) and produce reactive oxygen species that can DNA damage. However, availability
of the transition metals to the solvent channels, and hence, the hydrogen peroxide, is essential
in this project. Changes in the structure and crosslinking are common with cocrystallisation,
and the transition metal would not be available to the solvent channels, thus, cocrystallisation
was found to be unsuitable. This was not observed with soaking and this method was chosen to
further investigate oxidative damage in DNA using crystals.

To further examine transition-metal binding preferences, additional transition metals
were investigated, especially transition metals which have been associated with the formation
of reactive oxygen species (ROS) in the presence of hydrogen peroxide and associated to
oxidative damage in DNA. Copper and iron both meet the criteria, binding preferences for these
two transition metals were therefore examined. Copper (Il) binding preferences were
investigated in Chapter 3. Crystals of the DNA sequence d(GCATGCT) were soaked in copper
(1) chloride. Copper has been determined to bind primarily at the N7 position of guanines, a
position which has been described to help “deliver hydroxyl radical via binding”!. The
hypothesis that oxidative damage occurs where the copper is bound was consequently
considered. Two out of the four guanine bases exposed to the solvent channels in a single
quadruplex were reported to be coordinated to copper (II) ions. Furthermore, providing
oxidative damage occur where the copper is bound, the oxidative damage marker, 8-
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oxoguanine, was incorporated to the d(GCATGCT) sequence at the position where copper (I1)
ions were found to coordinate previously. The crystal structure of d(oxoGCATGCT) was
obtained, and the influence of 8-oxo0-G on copper binding preferences was described. Copper
(11) ions could no longer coordinate directly to the N7 position of oxidised guanines but were
found to bind to the N7 positions of the unbound guanines from the native structure. Hence, a

novel mechanism of oxidative damage progression was hypothesised.

Iron (I1) ions binding preferences were investigated in Chapter 4 and the first DNA
structure containing iron (Il) was reported. The DNA sequence d(CGCGCG), known to
crystallise as a Z-DNA duplex, was previously used to investigate transition-metal binding
preferences. The soaking experiment was performed in an anoxic environment to prevent air
oxidation of the iron (I1) ions present in solution and in the crystal. Four iron (Il) ions were
reported to be coordinated in a single duplex, as opposed to the six copper (1) ions identified
after copper soaking in the same system. The variation in binding preferences has been
hypothesised as an explanation as to why oxidative damage differs between copper-catalysed
Fenton and iron-catalysed Fenton.

DNA crystals were soaked in hydrogen peroxide for the first time in Chapter 5. Copper-
soaked crystals of the Z-DNA sequence d(CGCGCG) were used for this experiment and were
consecutively soaked in hydrogen peroxide to attempt to induce oxidative damage and identify
potential hotspots in the structure. Hydrogen peroxide molecules were found coordinated to the
copper (I1) ions in all the structures when the data was collected at 100 K. Furthermore, copper
centres disappeared as the reaction occurred, an indication that the copper (1) ions unbind from
the DNA as a consequence of repeated peroxide exposure, potentially as a consequence of an

oxidation state change.

Chapter 6 describes how a G-quadruplex forming sequence, PSEN2, a gene implicated
in Alzheimer’s disease, was found to undergo conformational changes in an oxidative stress
environment. The structural effects of the presence of more than four tracts of guanines in the

sequence were investigated and the incorporation of base substitutions to supress quadruplex
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formation and mimic oxidative damage gave insight into the potential equilibrium between all
the potential G-quadruplex topologies in this system and how oxidative damage can influence
topological changes. Conformational changes in the promoter region of this gene could act as
a regulator for its expression and this mechanism could be correlated to the increase in oxidative

damage found in patient suffering from Alzheimer’s disease.

In this work, copper (I1) and iron (Il) binding preferences were investigated in two
different DNA systems. However, nucleic acids are flexible and can form many 3-dimensional
structures, and the results from these two systems could hardly be used to describe all the
possible binding poses these two transitions metals could have when binding to nucleic acids.
Little previous work to identify the binding preferences for copper (I1) and iron (1) have been
undertaken. The work reported here could be used as a starting point to examine more complex
nucleic acid systems including G-quadruplexes and other non-canonical nucleic acid structures.
Moreover, transition metal ions may influence the structure of DNA when bound. Whilst cross-
linking between DNA strands within a crystal is a common occurrence, metals are known to
also influence DNA topology and conformation. A library of sequences could be produced to
systematically explore how the binding of Cu (I1) and Fe (I1) can influence DNA structure as a
function of sequence. This could then be extended to understand how transition metals might
promote or prevent DNA structure formation could help further analyse how and where Fenton-
based oxidative damage occurs on the DNA strand.

X-ray crystallography and circular dichroism spectroscopy are techniques that will
provide structural information about transition-metal binding preferences. However, other
techniques could be used to characterise transition-metal — DNA binding. Isothermal titration
calorimetry (ITC) can be utilised to characterise DNA — transition-metal interactions and
determine binding affinity. This technique can also provide information on stoichiometry and
reveal how many transition metals are bound to a single DNA molecule. UV-vis spectroscopy
can be applied as another approach to detect and monitor transition-metal coordination in

solution.
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Whilst it was possible to visualise peroxide bound to metal centres after soaking, evidence of
oxidative damage in DNA was not present and so the method should be explored further. Time-
resolved X-ray crystallography is a powerful technique to detect molecular changes following
a reaction?, but the diffusion of the reactant into large crystals can be relatively slow. The
emergence of micro-focused X-ray beams at synchrotrons or XFEL sources means
microcrystals can be used instead. How the hydrogen peroxide is delivered in the sample could
also be reimagined, as methods such as the mix-and-inject serial crystallography method use
sample delivery systems which include a mixing step before injecting the sample into the X-
ray beam?®. Furthermore, access to X-ray absorption fine structure (XAFS) spectroscopy or X-
ray Fluorescence (XRF) could help identify transition-metal signatures to confirm the transition
metal has soaked successfully into the crystal. New methods could also be integrated into the
data analysis pipeline to confirm the presence of oxidative damage in DNA and transition-metal
oxidation state. PanDDa is a software which could be used to detect and identify the weak signal
associated with guanine oxidation, while the Spatially resolved anomalous dispersion
(SpReAD) refinement method can help determine transition-metals oxidation state, as higher
oxidation states result in absorption edges to shift to a higher energy*. Furthermore, crystals
containing DNA treated with Fenton reagents could be dissolved and analysed using Mass
spectrometry and HPLC to identify damage lesions and correlate this with appearance in the
crystal structure, to validate weak electron density peaks observed at potential oxidation sites.
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Supplementary Information

Table Al: Local base-pair parameters for 8OE3.

Propeller
38.95
35.98
35.82
35.74

36.48

Opening
173.85
176.42
174.11
176.98

175.32

bp Shear Stretch  Stagger Buckle
1 G-C -3.43 §.39 -8.48 -3.64
2 C-G 3.21 8.41 -8.24 9.48
3 G-C -3.88 §.45 -B.61 -12.71
4 C-G 3.76 §.22 -8.83 7.65

ave, @.12 8.37 -8.34 @.18

s.d. 3.90 a.1@ 8.26 1@.35

Table A2: Local base-pair step parameters for 8OE3.

step Shift Slide Rise Tilt
1 GC/GC 8.24 8.64 2,95 -1.41
2 CG/CG ---- ---- ---- ----
3 GC/GC 8.14 8.57 3.82 -2.58

Table A3: Local base-pair helical parameters for 8OE3.

1.74

Roll
5.33

5.83

Tip
2.65

4,48

Propeller
38.66
36.13

-37.35
35.67
24,56

19.53

1.56

Twist
38.52

33.82

h-Twist
31.88

34,27

Opening
177.38
176.23
176.71
176.25
175.15

176.34

step X-disp Y-disp  h-Rise Incl.
1 GC/GC 8.26 -8.7@ 3.e1 18.82
2 CG/CG ---- ---- ---- ----
3 GC/GC @.23 -8.61 3.85 8.58

Table A4: Local base-pair parameters for 8ASO.

bp Shear Stretch  Stagger Buckle
1 G-C -3.46 9.87 -8.36 -3.31
2 C-G 3.22 8.48 -8.22 §.91
3 A-A 8.e6 -5.56 -1.78 -8.33
4 G-C -3.77 8.17 -8.88 -1@8.21
5 C-G 3.69 7.58 -8.87 13.74

ave. -8.17 5.53 -8.66 1.76

s.d. 3.39 6.22 8.69 9.59

32.26

8.81
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Table A5: Local base-pair step parameters for 8ASO.

step Shift S5lide Rise Tilt Roll Twist
1 GC/GC 8.23 a.47 2.88 -8.59 5.29 28.86@
2 CA/AG 2.61 -8.17 5.74 1.42 2.41 -12.59
3 AG/CA -2.57 -8.21 5.97 -1.55 -8.57 -12.27
4 GC/GC -8.89 a.77 3.15 9.25 3.89 36.99
ave. 8.e5 8.21 4.44 2.13 2.75 18.24
s.d. 2.12 8.48 1.64 4.98 2.51 26.38

Table A6: Local base-pair helical parameters for 8ASO.

step X-disp ¥-disp h-Rise Incl. Tip  h-Twist
1 GC/GC -8.89 -8.57 2.92 1@.52 1.17 29.28
2 CA/AG -3.89 14,38 5.35 -1@.80 6.35 -12.89
3 AG/CA 2.23 -15.28 5.59 2.65 -7.28 -12.38
4 GC/GC g.78 1.27 3.1@ 6.08 -14.26 38.28
ave. -8.27 -8.85 4,24 2.89 -3.48 1@.57
s.d. 2.68 12.14 1.42 9.18 9.18@ 27.85

Table A7: Local base-pair parameters for SASM.

bp Shear Stretch  Stagger Buckle Propeller Opening
1 G-C -3.55 §.94 -8.25 -3.85 37.51 178.77
2 C-G 3.38 8.44 -8.34 8.36 36.60 175.76
3 G-C -2.98 8.63 -8.68 -6.94 36.58 173.73
4 C-G 3.89 8.38 -8.08 9.47 34.29 177.75

ave. 8.18 8.58 -8.34 1.76 36.25 176.58@

s.d. 3.95 8.28 8.25 8.37 1.37 2.23

Table A8: Local base-pair step parameters for 8ASM.

step Shift 51lide Rise Tilt Roll Twist
1 GC/GC 8.22 8.59 2.96 -8.13 4,49 308.1e
2 CG/CG ---- ---- ---- ---- ---- ----
3 GC/GC 8.18 8.47 2.97 -2.45 5.81 31.65
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Table A9: Local base-pair helical parameters for 8ASM.

step X-disp Y-disp h-Rise
1 GC/GC 8.31 -8.44 3.82
2 CG/CG ---- ---- ----
3 GC/GC 8.e3 -B.72 2.99

Incl.
8.59

9.18

Table A10: Local base-pair parameters for 8BAE.

Buckle
-2.93

Tip
a.24

4,45

Propeller
39.18
36.20
36.72
35.48

h-Twist
3@.43

32.13

Opening
177.98
176.12
173.56
176.59

P P B P P o A B B T P P e e P P P P P P I e P P P P A P o AR P P P P P P P

bp Shear Stretch  Stagger
1 G-C -3.34 9.82 -8.39
2 C-G 3.21 8.46 -8.27
3 G-C -3.22 8.57 -8.57
4 C-G 3.83 8.20 -8.89
ave e.12 8.56 -8.33
s.d 3.93 8.34 8.28

Table A11: Local base-pair step parameters for 8BAE.

step Shift S5lide Rise
1 GC/GC 8.26 8.48 2.88
2 CG/CG ---- ---- ----
3 GC/GC 8.18 8.83 2.91

Tilt
-8.79

-2.88

Table A12: Local base-pair helical parameters for 8BAE.

step X-disp Y-disp h-Rise
1 GC/GC -8.23 -8.66 2.91
2 CG/Ca ---- ---- ----
3 GC/GC 8.39 -8.57 3.08

Incl.
12.18

11.98

Table A13: Local base-pair parameters for 8BAF.

Buckle
-6.62
9.67
-13.71
8.38

Roll
6.15

7.24

Tip
1.57

3.44

Propeller
34,57
36.29
32.87
36.11

Twist
28.83

34.62

h-Twist
29.47

35.41

Opening
175.87
177.18
176.69
178.31

PO T T P P o A A P A A D D P P T A T P P P P P P A A T T P P P P P P P P o P P P P P P P P D P P P P

bp Shear Stretch  Stagger
1 g-C -3.38 §.58 -8.35
2 C-G 3.36 8.39 -8.22
3 g-C -2.99 8.42 -8.58
4 C-G 3.85 8.27 -8.18@
ave. 8.23 8.42 -8.31
s.d. 3.91 8.13 8.28

-8.57
11.46

34.96
1.59

177.81
1.82
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Table Al4: Local base-pair step parameters for 8BAF.

step Shift S5lide Rise
1 gC/GC 8.22 8.63 2.95
2 Cg/Ca ---- ---- ----
3 gC/GC 8.18 @.44 2.99

Tilt
-2.11

-3.87

Table A15: Local base-pair helical parameters for 8BAF.

step X-disp Y-disp h-Rise
1 gC/GC 8.11 -8.72 3.00
2 Cg/Ca ---- ---- -—--
3 gC/GC -8.689 -8.71 2.99

Incl.
11.48

Table A16: Local base-pair parameters for 8BAG.

Buckle
-9.15
8.38
-18.32
7.53

Roll
b.36

5.97

Propeller
36.35
37.49
28.17
37.13

Twist
31.91

34,81

Opening
173.58
176.84
177.42
177.86

P P P P P P P o P P P P o I T P P P P P P P P P o P P P P o o P P P P P P P P P P P Pl P P o P PP

bp Shear Stretch  Stagger
1 g-C -3.26 8.27 -8.53
2 C-G 3.27 8.41 -8.34
3 g-C -3.13 8.86 -8.61
4 C-G 3.82 8.22 -8.16
ave, 8.18 8.24 -8.41
s.d. 3.96 8.14 8.2e

-2.89
13.687

Table A17: Local base-pair step parameters for 8BAG.

step Shift S5lide Rise
1 gC/GC 8.27 a.77 2.95
2 Cg/Cq ---- ---- ----
3 gC/GC 8.13 @8.53 3.89

Tilt
-1.91

-4.80

Table A18: Local base-pair helical parameters for 8BAG.

step X-disp Y-disp h-Rise
1 gC/GC 8.31 -8.77 3.83
2 Cg/Ca ---- ---- ----
3 gC/GC 8.23 -B.82 3.89

Incl.
11.83

7.58

34.78
4.44

Roll
6.69

4.76

Tip
3.38

7.63

176.83
1.73

Twist
32.40

36.21

h-Twist
33.12

36.82
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Table A19: Local base-pair parameters for 8OEX.

bp Shear Stretch  Stagger Buckle Propeller Opening
1 C-G -9.22 -8.13 0.68 1.37 -2.58 2.69
2 G-C 8.25 -8.16 8.12 -3.e4 3.31 1.82
3 C-G -B.32 -8.15 8.a7 2.58 7.1@ 2.43
4 G-C 8.26 -8.18 8.e7 -3.71 1.18 2.45
5 C-G -B.23 -8.16 -8.85 5.65 -7.51 1.14
6 G-C 8.49 -8.84 8.33 -8.57 8.58 -1.28

ave. 8.e4 -8.14 8.18 8.38 8.33 1.56

s.d. 8.34 8.e5 8.13 3.55 5.81 1.46

Table A20: Local base-pair step parameters for SOEX.

step Shift Slide Rise Tilt Roll Twist
1 CG/CG @.26 5.43 3.54 2.38 -2.87 -9.57
2 GC/GC a.67 -8.38 3.20 e.97 -6.55 -54.75
3 CG/CG -@.45 5.54 3.63 -2.83 2.94 -7.85
4 GC/GC -8.73 -1.11 3.28 1.97 -1.68 -51.57
5 CG/CG -@.a5 5.41 3.69 g.22 1.13 -5.31
ave. -8.86 2.99 3.47 g.7e -1.25 -25.65
s.d. @8.55 3.39 g.22 1.74 3.61 25.18

Table A21: Local base-pair helical parameters for 8OEX.

step X-disp Y-disp h-Rise Incl. Tip  h-Twist
1 CG/CG -26.17 6.96 4.42 11.97 13.79 -16.88
2 GC/GC 8.78 8.78 3.13 7.89 1.86 -55.12
3 CG/CG -46.87 -7.88 1.66 -22.17 -15.25 -7.98
4 GC/GC 1.38 -g.78@ 3.27 1.93 2.26 -51.63
5 CG/CG -63.86 8.76 2.48 -11.99 2.32 -5.43
ave. -26.96 -B.82 2.87 -2.63 8.83 -26.83
s.d. 28.84 5.3@ 1.23 14.12 1@.38 25.084
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Table A22: Local base-pair parameters for 8OEY.

bp Shear Stretch  Stagger Buckle Propeller Opening
1 C-G -9.30 -8.17 @.17 1.88 6.74 3.51
2 G-C 8.35 -8.28 a.14 -8.44 6.89 2.84
3 C-G -8.28 -8.11 a.e4 8.91 -1.58 1.46
4 G-C 8.32 -8.12 -g.18@ -9.76 -3.77 -1.34
5 C-G -8.86 -8.22 -8.19 3.25 -8.58 3.18
6 G-C 8.13 -8.19 8.16 -4.48 -8.74 1.79

ave 8.83 -8.17 8.4 -8.89 1.08 1.91

s.d 8.29 8.85 @.15 6.45 4,35 1.78

Table A23: Local base-pair step parameters for 8SOEY.

step Shift $1lide Rise Tilt Roll Twist
1 CG/CG 8.86 5.68 3.56 1.83 5.41 -12.26
2 GC/GC -8.18 -8.37 3.28 8.25 -1.96 -56.26
3 CG/CG -8.12 5.39 3.80 a.73 -6.67 -4.14
4 GC/GC 8.86 -1.28 3.15 2.52 -6.73 -46.67
5 CG/CG -8.8a7 5.57 3.63 -3.57 -8.18@ -1e.64
ave. -8.85 2.98 3.47 @.35 -2.81 -25.99
s.d. 8.11 3.49 8.28 2.36 5.67 23.78@

Table A24: Local base-pair helical parameters for 8SOEY.

step X-disp Y-disp h-Rise Incl. Tip  h-Twist
1 CG/CG -27.83 1.61 8.99 -23.73 8.01 -13.52
2 GC/GC 8.58 -8.18 3.19 2.88 8.27 -56.30
3 CG/CG 2.58 3.66 6.57 57.99 6.32 -7.88
4 GC/GC 2.12 8.27 2.94 8.44 3.15 -47.19
5 CG/CG -28.32 -6.25 3.47 8.51 -18.56 -11.22
ave. -168.19 -8.18 3.43 9.86 -8.16 -27.22
s.d. 16.35 3.71 2.2 29.96 18.71 22.71
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Table A25: Local base-pair parameters for SOEZ.

bp Shear Stretch  Stagger Buckle Propeller Opening
1C-G -8.24 -8.27 8.28 3.82 4.85 2.58
2 G-C 8.22 -8.89 8.84 -5.92 8.62 1.92
3 C-G -8.38 -8.12 -8.88 5.61 3.55 1.51
4 G-C 8.25 -8.83 8.15 -3.68 8.37 8.59
5 C-G -8.26 -8.85 8.1@ 2.48 -2.33 8.82
6 G-C 8.34 -8.83 8.27 -5.93 2.86 8.38

ave. -8.81 -8.18@ 8.13 -8.59 1.52 1.29

s.d. @.31 g.e9 @.14 5.16 2.42 8.83

Table A26: Local base-pair step parameters for SOEZ.

step Shift 5lide Rise Tilt Roll Twist
1 CG/CG 8.e5 5.64 3.71 1.28 @8.53 -12.13
2 GC/GC 8.43 -8.52 3.13 8.66 -5.68 -51.16
3 CG/CG -8.15 5.37 3.66 -2.29 -8.67 -6.64
4 GC/GC -8.13 -1.19 3.31 1.83 -3.58 -47 .66
5 CG/CG -8.86 5.57 3.79 -1.44 1.4 -11.87
ave. 8.e3 2.97 3.52 8.e1 -1.55 -25.89
s.d. 8.24 3.58 0.28 1.79 2.93 21.62

Table A27: Local base-pair helical parameters for SOEZ.

step X-disp Y-disp h-Rise Incl. Tip  h-Twist
1 CG/CG -27.22 2.00 3.44 -2.49 6.082 -12.21
2 GC/GC 8.97 8.54 3.6 6.56 8.76 -51.46
3 CG/Ca -43.58 -11.08 3.47 8.68 -19.84 -7.82
4 GC/GC 1.76 -8.82 3.22 4,41 2.26 -47.82
5 CG/Ca -28.11 -2.3@ 3.26 -5.81 -6.93 -12.08
ave -19.22 -2.16 3.29 8.82 -3.38 -26.18@
s.d. 19.88 5.18 8.17 4.76 9.94 21.63
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Table A28: Local base-pair parameters for strand A/B in 80E?7.

bp Shear Stretch  Stagger Buckle Propeller Opening
1C-G -8.20 -8.18@ 8.e8 2.38 -8.31 2.28
2 G-C 8.25 -8.14 8.e5 -2.38 2.73 1.87
3 C-G -8.27 -8.16 -8.86 2.89 6.99 2.94
4 G-C 8.26 -8.22 a.e1 -2.41 2.98 2.79
5 C-G -8.86 -8.29 8.28 1.48 -3.66 2.64
& G-C 8.24 -8.14 8.33 -2.71 2.11 1.83

ave. 8.4 -8.17 g.1a -8.85 1.79 2.24

s.d. 8.24 8.e7 a.14 2.73 3.56 8.78

Table A29: Local base-pair step parameters for strand A/B in 80E7.

step Shift S5lide Rise Tilt Roll Twist
1 CG/CG @.a85 5.e4 3.71 1.28 8.53 -12.13
2 GC/GC 8.43 -8.52 3.13 8.66 -5.68 -51.16
3 CG/CG -8.15 5.37 3.66 -2.29 -8.67 -6.64
4 GC/GC -8.13 -1.19 3.31 1.83 -3.58 -47.66
5 CG/CG -8.86 5.57 3.79 -1.44 1.4 -11.87
ave, 8.e3 2.97 3.52 g.e1 -1.55 -25.89
s.d. 8.24 3.58 8.28 1.79 2.93 21.62

Table A30: Local base-pair helical parameters for strand A/B in 80OE7.

step X-disp Y-disp h-Rise Incl. Tip h-Twist
1 CG/CG -27.68 6.67 4.29 168.38 11.63 -9.92
2 GC/GC a.79 @.77 3.28 7.83 8.63 -54.38
3 CG/CG -38.75 -16.46 3.69 -2.25 -19.68 -8.38
4 GC/GC 1.68 -8.58 3.37 2.88 -8.55 -50.24
5 CG/CG -44.98 2.18 1.51 -28.63 4.44 -8.27
ave. -21.79 -8.41 3.89 -8.68 -8.78 -26.24
s.d. 21.87 6.15 1.61 12.14 11.62 23.86
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Table A31: Local base-pair parameters for strand C/D in 80OE7.

bp Shear Stretch  Stagger Buckle Propeller Opening
1C-G -8.23 -8.13 8.21 3.23 1.67 2.82
2 G-C @.47 8.02 -9.22 -19.22 7.25 -8.85
3 C-G -8.34 -8.15 -8.89 5.34 9.08 3.28
4 G-C @8.33 -8.13 -9.82 -5.35 1.78 1.92
5 C-G -8.20 -8.28 8.e8 4.18 -6.22 1.86
6 G-C @.29 -8.17 8.14 -5.25 3.18 1.79

ave. @.e5 -8.13 8.e2 -1.36 2.68 1.94

s.d. @.35 6.08 8.16 6.41 5.38 1.14

Table A32: Local base-pair step parameters for strand C/D in 80E?7.

step Shift Slide Rise Tilt Roll Twist
1 CG/CG 8.23 5.48 3.78 5.11 -3.56 -8.68
2 GC/GC 8.67 -8.13 3.00 -1.22 -4.66 -55.18
3 CG/CG -8.43 5.53 3.83 -3.12 -2.46 -6.53
4 GC/GC -8.48 -1.88 3.38 -8.26 8.22 -51.45
5 CG/CG 8.12 5.53 3.76 8.e4 8.33 -6.98
ave. a.e2 3.87 3.58 8.23 -2.81 -25.77
s.d. 8.49 3.37 8.31 3.86 2.22 25.28

Table A33: Local base-pair helical parameters for strand C/D in 80E?7.

step X-disp Y-disp h-Rise Incl. Tip h-Twist
1 CG/Ca -21.18 13.12 4,72 208.39 29.27 -19.68
2 GC/GC 8.39 8.66 3.00 4.96 -1.31 -55.37
3 CG/Ca -368.67 -17.886 4.78 19.38 -24.59 -7.64
4 GC/GC 1.23 -8.58 3.39 -8.25 -8.29 -51.45
5 CG/CG -46.59 3.72 3.47 -2.71 5.24 -7.82
ave. -19.36 -8.82 3.86 8.35 1.66 -26.43
s.d. 28.53 18.98 6.86 18.89 19.22 24.71
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Table A34: Local base-pair parameters for strand E/F in 8OE7.

bp Shear Stretch  Stagger Buckle Propeller Opening
1 C-G -8.26 -8.89 8.19 8.89 8.67 2.34
2 G-C 8.29 -8.16 -8.15 -6.57 5.83 1.25
3 C-G -8.34 -8.16 -8.15 5.31 18.14 2.31
4 G-C 8.38 -8.21 -8.86 -3.55 8.96 2.71
5 C-G -8.15 -8.25 -8.82 4.49 -3.51 3.72
6 G-C 8.26 -8.17 8.18 -2.54 2.85 2.44

ave. 8.62 -8.17 -8.00 -8.33 2.56 2.46

s.d. 8.38 8.85 8.15 4.71 4.62 6.80

Table A35: Local base-pair step parameters for strand E/F in 80OE7.

step Shift S51lide Rise Tilt Roll Twist
1 CG/CG 8.23 5.48 3.78 5.11 -3.56 -8.68
2 GC/GC 8.67 -8.13 3.88 -1.22 -4.66 -55.18
3 CG/CG -8.43 5.53 3.63 -3.12 -2.46 -6.53
4 GC/GC -8.48 -1.88 3.38 -8.26 8.22 -51.45
5 CG/CG 8.12 5.53 3.76 8.64 8.33 -6.98
ave. 8.82 3.87 3.58 8.23 -2.81 -25.77
s.d. 8.49 3.37 8.31 3.86 2.22 25,280

Table A36: Local base-pair helical parameters for strand E/F in 80OE7.

step X-disp Y-disp h-Rise Incl. Tip h-Twist
1 CG/CG -21.18 13.12 4,72 208.39 29.27 -18.68
2 GC/GC 8.39 8.66 3.00 4.96 -1.31 -55.37
3 CG/Ca -38.67 -17.68@ 4.76 19.38 -24.59 -7.64
4 GC/GC 1.23 -8.58 3.39 -8.25 -8.29 -51.45
5 CG/CG -46.59 3.72 3.47 -2.71 5.24 -7.82
ave. -19.36 -8.82 3.86 8.35 1.66 -26.43
s.d. 28.53 1@.98@ 8.8e 168.89 19.22 24.71
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Table A37: Local base-pair parameters for strand G/H in 80E7.

bp Shear Stretch  Stagger Buckle Propeller Opening
1 C-a -8.24 -8.87 @8.15 1.93 8.95 2.78
2 G-C 8.29 -8.14 8.15 -8.84 1.96 1.16
3 C-G -8.27 -8.17 8.11 2.62 7.33 3.16
4 G-C 8.2e -8.21 @.15 -4.54 2.57 3.63
5 C-G -8.25 -8.16 -8.18 3.67 -4.23 1.28
6 G-C 8.28 -8.14 8.26 -3.45 3.48 2.1@

ave. 8.60 -8.15 @.12 -8.1@ 1.99 2.32

s.d. 0.28 8.85 8.12 3.38 3.76 1.82

Table A38: Local base-pair step parameters for strand G/H in 80E?7.

step Shift Slide Rise Tilt Roll Twist
1 CG/CG 8.24 5.44 3.57 8.79 -1.57 -9.45
2 GC/GC 8.68 -8.45 3.28 8.78 -5.60 -54,34
3 CG/CG -8.32 5.49 3.73 -2.29 8.35 -7.76
4 GC/GC -8.58@ -1.17 3.38 1.32 -1.87 -5@8.93
5 CG/CG 8.18 5.55 3.72 -8.49 2.62 -6.71
ave. 8.e6 2.97 3.52 8.e1 -1.21 -25.84
s.d. 8.47 3.46 8.22 1.44 3.4 24,51

Table A39: Local base-pair helical parameters for strand G/H in 80E?7.

step X-disp Y-disp h-Rise Incl. Tip h-Twist
1 CG/Ca -28.56 3.42 4.38 9.43 4.72 -9.61
2 GC/GC B.83 8.78 3.22 6.11 a.77 -54.61
3 CG/Ca -46 .82 -9.41 3.24 -2.53 -16.47 -8.89
4 GC/GC 1.49 -8.49 3.27 2.17 1.53 -58.98
5 CG/Ca -51.78 -8.85 1.46 -21.31 -4.80 -7.22
ave. -23.61 -1.15 3.11 -1.23 -2.69 -26.18
s.d. 24.85 4.86 1.a5 12.89 8.31 24.41
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Table A40: Local base-pair parameters for strand A/B in 80ES.

bp Shear Stretch  Stagger Buckle Propeller Opening
1 C-G -8.27 -8.14 8.23 2.12 1.56 2.44
2 G-C 8.21 -8.33 g.1@ -5.78 2.71 5.49
3 C-G -8.44 -8.13 8.81 4.75 4.97 2.72
4 G-C 8.77 -8.82 -8.091 -6.82 7.17 -1.75
5 C-G -8.86 -8.33 -8.11 5.82 -1.91 4.83
6 G-C 8.34 -8.18 8.15 -3.43 3.32 1.99

ave 8.89 -8.19 8.86 -8.41 2.97 2.62

s.d 8.44 8.12 8.12 5.38 3.89 2.56

Table A41: Local base-pair step parameters for strand A/B in 80OES8.

step Shift S51lide Rise Tilt Roll Twist
1 CG/CG 8.35 5.57 3.74 1.49 8.68 -9.48
2 GC/GC 8.37 -8.58 3.16 a.87 -5.78 -53.92
3 CG/Ca -9.38 5.43 3.66 -8.48 -2.66 -4.23
4 GC/GC -8.12 -8.98@ 3.28 -8.79 -8.12 -53.81
5 CG/CG -8.11 5.57 3.79 8.28 1.87 -7.81
ave. 8.62 3.82 3.52 8.26 -1.22 -25.69
s.d. 8.33 3.43 8.29 a.94 3.84 25.43

Table A42: Local base-pair helical parameters for strand A/B in 8OES.

step X-disp Y-disp h-Rise Incl. Tip  h-Twist
1 CG/CG -34.58 5.34 3.28 -3.61 §.93 -9.61
2 GC/GC 8.98 8.46 3.88 6.35 8.96 -54.21
3 CG/CG -38.57 -1@.83 5.92 32.00 -5.81 -5.82
4 GC/GC 1.82 -8.18 3.27 8.13 -8.89 -53.82
5 CG/CG -44.93 -8.22 2.39 -13.46 1.43 -8.83
ave -21.62 -8.93 3.59 4.28 8.92 -25.98
s.d. 21.38 5.59 1.35 17.88 5.31 25.29

191



Table A43: Local base-pair parameters for strand C/D in 8OES.

bp Shear Stretch  Stagger Buckle Propeller Opening
1 C-G -8.27 -8.15 a.18 1.86 1.51 2.16
2 G-C 8.28 -8.31 a.12 -4.69 1.61 5.86
3 C-G -8.48 -8.12 a.82 4.98 5.77 2.65
4 G-C 8.79 -8.84 a.33 -1.15 2.71 -1.83
5 C-G -8.18 -8.35 -8.12 6.23 -1.97 4.57
6 G-C @.33 -8.19 a.12 -3.61 2.25 2.34
ave 8.1a -8.19 a.11 8.608 1.98 2.49
s.d a.44 a.12 a.15 4.50 2.49 2.44
Table A44: Local base-pair step parameters for strand C/D in 8OES.
step Shift Slide Rise Tilt Roll Twist
1 CG/CG 8.31 5.59 3.66 1.32 8.58 -9.47
2 GC/GC a.37 -8.59 3.19 1.36 -6.14 -53.78
3 CG/CG -8.44 5.36 3.61 -2.87 -8.38 -4.59
4 GC/aC -8.15 -1.82 3.33 2.3 -1.37 -53.42
5 CG/CG -8.11 5.58 3.87 @.85 2.28 -7.57
ave. -8.91 2.98 3.53 a.44 -1.81 -25.77
s.d. a.34 3.46 8.27 2.82 3.17 25.47
Table A45: Local base-pair helical parameters for strand C/D in 80ES.
step X-disp Y-disp h-Rise Incl. Tip h-Twist
1 CG/CG -34.75 4.74 3.24 -3.52 7.96 -9.58
2 GC/aC 1.81 @.49 3.11 6.77 1.58 -54.12
3 CG/Ca -53.87 -25.23 3.28 4.26 -31.98 -5.43
4 GC/aC 1.22 -8.02 3.31 1.52 2.57 -53.48
5 CG/Ca -46,88 -8.69 2.1e -16.79 a.37 -7.91
ave. -26.64 -4.14 2.99 -1.55 -3.91 -26.18
s.d. 26.24 11.98 8.58 9.34 15.96 25.33
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Table A46: Local base-pair parameters for strand E/F in 8OES.

Stretch
-8.15
-B.38
-B.14
-B.13
-p.31
-p.19

Stagger
@.19
@.32

-8.83
@.73
-8.15
@8.12

Buckle
2.81

-1.97
5.43
4,34
5.75

-4.,43

Propeller
1.97
2.51
5.84

-8.88
-1.31
2.89

Opening
2.48
4.85
2.93

-8.87
3.86
1.98

P P P P P P P P P P P A P A A A D A A A P P T D D P P P P P P P P P P P P P P P P P P P

-8.28
8.88

5lide
5.58
-8.608
5.38@
-1.14
5.68

@.28
@.31

Rise
3.62
3.28

3.54

3.53
3.83

1.99
4,22

Tilt

8.34

2.58
-6.11
6.01
-B.65

1.78
2.68

Local base-pair step parameters for strand E/F in 80OES.

Roll
8.51
-5.84
1.19
-2.82
2.11

2.67
1.69

Twist
-18.15%
-53.24

-5.88
-52.82

-7.63

P P P P P P P PO P A D A P T T T T P T P P P A A P P P T P o A P P P P P P P P P P P P P P P A D P P P P P P P

bp Shear
1 C-G -6.22
2 G-C 8.22
3 C-G -8.36
4 G-C 8.57
5 C-G -6.12
6 G-C @.35
ave. 8.687
s.d. 8.36
Table A47:
step Shift
1 CG/CG 8.29
2 GC/aC 8.43
3 CG/CG -8.45
A4 GC/GC -8.23
5 CG/Ca -8.82
ave. &.08
s.d. 8.36

2.95
3.49

3.56
8.20

a.43
4.47

-8.81
3.21

Table A48: Local base-pair helical parameters for strand E/F in 80OES.

step

1 CG/CG
2 GC/GC
3 CG/CG
4 GC/GC
5 CG/CG

ave.
s.d.

X-disp

-32.45
1.82
-38.19
1.43
-46.27

¥Y-disp

2.26
8.63
-16.88
a.16
-1.94

h-Rise
3.33
3.18
1.37
3.49
2.19

Incl.
-2.89
6.49
-8.95
2.29
-15.45

Tip
1.98
2.87

-45 .81
6.83
-4.76

-25.79
24.56

h-Twist
-168.17
-53.68
-8.57
-52.38
-7.95

P P P P e P P P P P P P P P P P P P P P P P P P P P P P P P P P Pl Pl Pl Pl Pl P PP

-22.89
22.56

-3.15
7.82

2.71
g.9e

-3.78
8.75

-7.80
21.66

-26.53
24.17
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Table A49: Local base-pair parameters for strand G/H in 80ES.

Stretch
-8.15
-6.30
-8.15
-8.14
-6.32
-6.18

Stagger
8.22
8.23

-8.84
8.27
-8.87
8.17

Buckle
3.18
-3.93
5.22
-1.32
6.35
-2.97

Propeller
1.55
1.27
5.57
3.34

-1.91
2.65

Opening
2.85
4,57
2.78
8.52
4.69
1.62

P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P

-8.21
8.8

8.13
8.15

1.89
4.48

2.88
2.49

Table A50: Local base-pair step parameters for strand G/H in 80ES8.

51lide
5.59
-8.58
5.42
-1.12
5.57

Rise
3.73
3.19
3.67
3.34
3.81

Tilt
1.88
2.33
-3.47
2.32
-8.14

Roll
1.36
-6.38
-8.61
-1.37
2.85

2.79
1.62

Twist
-18.89
-53.81

-5.47
-51.11

-3.83

P P P P P P P P P P P P P P P P P P P P P P P P P P Pl P P P P P P P Pl Pl Pl P

2.97
3.58

3.55
8.27

8.42
2.41

-8.99
3.32

Table A51: Local base-pair helical parameters for strand G/H in 80ES.

Y-disp
3.39
8.68

-16.89

-8.11

-8.73

h-Rise
2.91
3.89
3.50
3.31
2.31

Incl.
-7.64
7.11
4.97
1.59

-14.32

Tip
6.87
2.68

-28.19
2.69
-06.96

-25.74
24.87

h-Twist

-18.24
-53.41
-7.37
-51.18
-8.29

PP P P P P P P P T T P P P P P P P P P P P P P P B B P P P P P P P P L P P U U PP P P P PR PR PR PR R

D Shear
1C-a -8.26
2 G-C @.28
3 C-G -8.36
4 G-C a.47
5 C-G -8.85
6 G-C @.34

ave. 8.86

s.d. @.33

step Shift
1 CG/CG 8.25
2 GC/GC 8.41
3 CG/CG -8.37
4 GC/GC -8.23
5 CG/CG -8.85
ave. 8.8
s.d. 8.33
step X-disp
1 CG/CG -33.81
2 GC/GC 1.4
3 CG/Ca -359.68
4 GC/GC 1.48
5 CG/CG -43.83
ave. -22.98
s.d. 22.37

-2.75
3.86

3.82
8.46

-1.686
9.85

-3.56
13.99

-26.18
23.95
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Table A52: Local base-pair parameters for 8OEQ.

bp Shear Stretch  Stagger Buckle Propeller Opening
1C-G -8.208 -8.13 g.12 1.95 -1.34 3.16
2 G-C a.26 -8.18 .11 -3.58 2.78 2.28
3 C-G -8.34 -8.13 8.85 3.78 6.38 3.18
4 G-C a.25 -8.16 8.57 2.73 1.45 2.93
5 C-G -8.22 -8.21 8.01 5.86 -5.48 2.91
6 G-C a.17 -8.25 -8.086 -5.86 3.76 3.25
ave -8.81 -8.18 8.13 8.81 1.23 2.78
s.d a.27 8.85 B.22 4.51 4.15 8.53
Table A53: Local base-pair step parameters for 8OE9.
step Shift 5lide Rise Tilt Roll Twist
1 CG/CG 8.27 5.46 3.58 2.11 -1.69 -9.89
2 GC/GC 8.68 -8.48 3.19 8.91 -6.32 -54.65
3 CG/CG -8.43 5.38 3.59 -5.14 2.33 -7.24
4 GC/GC -@.58 -1.16 3.48 4.52 -8.74 -51.47
5 CG/CG @.1e 5.62 3.79 2.54 1.84 -7.65
ave. -g.81 2.98 3.53 8.99 -1.88 -26.82
s.d. 8.49 3.45 8.22 3.66 3.32 24,72
Table A54: Local base-pair helical parameters for 8OE9.
step X-disp Y-disp h-Rise Incl. Tip h-Twist
1 CG/Ca -28.66 7.85 4.35 18.38 12.94 -9.49
2 GC/GC 8.88 8.78 3.12 6.86 8.99 -54.99
3 CG/CG -37.92 -12.186 1.22 -15.869 -34.59 -9.17
4 GC/GC 1.38 -8.33 3.58 @.85 5.19 -51.66
5 CG/CG -42.76 8.28 2.82 -7.47 18.31 -8.13
ave. -21.43 e.7e 3.ee -1.81 8.57 -26.69
s.d. 21.18 8.08 1.15 1@.63 28.77 24,35
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Table A55: Local base-pair parameters for strand A/B in 8OEA.

bp Shear Stretch  Stagger Buckle Propeller Opening
1 C-G -8.29 -8.34 8.28 -8.41 4,94 7.61
2 G-C 8.39 -8.26 -8.27 -8.27 8.96 1.15
3 C-G 8.19 -8.29 8.86 §.62 3.685 2.72
4 G-C 8.65 -8.13 8.24 -8.29 -4.43 -1.48
5 C-G -8.58 -8.28 8.19 1.22 3.96 -8.82
6 G-C 8.24 -8.28 8.17 -3.66 2.93 7.23

ave. 8.11 -8.25 8.1a -1.86@ 3.24 2.75

s.d. 8.43 8.a7 8.19 6.43 4.36 3.90

Table A56: Local base-pair step parameters for strand A/B in 80OEA.

step Shift Slide Rise Tilt Roll Twist
1 CG/Ca 0.e3 5.73 3.59 3.89 1.65 -18.34
2 GC/GC a.37 -8.34 2.93 -3.60 -6.77 -51.82
3 CG/Ca 8.68 5.32 3.99 -5.57 -8.27 -5.78@
4 GC/GC -8.13 -1.89 3.27 3.66 -2.687 -53.47
5 CG/Ca 8.44 5.61 3.82 -1.71 4.58 -8.89
ave. 8.17 3.85 3.52 -8.66 -8.78 -25.89
s.d. 8.23 3.45 8.43 4.28 4.18 24.14

Table A57: Local base-pair helical parameters for strand A/B in 8OEA.

step X-disp Y-disp h-Rise Incl. Tip  h-Twist
1 CG/CG -31.23 6.36 2.78 -5.53 208.58 -11.1@
2 GC/GC 8.8e 8.28 2.88 7.81 -4.,15 -51.56
3 CG/Ca -37.368 -208.15 3.e8 2.14 -44 .32 -7.97
4 GC/GC 1.34 8.08 3.23 2.3@ 4.86 -53.62
5 CG/CG -38.16 8.1e 8.89 -27.83 -18.89 -168.14
ave. -208.91 -2.68 2.57 -4.086 -6.78 -26.88
s.d. 208.24 1@.13 8.96 13.69 23.95 23.51
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Table A58: Local base-pair parameters for strand C/D in 8OEA.

bp Shear Stretch  Stagger Buckle Propeller Opening
1C-G -8.77 8.88 8.26 4.82 3.31 -5.78
2 G-C 8.77 -8.83 -8.02 -7.36 1.37 -6.88
3 C-G -8.860 8.e1 -8.06 5.94 1@.15 -3.68
4 G-C 8.e7 8.e1 0.08 -3.83 5.93 -8.86
5 C-G 8.11 -8.27 -B.08 8.12 -2.51 3.13
6 G-C 8.42 -8.83 8.47 1.66 1.91 -3.12

ave, -8.83 -8.85 8.11 1.56 3.36 -2.57

s.d. g.ed 8.12 8.22 6.82 4,32 3.53

Table A59: Local base-pair step parameters for strand C/D in 8OEA.

step Shift 5lide Rise Tilt Roll Twist
1 CG/Ca 8.e7 5.42 3.79 2.12 -1.34 -5.83
2 GC/GC 8.75 -6.44 3.13 1.36 -5.94 -55.48
3 CG/Ca -8.41 5.58 3.74 -2.61 8.15 -9.87
4 GC/GC -8.24 -1.08@ 3.26 8.38 -8.66 -46.54
5 CG/CG -B.8@ 5.37 3.79 -8.75 2.64 -6.58
ave. 8.e4 2.99 3.54 8.08 -1.83 -24.86
s.d. 8.44 3.39 8.32 1.85 3.13 24,13

Table A60: Local base-pair helical parameters for strand C/D in 8OEA.

step X-disp Y-disp h-Rise Incl. Tip h-Twist
1 CG/Ca -48.59 13.84 4,68 12.47 19.69 -6.34
2 GC/GC 8.79 6.88 3.06 6.36 1.45 -55.79
3 CG/Ca -31.65 -7.53 3.43 -8.84 -14.82 -1@.21
4 GC/GC 1.32 -8.27 3.25 8.84 8.38 -46.54
5 CG/CG -51.35 -2.36 1.52 -21.76 -6.23 -7.13
ave. -24.29 8.91 3.17 -8.59 8.89 -25.28
s.d. 24,17 7.91 1.18 12.93 12.73 23.97
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Table A61: Local base-pair parameters for 8OEB.

bp Shear Stretch  Stagger Buckle Propeller Opening
1C-a -8.28 -8.13 8.12 1.95 -1.34 3.16
2 G-C 8.26 -8.18 8.11 -3.58 2.78 2.208
3 C-G -8.34 -8.13 8.85 3.7@ 6.38 3.18
4 G-C 8.25 -8.16 8.57 2.73 1.45 2.93
5 C-G -8.22 -8.21 8.8l 5.86 -5.48 2.81
6 G-C 8.17 -8.25 -8.86 -5.880 3.76 3.25
ave -8.01 -9.18 8.13 8.81 1.23 2.78
s.d 8.27 8.85 8.22 4.51 4.15 8.53
Table A62: Local base-pair step parameters for SOEB.
step Shift 5lide Rise Tilt Roll Twist
1 CG/CG 8.27 5.58 3.68 1.88 -2.77 -1e.1e
2 GC/GC 8.58 -8.41 3.28 -8.54 -6.28 -53.98
3 CG/CG -8.27 5.37 3.61 -3.14 a.42 -6.97
4 GC/GC -8.48 -1.82 3.43 @.37 -8.92 -51.23
5 CG/CG 8.83 5.56 3.76 3.28 3.88 -8.98
ave. 8.83 3.82 3.54 @.37 -1.15 -26.24
s.d. 8.37 3.41 8.19 2.45 3.74 24,12
Table A63: Local base-pair helical parameters for 8OEB.
step X-disp Y-disp h-Rise Incl. Tip h-Twist
1 CG/CG -24.85 5.57 4,82 15.28 1@.33 -18.64
2 GC/GC 8.83 8.51 3.22 6.89 -8.68 -54,32
3 CG/CG -41.68 -12.49 2.89 -3.23 -24.29 -7.66
4 GC/GC 1.24 -8.43 3.42 1.86 a.42 -51.24
5 CG/CG -36.75 4.97 1.21 -22.29 19.25 -18.22
ave. -28.086 -8.38 3.11 -8.47 1.83 -26.81
s.d. 20.38 7.27 1.3@ 14.82 16.38@ 23.75
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Table A64: Local base-pair parameters for 8OEC.

bp Shear Stretch Stagger Buckle Propeller Opening
1C-G -8.28 -8.84 8.13 3.76 3.29 1.48
2 G-C 8.39 -8.23 8.18 -3.68 3.82 1.86
3 C-G -8.46 -g.14 8.25 2.85 9.71 2.26
4 G-C 8.53 -8.21 8.28 -3.98 4.46 2.72
5 C-G -8.22 -g.14 -@.88 g§.12 -2.75 2.82
6 G-C 8.36 -8.21 8.21 -1.93 2.51 2.95

ave. 8.85 -8.16 8.15 8.99 3.51 2.87

5.d. 8.42 8.87 8.12 4.78 3.99 8.74

Table A65: Local base-pair step parameters for SOEC.

step Shift S5lide Rise Tilt Roll Twist
1 CG/CG 8.17 5.53 3.69 1.24 1.41 -8.34
2 GC/GC 8.57 -8.51 3.28 8.45 -7.67 -55.21
3 CG/CG -8.27 5.48 3.77 -1.69 a.e7 -5.94
4 GC/GC -8.43 -1.84 3.25 2.12 8.38 -52.21
5 CG/CG 8.e3 5.54 3.91 -8.85 2.37 -6.64
ave. 8.e1 2.98 3.58 8.41 -8.45 -25.67
s.d. 8.39 3.43 8.38 1.43 3.78 25.64

Table A66: Local base-pair helical parameters for 8OEC.

step X-disp Y-disp h-Rise Incl. Tip h-Twist
1 CG/CG -48.62 4.26 2.67 -9.51 §.48 -8.55
2 GC/GC @.95 8.63 3.28 7.68 8.48 -55.63
3 CG/CG -53.23 -11.12 2.96 -6.24 -15.85 -6.21
4 GC/GC 1.16 -8.35 3.27 -8.43 2.48 -52.25
5 CG/CG -53.08 a.e5 1.83 -19.62 -8.42 -7.85
ave. -28.96 -1.38@ 2.78 -5.64 -1.e8 -25.94
s.d. 27.88 5.78 8.59 18.16 8.99 25.68
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Figure Al: CD spectra of the G3T4 G-quadruplex before (red) and after (blue) the Fenton reagents
(H202 1 mM, CuCl2 200 pM, citric acid 1 mM) were added to the sample. The CD signal was measured at the
start of the experiment and then two hours after adding the Fenton reagents. A decrease in the ellipticity at
240, 265 and 290 nm and were observed, which could be an indication that the G-quadruplex is destabilised

and is unfolding as the reaction occurs.
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