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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 a mihishedhmeanyc e |
cellular components can be damaged. Oxidative DNA damage induced by ROS, the formatior
of which can be catalysed by transition metals, has been reported as frequent in an oxidativ

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 cataly:
the formation of reactive oxygen species, including d r o x y | radi cals HO/
act as hotspots for oxidative damage with nearby blisesinknown if catalysis occurring at
these spots would damage the closest base or if the bound transition metal would protect th
base it is bound to from damage.

Using X-ray crystallography, a common technique used to study ntatedcstructures
at an atomic scale, the work presented in this thesis describes the development of a new metht
to identify oxidative damage hotspots in nuclaad structures. The olgjive 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 i

solution using circular dichroism (CD) esgtroscopy.

Two approaches are used to add transition metals to crystal systems containing nuclei
acids. These are cocrystallisation and soakihg advantages and disadvantages of these two
methods in the context of this work were carefully examined. Soakingomaglered as a more
suitable approach, as cocrystallisation was found to change the structure and cause crosslinkit
which reduced transitiometal availability to hydrogen peroxide. Applying this method, the
binding preferences of transition metals swashcopper and iron were investigated. Two
transition metalscopper and irarnwere found to bind differently to the same DNA structure, a
result that could explain why oxidative damage differs between systems containing copper ot
iron. Furthermore, the same system was used to soak DNA crystals with hydrogen peroxide fo

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



copper (ll) ions were described, giving insight into how the Fenton reaction might progress
when copper (Il) is bound to the DNA. Finally, using CD, -g@&adruplex forming sequence
present in the promoter regi on ischseRvE8sHNMI, ¢
to undergo conformational changes in an oxidative stress environment. The structural effect:
of the presence of more than four tracts of guanines in the sequence were investigated, usir
base substitutions to gpress quadruplex formatiaand mimic oxidative damage. This gave
insight into the potential equilibrium between all the potentigjuadruplex topologies in this

system and how oxidative damage can influence topological changes.

This method is a starting point to examine more sophisticated nacleisystems such
as Gquadruplexes. Whilst oxidative damage could not be directly visualised in the crystal
structures, the use of microcrystals combined with rAiccosed Xray beamst synchrotrons

or XFEL sourcesnay lead to visualisation in the future.



Acknowledgements

When | startedn this project four years ago, nothing could have preparetbmee
worldwide pandemi@nd the disruptionticausedThese last three years have been hard for
everyone and | am no exceptioithis work could not have been made possible witladat

of guidanceand support fronmany people.

First and foremost, | would like to express gmatitude to my supervisqrBr James
Hall, Dr JohnBrazier,and DrJuan SancheWeatherby,for their invaluable patienceand
encouragement throughout my doctoral studghout them, | would not have made it this
far, andfor this, | amsincerelygrateful Theirgenuineenthusiasm for scien¢es madeworking

on this projecan immensely enjoyable experience.

| would also like to thankrofessor Christine CardiRrofessor David Cardin, Dr Kane
McQuaid Dr Ben Pages and Dr Stuavialthus from the University of Readindgor their
guidance at the start of my PhD yedrsvould also like to thank Nick Spencer for his help
particularly with the inhousediffractometer andAhmad Abdullrahmarfor his cheerfulness

which has never failed to put me in a good mood

Also, | would like tothankeveryone at Diamond Light Source, and especially the teams
on the VMXI, 103, 104, andB23 beamlines, as well as the team at the Research Complex at
Harwell, for all the opportuniesl 6 ve had d u.itruly gnjoyed veorkingwitrsall t s

thesepassionate andonderfulpeople

| would also like to thanrofessor Tom BrowrProfessor James TuckandDr Sarah
Allman, who welcomedme into their teamandopened the doors to their labs when | needed

it most.

On another note, | would like to thank mpgychiatrist Dr De Wadbr recognising my
battles, the University of Readindpr their incredible supporand especially Dr James Hall

who spared no effortio support me afteny diagnosis. This means the world to me.

Finally, | would like to thank my partner, Matthew Greenlaal friend, Amélie
Boullais and my gecko, Coconutho havebeenmy rockduring write up, as well aay family
and friendsandeveryone elserho has supporteahd encouragemeduring this chapter of my

life.



Table of Contents

AB ST RACT .ttt e e e ettt taane et e er e 1l
ACKNOWLEDGEMENTS ..o e et eeees e e ettt e e e e s e e seer s reesee e et naeaeeaeeeenesd AV
ABBREVIATIONS USED ...ttt e e e e e sttt e et e e e e e e et a e s s rmmme et e e e e e e e e e e s sensanaee VI

CHAPTER 1 - AN INTRODUCTION TO DNA MODIFICATIONS AND DNA DAMAGE: THE

SUBSEQUENT EFFECTS ON DNA STRUCTURE.......oitiiie e 1
L L. INTRODUCTION .ttt etteeautee st e seteemeebee e sbeeebe e et e e e bt e smeess e e ah b e e shb e e ah bt ek bt e s bm et e eabe e eabeeanbeesnbeeesbeennesene e e 1
1.2.NATIVE DNA STRUCTURES......cittiiiiiiiiiiiiiiiiiimmet e r e e bbb bbb s e e s e e an bbb e b e eee e 2.

R B 2 7= 1 3=V ] o F TSP UUPP PP 4
1.2.2. Secondary structure Of NUCIEIC ACIAS.........cooiiiiiiiii e 7
1.2.3. Higherorder structure of NUCIEIC ACIAS...........coiiiiiiiiiiiieeee e 9.
1.3.OVERVIEW OF NUCLEIC ACID BASE MODIFICATIONS AND THEIR STRUCTURAL CONSEQUENCES............. 11
1.3.1. Epigenetic MOIfICALIONS. ........uuuiiiiei e ceeee et e e e e e e e e e e e eeae s nnme e e eeeenennanas 11
1.3.2. Damage of NUCIEIC aCid DASES...........uuviuiiiii e ere e 14
1.4.STRUCTURAL CONSEQUENCES OF BASE MODIFICATIONS . .cuuitttittitteitessinrnrsseneeneesniesniesnessinessnesnns 18
1.4.1. Effects of epigenetic modifications on the overall StruCtUre..............cooevvveeeii e, 18
1.4.2. Effects of damaged bases on the overall structure of nucleic.acids...............ccveeeieeiienns 24

1.5.INCORPORATION OF TRANSITION METALS INTO NUCLEIC ACID STRUCTURESIOW THE IDENTIFICATION OF

TRANSITION METAL CENTRES CAN HELP IDENTIFY POTENTIAL DAMAGE CENTRES....ccuiiviiiiieiieiteevimeeeeneeenns 28
I G AN 1 30
A = = = = N =2 PP 33

CHAPTER 2 - CO-CRYSTALLIZATION VS SOAKING - A COMPARISON OF METHODOLOGIES
FOR OBTAINING ORDERED METAL SITES IN CRYSTALS WITH MINIMUM STRUCTURAL

=t U] = N [ RPN 50
2. 1. INTRODUCTION .1ttt ttteeeeteetastae e eeee e e e e e s e s s s e e e e e b ee e s s b e e e e e e e e e e e et s eaes s e e e e b ee e et e et e et e e e e e e e smmneeeees 50
2.2.MATERIAL AND METHODS. ...t etttteetttiaeias e tmea e e e e e e e s sa s s e e e s s 4 e s ae bbb e s e e e e eeeeassssrnnnnnnneenee s 55

2.2.1. DINA PrEPATALION. .. .ceiieiiittiiee e ettt eeit ettt e e e ettt e e e ekt e et bt e e e e e s aab b et e e e e s st beeebbbeeeeeessabbeeeeeeeane 55
2.2.2. Crystallisation and MetBIDaking.............uuuiiiiiiiiiiiieaeiiiiiiii e e e e 55
2.2.3. Data cOollection and PrOCESSING. ... . o uuuertttitteeieeeaiieitbebb bbbt e e e e e e s aeeeesbesbeeeeeeeaaaaaeeeeeessaameeeeas 56
2.2.4. Structural and packing @NAIYSLS..........uuuuiiiiiiiiii et 59
2.3 RESULTS .ttt ettt e r e et ettt et enn e a e e e 59
2.3.1. Overall structure analysissoaking eXPeriMENLt..........oocuueiiieiiiermriiiiee e ree e 59
2.3.2. Comparison to results from cocrystalliSation..............ooouviiiieeecieiiii e 62
2.3.3. Transition metal coordination analysis and solvent channel availability..................ccccee.... 64
2.4 DISCUSSION. ...ttt e et eeaesssebe s et e et ettt et e e e sees s e e e et ettt et e e eeeeeeeesimmmr et eteeeeeeeeeessassannnnneneeeeeeesnes] 67
2. 5. REFERENCES . ...t tttttitittiitite e e e e e s ittt ettt e et e e e e e e e s e et e s s mmet e e e et e e s s e s s e s s bbb s e e es e s sa e bbb bbb e e e e e e s eeana e rne 72



CHAPTER 3 - DAMAGE FOLLOWING FENTON -LIKE COPPER REACTION INFLUENCES

COPPER (Il) IONS BINDING PREFERENCES TO DNA STRUCTURE .........ccooiiiiiiiiiieeeieeeeeeeeeennnd 1
BT I 1 1 = o 10T T 77
3.2. MATERIAL AND METHODS. ...t ittittittieteettssieessaesaessassansesastnssmnesassassnteansstasssnstannssssnsssnsesnseterans 79

G T B B 1\ AN o =T o = 1 - (o) o S 79

3.2.2. Crystallisation of d(GCATGCT) and d((oxoG)CATGCT) and soaking with copper (ll) chlori®e
3.2.3. Data collection and data analysis for a crystal of d(GCATGCT) with copper (II) chloride and a

crystal of Native d((OXOG)CATGCT).....cci i iiiieiierreeieees s sneaerer e seeeeeeesseaessesrrasseeerrereeeeeeeeseaanseneeees 79
3.2.4. STrUCTUIAl @NAIYSIS.......eiiiiiiiiiiiii e e e srme e e e e 82
O TRC TN ST e TSP PRPPRPPPPPTPPIN 82
3.3.1. 0x0G substitution inr@on-classical quadrupleX StrUCTUIE...........cooiiieiiieiice e 82
3.3.2. Copper (ll) ions coordination analysis after soaking of native crystals..........cccccccvveeecvvnnneee. 86
B4 DISCUSSION. ... eeeteeeeettttii s e s eeees e r e s e e e e e teeeeesste e s e mmeeee e s e et e e e e e e e et et aneneeeeeeeeeee s e bnnnn e e e s emnn e aeeeens 91
3.4.1. Effects of oxidative damage on metal ions coordination...............oeeeeeeeee i eeeeee e 91
B D REFERENCES. ...ttt eetetttieeetett e e ee s e s e e e e e eeeeeemmeeaeee et et e s e s e bR o e e e e emmmnoa e e e e e e et eteeennrnnn s e rrnrnnns 96

COORDINATION BEFORE OXIDATIVE DAMAGE ...t 100
A L. INTRODUCTION ....iiiiiieeetettit st st s e e e e et e e e ae b emme e e e e b s s e e e e e e e e e eeeee e e e e e teeeeese e sanaa s snaeas 100
4.2 . MATERIAL AND METHODS . ... .uttuttttteeeeeeeteessaaeasssssssseseeeettetaeeaesssmamsseeeetetteeaeeeasasssssaammntaesaeeeeaessessanan 102

4.2. 1. DNA PIEPAIALION. ......eteeiie ettt ettt e e e ettt e e eame e e e e bbb e e e e e e e aab b bt e e e samme e e e e abbe e e e e e e nnnbneas 102
4.2.2. Crystallisation and soaking eXPeriMmEeNL............uuuuuiiiiiiceeiiiiie e e e e 103
4.2.3. Data collection and PrOCESSING. ... .. e ie it e e e eeietieeee e e e et et e s eeeet e e s e e e eeaaseeeaserenannnrees 104
4.2.4. Structural and packing analySiS............oovviiiiiiiicis e aaaa 106
Z e TN {0 I PP 107
4.3.1. DNA hexamer: overall structure and helical parameters analysis..........ccccccoovvemniinieneen. 107
4.3.2. C3* and Fé* ions coordination @analySiS...........ccuerueeveiiiemriesiiesiee et seeeveenese e see e 111
A4 DISCUSSION. ... cetttttineee e e e e e e e et e e ee e e e e e et et e ee e s e s eeenss s s e oo e e e e te et eeanesesmmme e eeene s aeeeeeeeeeeeeneneeeeerenes 116
A 5. REFERENCES. ... .ot ittt s e e e et e s se bbb e e b e e e et ettt e e e e e e e e s snr et et e et e e e e e e e e e e e s n e mnnr e e e as 120

CHAPTER 5 - STRUCTURAL ANALYSIS OF PEROXIDE -SOAKED DNA CRYSTALS CONTAINING
ORDERED COPPER BINDING SITES: TOWARDS UNDERSTANDING OXIDATIVE DAMAGE AT

THE ATOMIC SCALE ..ottt ettt ettt et eebe e s h e e e eh et e ettt e saee e shenamtambe e s abeeanbeeanbeesnbeennens 125
. L. INTRODUCTION ...ttt et et eeteeeeeteee e e s e e e e e e e et e eeeea e e e e et eeeeenessss e n e s s emms e a e s e e e e e eeeeeeennnnnnnnmmeenes 125

5. 2. MATERIAL AND METHODS. ....cetttttttttetteeesaeassaaamtetteeteeaesaessasas s s mmeeeeeesaesaassassnbbbn b s anees s e s asnnnnnnrnne 127
LI B | VN o] (= o =TV o o NPT 127
5.2.2. Crystallisation Of A(CGCGCG)....uuiiiiiiiiiiieeiiitiieeitieee e ettt e e st e e et e e e e s snbbeeeeeesasbeeenes 127
5.2.3. Timedependent iscrystal Fenton reaction and fladheezing...........ccccoviiiiiiiiiieeniiciii 127
5.2.4. Synchrotron data collection and ProCeSSING...........uuuuuuriiiiirariiiiiiiiiiiieeieeeeeeeeeeeeereeeeeeeeeeeens 128

Vi



5.2.5. Irhouse multi dataset collection at rogmperature from @eroxidesoaked crystal as a function

Lo 8 10 = PO PURPRP PR 130
5.2.6. Structural and packing @nalySiS...........coiiuiiiiiiiiiee e e 133
LR T =T U TR 134
5.3.1. Peroxidesoaked d(CGCGCG) crystals: 100 K COlleCtion...........ccuvvereeeerieeeicnniniiinineeeeeeeeens 134
5.3.2. Peroxidesoaked d(CGCGCG) crystals: room temperature collection.............cccvvveveeeeennnns 140
B DISCUSSION. ...ttt ittt ettee sttt e it eteate e bt e ettt eab et 4kt e s e ees e ek bt e ke e e ehe e e a ket ek eem sh s e ek bt e ebb e e abe e et e e emennbeesnne s 146
B D REFERENCES. ...ttt ettte ittt e sttt e s teeeee e s bt e ettt aabe e oo bt e ea b eeeeah b e e eh e e e be e ek et e he e emees bt e eh b e e sab e e ebb e ek b e e s e nreebe e s 149

CHAPTER 6 - CONFORMATIONAL CHANGES MEDIATED BY A FENTON -LIKE COPPER

REACTION IN A G -QUADRUPLEX FORMING SEQUENCE. .......uiiiiiiiiiiiiiieieiiieeee e 152
6. L. INTRODUGCTION ..ccttttttetteeeeeeesesiae s simmet e e e e e e et s et s s e s e e e ee e s s e s 4 e e e s e s s e s eea s s ee s e s sssneeeee e e e e anernnes 152
6.2. MATERIAL AND METHODS. ....ceettttttiitiiasiittseeee e st e s sa s s bbb e s s ne s e e s besse e e et e e e s emer s s nnsneeeeeeeeees 158

6.2.1. DNA and samples Preparation................eiiie e ceeeiiisseieeeeeeeeeeevestaismmmreeaesrne s e e e e eaaaeeaennneens 158
6.2.2. Quadruplexes formation and melting exXperimentsS............cccceeeieiiceeiiiiiie i e e e e e eee e 158
6.2.3. Fenton reaction monitoring using Circular DIChroiSm............cccovvvviiiieeeec i 159
6.2.4. Sample preparation for @NalYSIS............ciiiii e e 159
6.2.5. Preparation of denaturing polyacrylamide gelS.........coooviiiiiiicciiii e, 159
8.3 RESULTS. ..ttt ettt ettt ettt ettt ettt e e oo oot e oo me e e e e e e e oo e oo e e e e e e ae e 160
6.3.1. Confirmation of @uadruplex formation by circular dichroiSmy.............ccccccvvviiieecivviiineeennn. 160
6.3.2. Effects of oxidative damage on PSEN2 topology after thermal denaturation.................... 161
6.3.3. Effects of @act substitution on PSEN2 topology........ccuvviiieiiiiiicceeiiiiiie e eeeevvvmemeeeans 162
6.3.4. ldentifying strand breaks after the Fenton reaction..................vvvccviviiiiiiiiii e eeceeeee, 165
5.4 . DISCUSSION. .....uiiiiiiitttieee ettt ieeeit bt e et e e et e e e e s srae e st e et e e et e e e e e e e e e e st e s smme e e e e e e e e e e e st e s s e nee s e e s s s 166
B.5. REFERENCES . ....0tttiiiiiiiiiiiie et sttt ettt e e e e e e e e e s mr et e e e e e e e s e e st e s s e e e s e e s e s s e s s bbb e e r e e e e 170

SUMMARY AND FUTURE WORK ..ot e ettt eeeee e e e e e e eeeesbntn e e e e e emenan e e e e eeas 175
REFERENCES. ...t ettettttutttti s e s e s e s e e e e e e e et et e e e ta s mmme e e e e e e s e e et e e e e et et eeeneeeeeeeteeeeeaennnsa s smn s ne e e e e e es 179

SUPPLEMENTARY INFORMATION oottt e e e e et e teeee e e e e e e e e e eeaneene e e e eeennnnns 180

Vil



Abbreviations Used

CD

CCP4

DNA

Tm

Ds

oxoG

RNA

Pu

Py

Adenine
Circulardichroism
Collaborativecomputationajproject number 4
Cytosine
Deoxyribonucleic acid
DNA melting temperature
doublestranded DNA
Guanine

Nitrogen

8-oxoguanine

Oxygen

Ribonucleic acid

Purine

singlestranded DNA
Thymine

Pyrimidine

viii



Chapter 1 - An Introduction to DNA
Modifications and DNA Damage:The
Subsequent Effects on DNA Structure

1.1.Introduction

Nucleic acidsdeoxyribonucleic acid (DNA) and ribonucleic acid (RNA), are some of
the most important biomacromolecules in living organisms and play a fundamental role in
stoling, transferringandencodinggenetic informationNucleic acids were first discovered in
1871 byFriedrich Miescherafter he made the DNA frorteucocytes (white blood cells)
precipitate and were generally accYetpthed
popul arity of this hypothesis declined in
better understood, and proteins were seen as more diverse in type and cofnplexity
Nevertheless, it was not un@riffithdi scovered genetic Atransf
strains ofthe bacteriunpneumococcus 1928 and the identification of DNA as the substance
responsible for this phenomenon Byery, 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 establisheti®. Nucleic acids possess both stability and flexibility, two characteristics
essential for storing genetic information while still enabling evol@tiokowever, many
mechanisms surrounding nucleic acids and their roles are yet to be fully understood anc
particularly how nucleic acid damage and modifications takes part in both normal functioning
and breakdowh



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 phgspiydte Bases fall
into two categories: purines and pyrimidines. Pur{ii®sare bicyclic and consistf two fused
five and sixmembered ringsThe two standard forms found in both DNA and RNA are adenine
(A) and guanine (G). Pyrimidind¥’) are monocyclic and contaiigsx atomsin the ring The
two standard forms found in DNA are cytosine (C) and thymineH@)vever,thymine is not
present in RNA and is replaces twacil (U). Uracil differs from thymine by thabsence of a

methyl group athefifth position of ts ring(Figure 1.1)

a b.
NH2
HO5 ;\l s 1 6
8 (/ 8
o. base < )\ < )2
oN"4 N NH, N7 4 N7
30H R
Guanine Adenine
2-deoxy-D-ribose
NH2 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 sugarof nucleic acids. b. The fivecanonical 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 isribose forming a fivanembered furanose ring while in DNA,
the pentose is 2leoxyD-r i bos e. The base i s eglyoosdieloonde d t
between the C1 position of the ring and either the N1 or N9 of thé’b@ike compact nature

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



can be described by the displacement of the carbon ouard blIPucker assignment is based
on the pseudootation phase angle, P, defined as:

| |
¢ Omle OKig

OAIl

All possible sugar puckers along with their P values are depicted in Figuieh&.tain two
conformations are @#ndoand CNgndd?as illustrated in Figure 1.Finally, each nucleotide
is joined to the next at theNydroxyl group, which forms a bond with thalydroxyl group
of an adjacent nucleotide to form a phosphate diester, forming the phdosatidtene.

a b.
C2'-exo 0° C3'-endo % 5 3
O base
Cl'-endo C4'-exo O 2
| 0=P-0 H
288° 720 O:P_O_ 9]
- B | :
04"-exo0 O4"-endo s C2-endo C3'-endo
2520 7 1080 C.
04 0,
O
C4'-endo ) . Cl'-exo
216° 03 6,
C3'-exo ggo C2-endo e2

Figure 1.2: a. A diagram of the phase angle of pseudmtation P. b. The two main sugar
conformationsillustrated. c. Designation of the different sugar pucker torsion angles. The figures were made
using Powerpoint and Chemdraw.



1.2.1.Basepairing

Supported by Ch a ri¥whithfshbwed Wiratdof aflenimenynir@ 5 0
and guanine:cytosine in DNA, and thanks t
proposed in 1953 a doubtelical structure with complementary hydrogsnded base
pairs. These pairings became known as the Wa@ack pairing. Two hydrogen bonds
betweenthe adenosine and the thymine are present in a Watsmk A:T pair while three
hydrogens bonds are present between the cytosine and the guanine in akaksGrC pair
(Figure 1.3).

H ’ Pr-l
4N

N - N
N—( =y R / N-H--N NN
R 0O ’N«o N

R

H
NTHO NG H‘N—H—-'O N
NH
CN———H—N VN (/—&QHN/K\,E/ ?
<

Figure 1.3: a. WatsonCrick pairing between an adenineand a thymine (top); and a guanine and a
cytosine (bottom) b. Hoogsteen base pairing betweemadenineand a thymine (top); and a guanine and a

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

While thesepairings aredominanthon-canonical baseairings can also occur. In 1963,

Karl Hoogsteen discovered A:T pairs with a different geometry to WaEsiok pairs®. Later
in 1966, Crick published the @ Woabdnitatbaddy p c
pairings between tRNA and mRNA Later, G:C pairs were also discovered to have an
alternative geometry to Wats@@rick pairs. Hydrogen donors and acceptors are available on
other edges of the different bases and can allovorim either polar hydrogen bondbl-(
H*** O/N or O-H***O/N) or non-polar hydrogen bonds (8**O/N). All the three different
edges where hydrogen sites are present in both pyrimidines and purines were named: th
WatsonCrick edge, the Hoogsteen edge and the sugar edge (Figure 1.4amNoncal base

4



pairings like Hoogsteen base pairs are found in both DNA, as for example in triplexes
quadruplexe’$, and RNA, as in the structure of the tRNA

Pairings can also be describedcisor trans depending on the sugarorientatio”°
(Figure 1.4). By combining cis/trans and different edges, a dzaeng combinations between
bases can be obtained. Bgsering also follows rigiebody basepair parameters that are linked

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

l/\ ............ Vl,\

P-4

OH OH 6\\%‘“ \ ON N<—_\ N 0 5
o]
T =N "
\o

Trans orientation of the glycosidicc bond

Figure 1.4: a. The Watsori Crick, Hoogsteen and Sugar edges onguanosinenucleotide.b. Cisvs

Transorientation of the glycosidic bond, as illustrated with a C:G base pair (top) and T:A base pair (bottom).
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Figure 1.5: The individual base pair and base pair step parameters. Each baserepresented by a

rectangular block. Copyright 2003 Oxford University Press.



1.2.2.Secondary structerof nucleic acids

From fibre diffraction studieswo of thethreemost commomluplex structuresf DNA,
B-DNA andA-DNA, werecharacterisedhanks to the work of Watson, Crick, Franklin, and
Gosl ing i n'®%2DNAahe thiyd mbsdodramon duplex structure of DNA, was
characterised a couple decades later by Véaat(Figure 1.63* The BDNA form is observed
at high humidity and commonly corresponds to the form found in physiological conditions,
though it will convert to the ADNA form once the humidity is lowerédor at high salt
concentrations. The helix is righanded 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 déephe ADNA form is also righthanded,
makes a complete turn every eleven bases, with a minor groove 11.1 A wide and 2.6 A dee
and a major groove 13.0 A wide and 2.2 A déRiNA also adopts the A form when it is in a
doublehelical structure. Finally, unlike its-BNA form and BDNA counterpart, the DNA
helix is lefthanded. This contains a high number of CG repeats and is very different to the other
two forms.All three duplexes are represented in Figure Allgparametersaresummarised in
Table 1.3°%



Figure 1.6: Views of the three conformations of double hetesDNA (top) along with the view from
the top (bottom). Backbone chain is idight grey. Nucleotides are coloured following convention, guanine bases
in green, adenine bases in red and thymine bases in bl(ée structures shown are taken fromentries 117057
(A-DNA), 1BNA?8 (B-DNA) and 3P4F° (Z-DNA) in the Protein Data Banké® (PDB).

Table 1.1: Average parameters of all three types of duplex structures from Xay analysis*926
A-DNA B-DNA Z-DNA

Helix sense Righthanded Righthanded Left-handed
Residues per turn 11 10 12
Twist per bp 32.7 36 -9,-51
Displacement bp (A/A) 45 -0.2 to-1.8 -2t0-3
Rise per bp/A 2.56 3.334 3.7
Base tilt (°) 20 -6 -7
Sugar pucker C3Ngndo C2Ngndo  C3Ngndo(syn)
Groove width (minor) (A) 11.1 5.7 2.0
Groove depth (minor) (A) 2.6 7.5 8.8
Groove width (major) (A) 13.0 11.7 3.7
Groove depth (major) (A) 22 8.8 13.8



1.2.3.Higherorderstructureof nucleic acids

Even though doubistranded structures are considered to be ntftwst common
structural form of DNA it has long beerecognised that DNA and RNA can also form other
structures including tripkstranded helicé$! hairpin loops?® junctions**® and four
stranded quadruplex€s® Some of these structures have been widely studied for their effect
on genetic instabili§/® and link to biological processes such as DNA repair and some
neurodegenerative diseases such as Alzheimer's disease or Parkinson's®.diSaase
sequences can form festranded quadruplexes known asq@druplexe¥ and their

counterpart, &@ich sequencesan also form foustranded structures known asiotifs*.

Found in the telomeric and gene promoter regions of the genomeaduplexes form
from sequences containirfgur tracts of three to four guanirfésThe cyclic arrangements
between the four guanines are stabilised by Hoogsteen interactions, which are themselve
stacked on top of each other to form the fswanded quadruplex. This formation is stabilised
by the presence of sodium @oadpotassium cations in the chanree 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 classitieckén
different subgroups parallel, antiparallel and hybri@ases not directly involved in thmse
G-tetrads are part afied | o o p §linking gpnsecutive @racts, and are categorised in three

types:propeller, lateral, and diagofal



parallel
quadruplex

antiparallel
quadruplex

Figure 1.7: Crystal structure of the human telomeric Gquadruplex (PDB ID: 1KF143). The backbone
chain is inlight 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 @uadruplex is stabiized by Hoogsteen hydrogen bonding with a
potassium cation in the channel. b. Some topologies of intramolecular quadruplexes that have been reported.

Characteriseth vitro in 1993 with the DNA sequence d(TCCCCGhnotifs have been
identified to form fourstranded quadruplexes under acidic condifidrBor quite some time,
this led to a discourse between researchers regarding its biological reliemamoeSince then,
studies have shown thatriotifs can form at physiological pH, under the condition of molecular
crowding. More recently, a study published in 2018 has demonstratedntiodif structures
can form within the nuclei of human cells, finally showing that this structure can exist in a

biological environmerit.

Unlike G-quadruplexes,-imotifs are parallestranded duplexes held together through
intercalated base paiPsThis leads to a structure containing two major grooves and two minor
grooves and due to its spatial arrangement, two types of topologies have been idelffified, 3
and 9% (Figure 1.83°. Intra- and intermolecularimotifs have also been reported, and similarly
to G-quadruplexes, tetramolecular and bimoleculaotifs have also been identified.
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Figure 1.8: Crystal structure of a four-stranded i-motif (PDB ID: 1CNO0“5). 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. Cytosineytosine pair stabilized by WatsorCrick hydrogen bonding, here
represented by red dashe lines. b. Two topologies of intramolecular-motifs that have been reported.

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

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

conditions, towards a comprehensive understanding of their effects in health and%isease

1.3.1.Epigenetic modifications

The term fiepigenetico, meaning fAdon top
introduced byConrad Waddington n  t h e >¥%aAnd aithoujl®epigenetic modifications
can be categorised into three groupstA methylation, histone modifications and nucleosome

positioning?, in this work, only the first group will be presented. Methylation of cytosine at the
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fifth carbonby enzymedhas beemdentifiedas the most commamodificationin DNA linked

to epigeneticsso much that Bnethylcytosine (5mC) has been dubbed fihé i blag® fof
DNA®3, As much a®& % of cytosines hebeendetectedo be methylatech the human braf,
andas high a80 % of CpG dinucleotides and CpG islands present in the whole genome have
been shown to be methylatéd’. Other DNA modifications such astydroxymethylcytosine
(5hmC), 5formylcytosine (5fC), Ecarboxycytosine (5caClyhich werediscovered in the
human genome late 2000s, early 206388 or 6-methyladenine (6mA) 6
hydroxymethyladenine (6hmA) orférmyladenine (6fA)have also been shown to be present
in DNA in smaller quantity/-%%61 Regulation of genegia methylation is a dynamic process

which involves active and passive modifications; howealemechanisms 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 th&xth position of adenines, methylation of tfwurth position of
cytosines and methylation of tiiéth position in cytosiné€ ®, thus forming three different
groups of DNMT.The demethylation pathway that has been the most studied invelves 5
methylcytosine and its oxidation produddemethylation 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 antf. 5fGe thymineDNA
glycosylase (TDG) was reported to be able to remove 5fC and 5caC efficexailying then
andinitiating thebase excision repa(BER) pathway, which replaces the abasic site with an
unmodifiedcytosiné® (Figure 1.9) During the demethylation process, TET enzymes have also
been showmecentlyto beable to beecruited by other enzymes and one of these enzyhees
oxoguanine glycosylase (OGGZXan initiate the demethylation pathway in the presence of
5mCp8-OHdG dinucleotid®. 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 organi&hi& 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) and5-hydroxymethylcytosine (5hmC) are mediated by the DNA methyltransferase
(DNMT) and ten-eleven translocation (TET) enzymesplrple). The oxidation products 5formylcytosine (5fC)
and 5-carboxylcytosine(5caC)are then recognised by the thyminedDNA glycosylasgTDG) and excised, to be

replaced by unmodified cytosines through the base excision repa{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 enzymesplrple). Demethylation to adenine is

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

Alkylated DNA lesions can originate from exogenous sources (chemical agents like
nitrogen mustard$ and chloroethylating agents as anticancer dfugs other sources like
tobacco smok& and fuel combustiof) or from endogenous metabolites (from gut bacteria
activity’* or from lipid peroxidatiofr). Nitrogen and oxygen atoms are mostly targeted by
alkylating agents in nucleic acids because of their nucleophilic nature and high negative
electrostatic potentidi, although differences in reactivity depends on the position and whether
the nucleic acid is paired or not. Howeverniéthyl adducts still comprise the majority of
alkylation products. Some of the most studied methylating agents-ikethyFN-nitrosourea
(MNU) and NmethyEN Miitro-N-nitrosoguanidine (MNNGpeact with a SN1 type mechanism,
while methyl methane sulfonate (MM3)nd dimethyl sulfate (DMSYyeact with a SN2 type

mechanism.

Among all the lesionthat have been identified caused by common methylating agents,
the most abundant alkylation produict double stranded DNA was found to be -N7
methylguanind7mG), 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 2 %o of total lesions. MNNG and MMS also
produce 7 % and 0.3 % @®6ethylguanine (6mG) respectively. Other products incNde
methybldenine (1mA), N7-methybadenine (7mA), N1-methyguanine (1ImG), N3-guanine
(3mG), N3-cytosine(3mC), O2cytosine(2mO), N3-thymine(3mT), O2thymine(2mT), and
O4-thymine(4mT)and accounted for less thaf®’. The possible sites of alkylation in DNA

bases have been illustrated in Figure 1.11.
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Figure 1.11: Possible sits of alkylation of DNA bases
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Oxidative stress, which is the imbalance betwesttive oxygen specieRQS and
antioxidant agent§ often leads to oxidation of DNA. kas been implicated in many diseases
(neurodegenerative conditiofiscardiovascular disordéfscancer®, lung diseasé$ and has
been widely investigated. Reactive oxygen species can originate from exogenous (cigarett
smoké&?, pollutant®, UV light®® ionizing agenf®) or endogenous (side products of
mitochondrial functioff or during enzyme reactions) species. Different chemical processes are
involved with both sources to fordiverse fregadicals.For instance, ydroxyl radicals Kl O)A
which are highly reactive and have been shown to react with organic molecahebe
produced through a variety of different pathgr example tite Fenton reactios a key pathway
which generates hydroxyl radicals by reaction betwéemsition metalsand hydrogen
peroxidéd’8® This pathway is of great i mportanc
of iron leads to abnormal levels of the metal in patf@nEarmation of hydroxyl radicalsan
also be generateda the HabeiWeiss reaction between hydrogen peroxide and supefBxide
(O2-A. Additionally, peroxynitrite decompositich and Xray radiolysis of watéf are other
ways of producing hydroxyl radicals. Other radicals such as alkylperoxyl radicals from lipids
or amino acid¥ and superoxide radicals generated by oxid?4se=re 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 poténtiaking it the most

susceptible to modification. Three major positions have been shown to be targeted and reporte
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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-8xo-7,8-dihydroguanine, also known as oxoguanine (oxoG

and this has been used as a biomarker of oxidative gtress’® (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. Recentgrtioxamideb-
formamide2-imino-hydanton (d21h), a C5 position product, has been reported in yield similar
to oxoG after DNA oxidation via Fentdike reaction. C5 position producssich asmidazole

and oxazolone were also described. Additionally, chemical modifications of adenine were
reported tahose ofguanine though lessedquent due to a higher redox potefitiahd include
8-oxoadenine (®x0A) and 2oxoadenine (dXx0A). Modifications to cytosine and thymine
have also been reported. For example, the oxidation products have also been shown to be
product of Fenton chemisti§ Addition on the 5,6 double bond of cytosine by ROS can occur,
though with a preferenctr C5, leading to the -Bydroxycytosine (BC), 5-hydroxyuracil

(5hU), 5,6dihydroxy-5,6-dihydrouracil (UraGly), 5-hydroxyhydantoin (HyeUra) and 1
carbamoyi4,5-dihydroxy-2-oxoimidazolidine (ImidCyt) product$® 1%l Relative yields of

each product were described as different while exposed to ionizing radiation andIfkenton
reagentsalthough both methods produce hydroxyl radickilsvas also reported that thymine
oxidation could occur and that this was less prevalent than cytosine oxidatiolihyg6xy-
5,6-dihydrothymine (ThyGly), 5-hydroxymethyluracil (5hmu), 5-hydroxy-5-
methylhydantoin (HyeThy), and 5formyluracil (5§U) have been described as common
products with similar yields to cytosine oxidation prodtfét©ther oxidation products include
5-hydroxy-6-hydrothymine (5-OH-mThy), 5,6dihydrothymine  (&ihydroT), 5,6
dihydroxycytosine (CyGly), 5-hydroxy-6-hydrocytosine (8DOHCyt), 5,6dihydrouracil (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 oreliructure in many way$>'% The presence of new
chemical groups for example, which can cause the loss of hydrogen bonds between base pai
or form new ones, can generate possible mispatfihg3ther effects on the structure can as
well include changes in the-bbnding patterns of the major groove, modifications of the base
pair stacking, changes in thgdration sphef@®1%or insertion of steric hindrant®

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 stiuchee
PDB that contains a modified base was published in 1982 and contained d(CGCGCG), with al
cytosines replaced with the epigenetic markenddhylcytosiné®. The structure was later
released in 2011 in the PDB. Since then, dozens of structures which investigate the effects ¢
modified bases have been published. Epigenetic markers, for example, have been widel
investigated, especially-methylcytosine. A totaof 51 published structures including one or
more 5methylcytosines have been reported between 1991 and 2021, with 21 more structure:
containing other epigenetic modifications such asy&roxymethylcytosine or -5
formylcytosine which have also been repdrtduring 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 publishe
structures reported. Alhe 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 ofquoteia

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 replacechbihglcytosine¥®.
Minor changesn the twist angle between successive base pairglégrm@tionof some of the

interatomic contacta/hich can be explained by the added hydrophobic contacts of the methyl

18



groups were reported, although theDRIA helix remained similar to the unmethylated
d(CGCGCQG) structure. AnotherZNA structure, dGEGmC)GTA(5mC)QG, this time containing

AT base pairs, was reported with similar variations (6rdC)G(5mC)G(5mC)G)!%. Later, the

same sequence with a demethylated thymine was used to investigate stabHIN®&{, 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, formeDNA, many others formed AHNA
structures and this was explained by methylated cytosines stabiliddigAZand ADNA
structures over BDNA. For example, a study published in 1995 showed structures of
aternating and noalternating dGdC hexanucleotidesontaining one or multiple methylated
cytosines which crystallised as typicaiDNA!!L Another study published in 1997 did the
same but with decamers this time and methylation of cytosines showed typi2EIAA
structure$'? Finally, another paper published in 1998 pointed out the different hydration sphere
between an unmethylated decamer formir@®RA and a methylated one, but still no major

changes compared to a typicaDNA structuré?”’.

During the same decade, only two structures reported wdD&IA structures, the
decamer d{CAGGC(5mC)TGG published in 1992 and the dodecamer
d(ACCGC(5mC)GGCGCEA(GGCGC(5MmC)GGCGEpublished in 1997. Both reported that
the methylated cytosines did not interfere with helical parameters but changed the base pai
locally as well as the hydration sph€fe*2 It was not until 2013 that another paper containing
a B-DNA structure was published, this time studying the effect of methylated cytosines in the
DickersonDrew dodecamer (DDD) sequence d(CGCGAATTCGED)
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Table 1.2: Summary of all structures containing the base #nethylcytosine that have been published on the
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Hybrid structures formed by the presence-oféthylcytosine have also been reported.
For example, a paper describingight-handed ZDNA helix embedded in a-BNA matrix
was published in 2088 A year later, a study investigated the transition froB:@RNA to a
A-DNA structure using methylated and unmethylated and brominated CpG sedtrences
Holliday junctionswere alsaeported three times in 2002, 2004 and 2016thagresence of
the methyl group significantly affects the lostilucture andlisrupts hydrogen bondireg the
junctiont'6-118.121 Recently, the effect of adding oxidised bases to methylated sequences has
also been considered for structural studies of CpG sequences. Oxidation was reported t
increase base pair breathimgjnduce trasitionsin the backbone@o the oxoG antb reduce
variability of shift and tilt helical parametengiich was suggested to modifigteractions with
enzymes specifically recognizing methylated CpG dinucledfitles

In the 2010stherevived interest irb-hydroxymethylcytosinded teams to crystallise
sequences that included this base to see its effect on the overall structure. At the time, it wa
proposed that while-fhethylcytosine stabilised the duplexh$droxymethylcytosine reversed
this stabilisation to give a structuvery similar to the unmodified fork¥. Crystallisation of
the DDD at different positions of the strand with-mgthylcytosine and -5
hydroxymethylcytosine in 2013 showed no influence on the structure, as well as no change ir
the overall thermodynamics, thus the authors concluded thatpbsitn ofcytosine is an
ideal place to encode epigenetic informatt@rin the following year, the structure of the same
sequence with the same-h§droxymethylcytosine modification was solved at higher
resolutiot'®*3> The same conclusion was reachettyBiroxymethylcytosine has little effect
on the global and local geometry of the dupleky8roxymethylcytosine was th@émcorporated
into a Holliday junction forming sequence to investigate its impact on the stability considering
the modified basebdbs role in promoting rec
minimal effect orthe overall thermodynamic stability of the junctievith a junction core even

more accessible than in therethylcytosine modifiedtaucturé?! (Figure 1.13).
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Table 1.3: Summary of all structures containing the base #ydroxymethylcytosine (top) and 5-
formylcytosine (bottom) that have been published on the PDB.

Damaged basel ppB entry Technique Resolution(A) Structure type Reference
5hmC 4GLC X-ray 1.83 B-DNA Sls
4GLH X-ray 1.66 B-DNA 114
4HLI X-ray 1.99 B-DNA Sls
4C5X X-ray 1.30 B-DNA 118
419V X-ray 1.02 B-DNA e
5DSB X-ray 1.50 Holliday Junction .
6JV3 X-ray 2.85 Holliday Junction °
5fC 40QKK X-ray 1.40 A-DNA 136
4QC7 X-ray 1.90 B-DNA =
5HN2 X-ray 1.50 RNA 137
5HNQ X-ray 2.40 RNA =
5HNJ X-ray 1.24 RNA 137
5MVU X-ray 2.30 A-DNA =8
5ZAS X-ray 1.56 A-DNA 65

Table 1.4: Summary of all structures containing the base &arboxylcytosine (top) and 6

methyladenine (bottom) that have been publisheth the PDB.

Damaged base ppB entry Technique Resolution(A) Structure type Reference
5caC 4PWM X-ray 1.95 B-DNA 4%
5ZAT X-ray 1.06 B-DNA 65
6mA 4DNB X-ray 2.00 B-DNA 9
1DA3 X-ray 2.00 B-DNA 140
10Q2 NMR B-DNA des
1UAB NMR B-DNA 1
2KAL NMR B-DNA L2

5-Formylcytosinealso had its effects on the structural stability of DNA investigated.
The first crystallographic structure was published in 2015 and the authors claimed that this bas
was the first to significantly change theDNA, naming this unusual structureINA3®,
However, these findings were challenged a few years later when a group of researcher
concluded usindNMR and Xray crystallographythat it, in fact, did not change the global

structure of the DNA® Furthermore, in 2015, another team also crystallised the DDD that
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included5fC, not reporting any unusual structti®Figure 1.13). In 2019 however, a structure
containing 5fC was reported and the authors concluded that its incorporation in the sequenc
induced the geometry alteration of the DNA minor groove, alteration that could be recognised
distinctively by the enapjethymine DNA glycosylas®. The same conclusion was reached for
5-carboxylcytosinewhich is the least reportedmethylcytosine oxidation product on the PDB
among the four bases which have been characterisieel methylatiordemethylation pathway
(Figure 1.13).

In contrast, only a few DNA structures containinrgnéthyladenine have been reported
on the PDB, compared to the number of structures which involve cytosidiied bases. First
thought to be mainly present in prokaryotic species after being discoveEedcoiit*®, the
structural studies done at the time were to understand the effects of the methylation as i
prevented the cleavage of DNA by restriction endonucleases. The first result showed nc
alteration that could explain how the restriction enzyme EcoRI reagttie modificatiot?®.
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 authc
reported that even though the helix was still not altered significadR data showed the
local site to slowly interconvert betweéans and cis'*.. Furthermore, the team described a
narrow major groove, form that could induce a specific recognition of the site by the SegA
protein. A second team reported similar results with an hemimethylated duplex containing a
unique groove structure similar to thee reported previously and observedlitappearance
in fully methylated duplexé&’. No structure including this modification has been repdrted
the PDB since 2008, but recent reports-ofi€hyladenine in eukaryotic organisms, especially
in neuronal tissues and during early embryo development could rekindle interest in DNA

structures postnethylation.
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DDD-5hmC

DDD-5caC

Figure 1.13: Closeup of the of the eystal structures of the DickersonDrew dodecamers with
different bases from the methylationdemethylation pathway. The backbone chain is igrey. Nucleotides are
coloured following convention, guanine bases in green, adenine bases in red and thymine bases in. Albe
modified nucleotides are coloured as follow5-methylcytosine inpurple, 5-hydroxylmethylcytosine in black,
5-formylcytosine in pink and 5-carboxylcytosine inorange Only local parameters have been modified by the
presence of modified baseg he structures shown are taken fromentry 7BNA'#4(DDD), 4GLG!!4(DDD-5C),
419V135(DDD-5hmC), 4QC 735 (DDD-5fC) and 4PWM?*35(DDD-5caC)from the Protein Data Bank® (PDB).

1.4.2 Effects ofdamaged bases on the overall structidneucleic 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 c
the PDB. The guanine oxidation produetXguanine, oxoG, is the most comonly used
oxidative stress biomarker and its impact on DNA conformation has been studied since the mid
9006s.
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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 1aidf 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 recogme it. The duplex conformation did not sustain any major
change otherwisé®. 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, bu
werenot as efficient at ¥.eSmmtural datp showed timat then ¢
0X0G:A base pair was structurally similar to a AT base pair, rendering them nearly
indistinguishable from one anoth&r(Figure 1.14). Another similar study also investigated the
structural effect of oxoG when paired with another guanine and concludéugtibabG:G base
pair formed a Hoogsteen bagair, but the duplex remained structurally similar to the one that
is undamageld®. Subsequently, the interest shifted to the effects of abasic sites close to oxoG
that could prevent the oxoG base excision by the Fpg protein. However, structural information
only coul dnodot explain why these danfd'de s
Similarly, another team inserted an 0xoG into the DickeBB@aw dodecamer (DDD) to gain
i nsight as to why the EcoRI restriction er
base, as the DDD cont ai nGAATTE.eTheauthons obsaved 1 €
substantial alterations in the sugdrosphate backbone conformatiamd correlated the

enzymatic disruption with the DNA backbone shift

The effects of oxoguanine bases on higbreler structures such asgoadruplexes has also
been investigated in the past ded&ti@his comes from the suggestion thatih tracts act as
oxidative sinkholes, protecting the rest of the geném@®xoG 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 eith
minor structural adjustment or joa conformational shitf*. However, when the same team
looked at a quadruplex forming sequence present upstream to the P1 promoter of the BCL.
gene and substituted some of the guanines by 0xoG, they discovered that the damaged base |
a stabilising effect on the overall structufepotential novel regulatory role of oxidative stress

in general was suggested as a concldsioRinally, another G quadruplex structure containing
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oxoG was also published, this time paired with another damaged base, xanthine.
Reestablishment of the hydrogen bond between complimentary bases was observed while ea

damaged base on its own destabilised the whole striféture

Figure 1.14: Closeup of the of the eystal structures of a dodecamer withan 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 isn purple. Only local parameters have been modified by the presence of

modified basesThe structure shown is taken fromentry 178D’ from the Protein Data Bank® (PDB).

Structures that include other damaged bases than oxoG have also been reportec
Oxoadenine has been studied similarly to oxoG with two structures including the oxoA:G and
ox0A:T base pairs which induced local changes in the dtisi€R Furthermore, the lesion 8
methylguanine has been incorporated inRNA forming sequence and a similar stabilisation
to 5methylcytosine has been obsert®dFinally, the effects of thé-carboxymethylguanine
alkylation damage have also been described on two separate occasions in 2013 and 2014, bc
considering the presence of this damage in colorectal DNA which could be linked to colorectal

cancet°8159
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Table 1.5: Summary of all structures containing the base ®xoguanine that have been published on
the PDB.

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

oxoG 178D X-ray 2.50 B-DNA W
183D X-ray 1.60 B-DNA 146
IN2W NMR B-DNA oS
2M40 NMR B-DNA 150
2M44 NMR B-DNA =0
2M43 NMR B-DNA 150
2M3P NMR B-DNA 150
2M3Y NMR B-DNA 150
2MWZzZ NMR G-Quad =
51v1 NMR B-DNA 151
51ZP NMR B-DNA il
5HQQ NMR B-DNA 149
5HQF NMR B-DNA e
5Uz2 NMR B-DNA 122
5UZ3 NMR B-DNA 222
5Uz1 NMR B-DNA 122
5TRN NMR B-DNA 222
6ALS NMR B-DNA 122
6ALU NMR B-DNA g2
61A0 NMR G-Quad 104
61A4 NMR G-Quad o)
6ZX6 NMR G-Quad 153

Table 1.6: Summary of all structures containing the bases-8xoadenine, 8methylguanine 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 BB
1FJB NMR B-DNA 156
8mG 1TNE NMR Z-DNA 5
6CaG 4130 X-ray 1.54 B-DNA 158
4ITD X-ray 1.94 B-DNA g
405W X-ray 1.60 B-DNA 159
405X X-ray 1.60 B-DNA 159
405Y X-ray 1.75 B-DNA 159
4057 X-ray 1.75 B-DNA A5
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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 dameige andin
vivot®9162 Fyrthermore, since transition metals bind to nucleic acids through the phosphate
backbone and endocyclic atomg at the N7 atoms of purirese&®, it is possible hydroxyl
radicalsH O,/ shortlived oxygen species produced by the Fenton reaction, reacts at diffusion
rates with nearby basé€$ In summary, transitiome t ainding preferencewith nucleic
acids could be correlated to damage centres. This observation highlights how nucleic acic
structures containing transitianetal binding sites are essential, particularly to understand

where damage might happen in the overall structure attoanic scale.

Many nucleic acid structures containing free transitizetal ions have been reported in the
PDB in the past decades. Some of the most represented transition metals indtjdenfin
and C3* with 61, 34 and 31 published structures respectively. On the contrary, other transition
metals such as Rfiand C4" are underrepresented with only 7 and 9 structures published
respectively. In the interest of focusing on nucleic aeiti@nsition metal interactions, no

structures containing proteins have been irstld

Few nucleic acid structures reported in the PDB contain nickel (1) 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?Nbns wouldbind preferentially to the N7 position
of guaning'®¥1’% However, it is worth noting that phosph&t&#*-guaniné® and guanine
Ni2*-neighbour dupleX*!®°bridges are common occurrences in reporta@ystructures due

to crystal packing (Figure 1.15).
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Figure 1.15. Guanine-Ni?*-guanine bridges were reported in the kystal structure of the B-DNA
duplex (PDB ID: 1G3V!%9) 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 ZA*ions also present similar proprieties when introduced in crystal systems,
with terminal bases sometimes flipping out of the wayrasualt 'Y 1’4 These can occur among
symmetryrelated 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 presenc
of transition metals in screens isngeally due to their practical use inray crystallography.

They can be utilised as heavy atoms to solve structures with the Single anavddiength
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Anomalous Dispersion (SAD/MAD) methtd17¢ a method applied to solve the structure by
calculating their position in the structdifé®, However, while many of these studies do not
focus primarily on nucleic acidstransition metal interactioh 8., it was noted that the

binding can influence crystallisatitii and stabilise the structures obsefféd

Transitionmetals availability to hydrogen peroxide is as important as transiteials
binding preferences in context with the Fenton reaction as a source of fasitetamage,
especially if the presence of transition metals influence structures evedsn nucleieacid
crystal systems. This is not necessarily a problem with proteins, and in the past, hydroger
peroxide has been introduced to crystal systems to investigate biological processes such ¢
catalysis in metalloprotein containing transitioetals in their active sit€§' 187 However, the
presence of basetransition metal bridges in nucleic acid systems might influence availability
of the transition metal to hydrogen peroxide and prevent the reaction. fesen oxidative
damage in proteins has also been investigated) usiystal systent& a method which has

surprisingly never been applied to nuclamd crystal systems.

1.6. Aims

Structural studies resulting from techniques such -aayXcrystallography 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 modificaticthe &ffects on
enzymes recognition, as enzymes bind to the substrate through its active site, and small chang
in the groove structure at damage sites were suggested to be what is recognised by enzymg
However, it is not known if DNA modification whetlamage occurs by chemical species,
occurs randomly on the DNA strand, or if there could be hotspots where modifications would
ensueFor this reasonhe aim of this project is to understand the mleleic acid structure
plays in directing the effect of damaging chemical processes and will explore the susceptibility
of different structures to damadeurthermore, this project will focus particularly on Fenton
mediated nucleic acid damagereaction catalysed by transition meté&lst this, bothX-ray
crystallography and circular dichroism (CD) spectroscopy are appropriate techniques as the

allow the studying of interactions between transition metald aucleic acid. Xay
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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 transition
metals- i.e., crystalline environment and aqueous solution enuiient. Using NMR was not
considered as getting a structure with transition meisitsy this method can be challenging

due to the magnetic properties of some of tHé&m

As discussed earlier in the previous paragraph, transition metals have been known tc
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 thetsenspuld damage
the closest base or if the bound transition metal would protect the base it is bourd to fo
damage. Crystallisation of a variety of structures with these transition metals may allow for the
identification of damage hotspots. To enable,thew methodology for inducing 4arystal

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

Resultscoming from structural studies couddntribute to a better understanding of how
nucleic acids can be modified and which structures are more likely to be daddiionally,
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 tamatng ofwhat could occur
to nucleic acids during the breakdown of allerregulation processes imeurodegenerative

diseases such as Alzheirdes
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Specific aims of this work are to:

1. Show which methodis 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 soalg 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-quadruplexesare particularly sensitive to oxidative damage and circular
dichroism can be used to monitor changes-quadruplexes topologies, aseo
of the consequences of guanine oxidation is the protonatithe N7 position
of guaninesa modification which can prevenblgsteen pairirgbetween the
oxidised guanine and the other guanines in the tetrad and destiglisaole

structure
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Chapter 2 - Co-crystallization vs Soaking - a
Comparison of Methodologies forObtaining
Ordered M etal Sites in Crystals with
Minimum Structural Perturbation

2.1.Introduction

Metal ions are necessary for many biological procés38go 40 % of proteins need at
least one metal ion to perform their functi§nehilst for nucleic acids, metal ions were
determined to assist structural stabflitgnd mediate nucleic acjarotein interactiorfs
Generally, alkali and alkalinearth metals, mostia*, K*, Mg?*, or C&*, have been shown to
influence both nucleic acidd and protein$structures. Transitions metals, such a" 00",

Fe**, Zr** or M?*, however, were shown to both influence strucflersd have catalytic
roles®!l Consequently, structural methods have been the preferred approaches to obtail
critical information and details on macromolecutastal interactions and gain insight on the
role of metal ions in cellular environments. One of these methoday Xrystallgraphy,
accounts for-85 % ofall published atomic coordinates depositedhe Rotein DataBasé?

(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 ~150,0(

structures listed on metalPBB38 % were metabound.

Transition netals have also been used irra¥ crystallography for their usefulness in
solving the Aphase problemd originat bhowg fr
can theelectron density mape calculatedf only intensities are collected, and the phases are
lost!*? The electron density at a (X, y, z) position in the real space can be calculated by using
the Fourier transforriScheme 2.11)) andby summing up all the contributions to the (x, y, z)
position of a wave scattered from a plan (hkl). The structure fa@orgsan be describebly
both its amplitudgO s which is the square root of the intens@®y of all electrons in the

(hkl) plane, and its associated phase (2) to give equation (3).
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Scheme2.1: Electron densityand structure factorsequationscalculated using the

Fourier transform

Phases cannot be calculatedthe basis of intensity information alcared the only way
to retrieve the missing phases would be by having hold of the electron density map already
which is not availabfé. However,with ~200,000structures in the PDRvailable, and with
prior knowledge of the investigated structwstarting model can be used to calculate an initial
set of phases, provided that this model has aRoet Mean Square DeviatigqiRMSD) of
atomic positionsith the unsolved structure method called Molecular Replacentérithe
majority of X-ray crystal structures are solveding this techniqueHowever, if thismethod
fails, other methods have been developed and make use of heavy atoms to find initial phase:
The process of incorporating these heavy atoms to a native crystal is called derivatisation, an
many novel structures are solved thereafter using either Single anghl&lisomorphous
Replacement (SIR/MIR} or Single and Multi-wavelength Anomalous Dispersion
(SAD/MAD)*81% SIR and MIR require both a native crystal and a derivative crystal to obtain
an estimate of the heavy atom structure f:
either the direct method or the Patterson function to get approximate phasesn@&RAR,
however, do not require a native system and only the knowledge of the correct wavelength, a
which an el ectron from the heavy atomoés i
scattering conditions, the structure factor of the heavy atan &lso be described by equation
(4), with two correction terms, the real numbeénd the imaginary componehntowhich are
wavelength dependent. This resultd-im i e d e,lwbich states that members of a Friedel

pair'O and’O have equal amplitudes and opposite phase, to be broken (Sche(i®ig. 2.2.

4HQ " Q_ QL
(5)e0 ¢ ¢£O s
Scheme.2: Structure factor equation of a heavy atom and brdkeni edel 6 s L &
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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 eact

structure factor can be determined (Figure 2.1).

Im

i, Re “ \k S

Fra

Figure 2.1: a. Separation of the §, fé and fo components of a Bij
presented on an Argand diagram. bThe Harker construction for the SAD method.

The addition of transitiometal ions to crystal systems containing biomolecules can

generally be achieved in two ways:

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

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

Both methods have advantages and disadvantsgéds important that an appropriate
method be chosen to match the requirements of the study and the proysedesThe 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 certait
pH?°, oxidise easily in aerobic environmé&hor precipitate the macromoleculésThe second
method exploits the solvent channels present in both protein and nucleic acid crystals. Or

average, about 50 % of the unéll is filled with the mother liquor, an estimate originally
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observed by Matthew$ 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 solutior
as a too high concentration can damage the crystal thommgbtic 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 differefitlidowever, while both methodsuldbe 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 ove
the other and can therefore be relied on to obtain a structuce v8hmore representative of

that in a biological environment

Proteinligand systems have been investigated to try and answer that gtfedtion
however, the effect of the presence of transition metals on both methods on nucleic acic
structures, and more particularly DNA structures, have not been investigated. This is of ever
greater importance sinceetatmediated oxidative DNA damades been associated with
many diseases, and knowledge of where metal binding sites are could bring more insight on th
location of metal reaction centres as well as educate us on which bases are more susceptible
damage thanks to structural information.the lorg-term, this could help predict hotspots
centres for damage with prior knowledge of the sequence and the structure this sequence c:
potentially form. Working with both iron and copper would be highly preferable, however, to
prevent iron from undergoing mation, anoxic conditions are needed, while DNA precipitates
in the presence of copper at the concentrations employed for cocrystallisation. Thus, there is

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 twestranded nowlassical quadruplex forfhin the presence of vanadium,
barium, and calcium (Figure 22) and in a fowstranded notlassical quadruplex in the
presence of cobadtndnickel.
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Figure 2.2: Biological unit of the 1LMF5*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 blughe backbone chain is irgrey. Hexamine cobalt (Ill) ions are
represented as spheres.

Herg two structures of d(GCATGCT) containing bound™Nind C3* ions obtained
usingthe soakingmethod,are reported. The resulthie native structure artfie structures of
the same sequence grown usoawgrystallisation reported in the PDB are compared to each
otherto identify which methoatauses the less perturbation of the structure, especially when
dealing with norcanonical structures, as this could prove meaningful in the comprehension of
metatmediated oxidative DNA damagad to develop new techniggito 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
byRRHPLC. DNA concentration was determined
nm, using the molar extinction coefficient provided by the manufacturer. 0.5 mMosobfti
the quadruplex forming sequence was annealed in a 40 mM sodium cacodylate trihydrate pt
5.7 buffer at 90°C for two minutes then allowed to cool slowly to room temperature.

2.2.2.Crystallisation and metadoaking

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 Thedrp. The drops
contained 2 €L of 0.5 mM oligonucleotides
2 % (v/v)2-methyt2,4-pentanediol (MPD)9 mM sodium cacodylate trihnydrate pH 5.5, 18 mM
hexamine cobalt (I1l), 7 mM sodium chloride and 178 mM potassium chloride. The drops were
equil i brated against 500 ¢l of 35 % (v/ v)
(Figure 2.3)andwereusedfo soaking in a drop containing
and 2 eL of eziortldraM WAkOfor aidurd\NandC3ldays respectively. During
nickekts oa ki ng, the crystalsd orange colour a
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 containingl0O mM NiCla. During the soaking step, the
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 appr oxi mafiash codledwvehn s i

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 osgillatigle of 0.1° to
give 360° of data. The data were integrated and scaled usirf§ widt2 dials® giving 9890
unique reflections. The structure was first solvedC#?22 by molecular replacement using
Phasetl. A model of the expected structufidiF5 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 testec
against the data and calate 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 Hase the solvent content of the cry$taf. In
this case, two strands of th#F5 model were used. The model was then updated using®Coot
and refined using phenix.refitfe To confirm that the model was satisfactory and that the
observed data and the calculated data from the model were in agreemeinis dimel e Rork
were calculated after each round of refinemenfadors 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 Re set and not used during refinem@nWhile a Ree of 0 % would mean

total agreement between the model and the data ang affapwards of 40 % would suggest

the model is not a solution. In practice, thed®s positively correlated with resolution and
should be put in context with other structures of similar resoftftiofhe Ree and Ruork
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 \@@E® The

data collection and refinement statistics can be found in Table 2.1.

A data set from the nickaloaked 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 oscillationar@yl&° to give
360° of data. The data were integrated and scaled using w2 dials® giving 9890 unique
reflections. The structure was first solved in P1 by molecular replacement using?Pénader
the structure 1IMF5 from the Protein Data Bank, as MR with the 1MF5 model was first
unsuccessful il€222;. Eight strands were successfully placed in the P1 model. Two of these
eight strands were then used as a suitable model to solve the stru@p2insing MR. The
model was updated using Cdaand refined using phenix.refitfeo give a final Ree0f 0.1771
and Rvork of 0.1447. Five percent of reflections were reserved for thedet. The data, and
final coordinates, were deposited in the Protein Data Bank wiBABO. The data collection
and refinement statistics fBASOcan be found in Table 2.1.

Data for the cobaklsoaked crystaivere collectedoperatinga XtaLAB SynergyS
diffractometer using a Photond@tX-ray source at a wavelength of 1.5406 A with a HyPix
6000HE detector676 frames were collected. The data were integrated and scaled using the
CrysAlisPROsoftware, which uses the CCP4 stiit§ giving 3466 unique reflections. The
structure was also solved @222 by molecular replacement using Phdsand the structure
1MF5 from the Protein Data Bank. The model was updated using*Cuowt refined using
phenix.refiné* to give a final Ree of 0.2000 and R of 0.1784.Five percent of reflections
were reserved for thesR set The data, and final coordinates, were deposited in the Protein
Data Bank with IDBASM. The data collection and refinement statistic8#%M can be found
in Table 2.1.
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2.2.4.Structural and packing analysis

All figures were created using PyM@Lunless specified otherwise. Dinucleotide step
parameters were calculated using Web 3DNA3®de available in theSupplementary
Information CCP4 maps were generated from the final mtz file, including the anomalous map
when available, using the phenix.mtz2Zmap program. Maps were visualised in PyMOL and
displayed using the mesh functiddmFoDFc maps were contoured afl inless specified
otherwise. Anomalous maps were contourediatr8ess specified otherwise. The surface maps
generated were visualised in PyMOL and displayed using the mesh function at level 2.0.
Packing diagrams were generatedngsMercury®. Matthewsd coeffici

using thematthews_cogprogram found in the CCP4 suite

2.3.Results

2.3.1.Overallstructure analysissoaking experiment

80OE3 wasobtainedrom a native crystal of the DNA heptamer sequence d(GCATGCT)
(Figure 2.4). The crystal diffracted to a high resolution of J08fter collection on 103 at
Diamond Light Source. This structure can be directly comparg@d$d, SASO and1MF5%,

The asymmetric unit OE3 contains two strands for a total of 14 nucleotides, each of
which forms a loop. Each strand forms a swamonical quadruplex with a symmetry mate
(Figure 2.4a). The nucleotides fr-8m dirani
and the nucleoi des from strand B are |-abeldliecdcft
Nucleotides from symmetry related strands are designated with a * (Figure 2.4b). Disorder is
only observed at the C1BL4 phosphate linkage. The alternatbemformations are referred to
asa andb and have occupancies of 60/40 % each. Details of the locapbaggarameters can
be found in the Supplementary Informatiofhe internal structurdnas been found to be
identical tolMF5. WatsonCrick interstrand bonds betweaxoG1*-C6, C6*-0x0G1, C2*%

G5and G5*C2form the two G/C quadruplex formatigrnghile Hoogsteen base pairs between
A3-A3* and intrastrands bonds between &b and GB&C2 further stabilise the whole
structure The thymine bases form singbase loopsvhich stacks with other thymine bases of
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adjacent unitsHowever, six hexammine cobalt residues were found in the asymmetric unit
compared to the one hexammine cobalt residaMiR5 (Figure 2.4). Finally8OE3was found

to be nearly identical after superimposing itlMF5 and a RMSD of 0.108 was calculated.

Figure 2.4: Asymmetric unit of 80OE3. The two strands each form a nostanonical 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. Biological unit of 80OE3 with the 2mFo-DFc electron
densitymap i s cont our e(greea).tCarboh, ®xyden, fittogeh, and phosphate atoms are shown
as green, red, blue, and orange respectively. Hexammine cobalt (1) ions are shown as blue and pink spheres.
Water molecules are shown as small red spheres. chematic view of thebiological unit of 8OE3 with the
approximate positions ofthe hexammine cobalt (lll) ions. Inter -strands and intra-strands interactions are

shown as dashed lines.

8ASO and 8ASM were obtained after soaking d(GCATGCT) crystals in niclél
chloride and cobalt (I) chloride respectivelihe asymmetric univas found to béwo strands
for a total of14 nucleotidesin both structures andé biological ung form the samelon
classical quadruplex structues 1IMF5 and 80ES3. The structurespack with large solvent

channels between the biomoleculetiere the metal ions were found (Figure 2.5). However,
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after calcul ating MS8ASOhne3ASND, the largefsdlvierd channels i
only accounted fo27.47 % and26.87% of the volume of the crystal respectivedASO and

8ASM were superimposed @OE3and low RMSD values (0.1 and 0.113 respectively)

were calculated which suggests very little variability in the overall structures between before
and after soakingThe internal structurdnas been found to be equal as well. The same
numbering system was kept frd@®E3. The nucleotides from stnd A are labelled from (1
toTn7 1 n-3tbhediécti on and the nucl eowBiodh@ds fr
i n t-hée bidr BAI0i Themuclfedatides from strand A are labelled fromX3o Tco?

i n t-3hée didr e ¢ nucleotidesafrond strand B are labelled from&to Teol4 in the
5806 di r e6883Mi Nudeotides from symmetry related strands are designated with a *.
WatsonCrick interstrand bonds between GC6 and G5*C2 form the two G/C quadruplex
formations while Hoogsteen base pairs betweenA3* and intrastrands bonds between G1

C6 and GBC2 further stabilise the whole structure (Figure 2.4d)e thymine bases form

singlebase loopsvhich stacks with other thymine bases of adjacent.units
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Figure 2.5: Packing diagrams forthe structures 8ASM (a) and 8ASO (b) with views down thec (left)
and b (right) axes. The quadruplexs areshown as sticksCarbon, oxygen, nitrogen, and phosphate atoms are
shown ascyan, red, blue, and orange respectivelySolvent 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 (I) chloride and cobalt (Il) chloridelR20* and 1QZLP respectively, have been
deposited in the PDB in 2003. In both cases, the asymmetric unit consists of one strand for
total of seven nucleotides and one metal ion. However, the different growth methods led to ¢
major structural difference betwe8ASO/BASM and1R20/1QZL, which radically changes
the overall topology of the quadruplex. Unlike the {stcanded quadruplexesported here
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which formed in the absence of any metal ions, aclassical fowstranded quadruplex is
formed (Figure 2.6b). LIkBASO and8ASM, large solvent channels are present (Figure 2.6).
However, 34.58 % and 34.30 % of the cell volumelR20 and 1QZL respectively was
occupied by solvent. Compared 8SO and 8ASM, solvent volume increased by 7 %. In
1QZL, the nucleotides are labelled fromcdzocyl 10 Tcocoey/ 1 N -Ah edi5réect i
1R20,the nucleotides are labelled fromiGocryl t0 Tni-cocry/ iINthe ®3 6 di r ect i on.
from symmetry related strands are designaf
stacked on top of each other, the internal structure is stabilised by Wariskrinterstrand

bonds but only G1 and C2 are implicatedthe 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 imrnal loop and are stacked on top of the quadruplexes while C6 and T7

participate in the stacking.

@ £ T4Y ®)
A3 A3* \
[ GS@ [ Bl [ 2
Q2 e | ......... _"_GS *
G5 e | 2 l C*Derrnenn } ........... G’l.@..G*S
LG e C6*
Cﬁ ................ GTI . - | Cs’z ................... Gl@ Gssg
| T7* G’S. B L3 [S—— C*2
T7 @

Figure 2.6: Comparison of 8ASO/8ASM and 1R20/1QZL topologies. a.Schematic view of the
biological unit of BASO/8ASMwith the positions of the metal ions (M)b. Schematic view of thebiological unit
of 1IR20/1QZL 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 forthe structures 1R20 (a)and 1QZL (b) with views down thea (left)
and c (right) axes. The quadruplexes areshown as sticksCarbon, oxygen, nitrogen, and phosphate atoms are
shown ascyan, 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 BASO and8ASM, metal binding sites were found at the N7 positions of guanines.
TheNi?* ionswere found directly coordinatetd the N7 positiorof Gnil and Gi7. Similarly,
the Ca*ionswerefounddirectly coordinated to the N7 positiohGcol and Go7 (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 Guil (Ni?* (1a) andNi?* (1b)) were attributed an occupancy of 41 % and 59 %, while the
nickel ion bound to @7 (Ni?*(2)) was attributed an occupancy of 78 %. Equivalently; €l
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and C3"(2) were found to be directly coordinated te,G(N7) and Go7 (N7) with a partial
occupancy of 89 % and 68 % respectively. A hydration shell was expected and observed in bot

structures. All distances between metal ions and its-tlpsgoms are reported in Table 2.3.

Equivalently toBASO and8ASM, 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 nickellbf" (3)) bound to Gi-cocryland the
cobalt ion (Cé* (3)) bound to Gococryl Were attributed an occupancy of 100 %. Metal ions

parameters froR20 and1QZL were also summarised in Table 2.3.

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

8ASO  Ni*(1a) 0.41 2.66 2.06; 2.05; 1.98; 2.25
Ni2* (1b) 0.59 1.93
Ni2* (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 2.51

i T Gnil has two conformations, A and B. The values represent the distances betweéid* (2) and

conformation A and B of this guanine.
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Figure 2.8: Comparison between albound guanines present in the asymmetric uniof 8ASO, 8ASM,
1R20 and 1QZL. Carbon atoms are shown as yellow and magenta ihe structures with cobalt and nickel
ions respectively. Oxygen, nitrogen, and phosphate atoms are shown as red, blue, and orange respectively.
Cobalt ions are shown apink spheres.Nickel ions are shown agreenspheres. 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 ase?* andCu?* are crucial to enzymatic activity by catalysing oxidatieduction
reactiond! or others such as Niand Zri#* were located in the active sites of enzyfAeSetting
transitions metals into the crystal can provide essential information to biological processes a
an atomic level. In other circumstances, transition metals can be utilised to solve structures witt
the Single andMulti-wavelengthAnomalousDispersion(SAD/MAD) method®!® a method
which uses transition metals as anomalous scatterers to determine structures factors and sol
the Aphase problemo. However, getting tran
To approach thiproblem, two methods can be employed: cocrystallisation and soaking, and
each method comes with their advantages and disadvantages depending on which question t
presence of metals would answer. In this thesis, preferred metal binding sites are spatied as
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 frorhe two novel soaked structures described here, and the
cocrystallised equivalents reported from the PDB, two types etananical quadruplexes can
form after introduction of transition metals to the DNA system. After soakiokglrand cobalt
ionswereonly able to bind to the guanine bases were found in the solvent channels, a result
which was expected, as previously, transiioetal ions such a€o?* and NF* have been
reported to interact in the same way with DNA andital preferentially to the N7 position of
guanine$® 4. Soaking of transition metals into protein or DNA crystals has been commonly
described to identify transitiemetal binding sites in crystal structures and has been the
preferred method when cocrystallisation is unlikely to give results or when imposed ti
constraints require a much faster metiiotloreover, soaking a crystal system which has
already been described and having prior information on potential transigtal binding sites
and their availability from solvent channels could help characterise the system and understan
binding specificiy.
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When crystals of this system are grown using cocrystallisaticii,aNd C3* ions are
found to help stabilise the structutierough the formation ointra-strandbridges between
guanines.Co?* and Nf* ions are important to the structural integrity thie molecular
arrangement observed for structuldR20 and 1QZL. And as reported previously,
cocrystallisation of proteins or DNA with transition metals is more likely give the
thermodynamically favoured structdfe 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 ®DNA duplex®*% However, as proteins are not as flexible as DNA, transition
metals might not promote as many thermodynamically favoured conformational changes, yel
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 ¢
the metals bind in protein crystal structures and metal positions in protein structures might no
reflect how metals are bound to the proteins in the natural enviroHm&md while transition
metals have been described as favounegatively charged and polamino acids, to predict
where preferred transition metal binding sites are might be difficult in préteBys contrast,
to predict where transition metals bind in DNA could prove easier as the bases and the groov
are available most of the time, yet the structure after conformational changes might not be a
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 transitiol
metals that could react with hydrogen peroxide molecules in the solvent ch&&&&and
8ASM, the two soaked structures, have been displaying similar transigta binding
preferences comparable to what can be seen in other DNA systems soaked in transition metal
For example, crystals of the@NA forming sequences d(CGCGCG) and d(CGCGhéve
been soaked in both €cand C3" 3 and the authors showed that in th®RA form, steric
clashes caused between the hydrated metals bound to the N7 position of guanines and tt
previous base would influence the bound location. Howev8AEO and8ASM, the first shell
of interaction, or the molecules and atoms directly coordinated to the metal ion, has only beer
partially observed. Metal binding selectivity is highly influenced by the first shell and second

shell of interaction. However, the presendeaqartial hydration spheres does atiow to

68



conclude if the position is favoured by a network of water molecules or if clashes witt’the

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) sequendd3%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.
comparison, the difference in distance between the atont$ 48d water) bound to the two
adjacent guanine bases8ASO and8ASM and the atoms (Ct) bound to the twadjacent
guanine bases ihD39appears to be greater thah {Figure 2.9). Moreover, the ionic radii for

Co?* and Ni?* are reported as 70 pm, 3 pm less than the ionic radius for°€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 (1) ions from bindirig39.

The distance between two potential metal centres alone cannot help predicting where potentic
metal centres are. Nonetheless, as the G5 positions are available from the solvent channel
another reasonable explanation for the presence of -fnetalguanies could be low
concentration of transitiemetal solutbns used for soaking and a {skort soaking tinfe.
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 nicke
(I1) chloride.
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Figure 2.9: Comparison betweentwo adjacent guanine bases and the distance between their metal
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centresin 8ASM (top) and 1D3%2 (bottom). Carbon atoms are shown as yellow angreenin 8ASM and 1D39
respectively Oxygen, nitrogen, and phosphate atoms are shown as red, blue, and orange respectivelypalio
ions are shown apink spheres.Copper ions are shown a®rangespheres. Water molecules are shown as red
spheres.

On the contrary, guanine bridges were observed in k8RO 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 preventin
any oxidation damages to occur. This reinforces thenaggtiin favour of using soaking of
metals instead of crystallisation in the examination of transition D& structures and
DNA damage, especially since it is important the metal cemtre available to the hydrogen
peroxide molecules soaked into the crystal to successfully damage the DNA. Additionally,
guanineNi%*-guaninebridges and guanir@c®*-guaninebridges are particularly common in
structures obtained from crystal grown in conditions containing these metal ions, where these
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often occummong symmetryelatedbase&'>4°°, However the formation of cytosine/guanine
quadruplexes stabilised by metah bridges is unlikelyn vivo as this would require duplex
DNA in cells to be far more flexible than it already is. Additionally, extetical interactions
between the transiteme t al s6 hydrati on sphere and the
reported to stabilisergstal packing in DNA duplex structurgateractions which might explain

why the difference in method used influence crystal packing. Furthermore, since titer cell
environment is not as concentrated in transition metal ions as crystallisation solutions are, witl
concentrations sometimes ten times higher than in physiological enviroAmtrese would

be fewer free ions to form guanines bridges, and structurea RR® and 1QZL would be

rarer. The structural flexibility of nucleic acids is important for many biological processes, from
storage to replication and expressforAnd 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 cocrystallisatio
in their own systems. And although-coystallization might be seen as more reliable to study
other biological system likproteiri drug interaction® and proteirligands interactiorf$, this
may not be a technigque which is suitable to obtain the nucleic acid structures containing
transition metal centres needed to investigate damage. Additionally, the environmimot
would be more | ikely to resemble a soaked
form without transitormet al s® i ntervention and assemb

crystal growth.
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Chapter 3- Damage Following Fentonlike
Copper Reaction Influences Copper (Il) lons
Binding Preferences to DNA Structure

3.1.Introduction

Copper (Cu) is amssential transition metal involved in many biological processes and
found primarily in the body bound to ceruloplasmin in the pladsiawever, its free hydrated
form, Cu(ll), has been studied for its ability to damage cellular components as the result of its
reaction with hydrogen peroxide, a-pyoduct of cellular respiration. Studies of Cu (Il) and Cu
(1) reactions with hydrogen peroxideBb) have been reportédiand 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 formatighfafaing the
reaction between Cu () with2@.. The excess ¥, in turn, reactsvith the reaction product
Cu (1) to form HO*®. However, recently, it has also been postulated thaig4@t as important
in the system as it was thought as the reaction between Cu (Ip@adid result instead in the
oxidant Cu (lII}.

In humans, dysregulation of metal levels including iron or copper has been reported in
neurodegenerative diseases, including Par
stress and damage have been correlated to these changes in metal concénftratioxislative
stress marker product of nucleic acid damagex®2-deoxyguaning¢oxoG), has been used to
assess oxidative stress levels in EeftsSeveral studies have reported increased formation of
base lesions compared to stramwdaks after Cumediated 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 desbrie d t o hel p Adel i ver hydr oxyl
intermediate radical to oxoG formationH8dG 2. Moreover, the more successive guanines
there are in a tract, the more prone to
phenomenon calculated by Sa#ébal'® in their work. However, it has remained unclear if
bound metal positions correlate with base damage, especially since little work has been done t

look at metal binding preferences in the presence of neighbouring or successive guanine base
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Copper centres have been previously investigated usiray Xrystallography. Seven
structures containing cupric ions have been deposited on the Protein Data Base to investiga
binding preferences of copper (Il) ions. However, whHBMA is heavily repreented, with
six out of seven structures reported as-BNFA# 16, binding preferences to many canonical
and noncanonical 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 interacsomith chromatin and have shown copper (ll) ions to
alter the BDNA conformation, an outcome associated with potential copper induced damage
and alteration of normal processes including DNA replication and transctipfion
Diversifying structures would however prove useful to better understand oxidative damage

preferences and identify damage hot spots in a-ttireensional environment.

d(GCATGCT) has been shown to form a r@amonical quadruplex and as discussed in
Chapter 2, to be a reliable system to soak in transition metals. This structure could prove to b
a good system to investigate the binding properties of copper in the mrestnwo
neighbouring guanines and the effects of one of the two guanines getting damaged afte
oxidative damage. After successfully soaking d(GCATGCT) crystals with nickel and cobalt,
the same method was applied with copper (II) chloride. The result @rapated to the
structure8ASO and8ASM reported previously in Chapter 2, as well as to two novel structures

of the same sequence containing the major oxidation pr8emat-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 RHPLC. DNA concentration was determined from the value
o f the absorbance at > = 260 nm, usi ng t
manufaturer. Both sequences were prepared to 1 mM and were annealed in a 40 mM sodiun
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 (I) 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
eL of 450 &M ol i go n grgstalksation sowicn coatairdng 2.20 &ol(v/vp f
MPD, 8.80 mM sodium cacodylate trihydrate pH 5.7, 17.80 mM hexamine cobalt (IIl), 13.30
mM sodium chloride and 355 mM potassium chloride. The drops were equilibrated against 500
e | of 35 % ( v dtals)grevwdtBin thrde menths ang were soaked in a drop
containing 2 ¢eL of the crystallisation col

days and 24 hours, respectively.

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

Data from the d(GCATGCT) crystal soaked in copper (ll) chloride and the
d((oxoG)CATGCT) crystal were collected from a flasboled single crystal of approximate
di mensions 200 x 100 x 100 em and 150 x 10
collected using the wmouse XtaLAB Synergy diffractometer using a PhotonJetX-ray
source at a wavelength of 1.5406 A with a HyBOOOHE detector. The data for the copper
soaked crystal were integrated and scaled using the CrysAlisPRO software, gé8ng@fue

reflections. The structure was solved by molecular replacement using®hadehe structure

79



from the PDBLMF5. The model was updated using G8aind refined using phenix.refifie

To confirm that the model was satisfactory and that the observed data and the calculated da
from the model were in agreement, thedand the Ro were calculated after each round of
refinement. Rfactors can be made arbitrarily low by overfitting the data during refinement.
Consequently, five percent of the reflections were reserved forthed® and not used during
refinement. The Reand Ruwork Observed after the final round of refinement for this model were
0.1819 and 0.1349 respectively.€eBe values can be compared relatively 4@y 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 wiBBIBE.

The data for thexidised structurevere 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 RIMB5%2. The model was updated using Coot. Both
oxoguanines were refined using the ligand parameters from entry 80G using éEBOW
Refinement was done using phenix.refine and give a fipak Bf 0.1861 and Re of 0.1969.

Five percent of reflections were reserved for the Bet. The data, and final coordinates, were
deposited in the Protein Data Bank with8BAF. The data collection and refinement statistics
for 8BAE and8BAF can be found in Table 3.1.

Data from the d((oxoG)CATGCT) crystal soaked in copper (l1) chloride were collected
fromaflashc ool ed single crystal of approxi mate
with 0.004 s frames on beam line 103 at Diamond Light Source Ltd using radiatiora w
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 usirg widi2 XDS?® giving 11191 unique
reflections. The(oxoGCATGCT)}Cu structure was solved by molecular replacement using
Phaser and the unsoaked structure presented in this chapter. The model was updated using C
and refined using phenix.refine to give a finabikkof 0.1518 and fRe of 0.1724. Five percent
of reflections were reserved for theekset. The data, and final coordinates, were deposited in
the Protein Data Bank with IBBAG. The data collection and refinement statisticsBBBAG
can be found iTable 31.
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3.2.4.Structural analysis

All figures were created using PyM®&lunless specified otherwise. Dinucleotide step
parameters were calculated using Web 3DNA?2de available in theSupplementary
Information CCP4 maps were generated from the final mtz file, including the anomalous map
when available, using the phenix.mtz2Zmap program. Maps were visualised in PyMOL and
displayed using the mesh functiddmFoDFc maps were contoured afl inless specified
otherwise. Anomalous maps were contourediatr8ess specified otherwise. The surface maps
generated were visualised in PyMOL and displayed using the mesh function at level 2.0.

Packing diagrams were generatechgsviercury®.

3.3.Results

3.3.1.0x0G substitution in a nealassical quadruplex structure

Here is reported the structure (PDB BBAF) acquired after substituting the guanine
in position 1 of the d(GCATGCT) sequence by its oxidisation prodimtoguanine. The
structure was found to be two strands, of which each form &aoonical quadruplex with a
symmetry mate, for a total of 14 neotides (Figure 3.1). The biological unit is comprised of
two strands forming a neclassical quadruplex structure. The structure was superimposed to
the native structure reported in ChapteBQE3, and8BAF was found to be identical ROE3
after a RMSDof 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 th& Blirection on strand B. Nucleotides
from symmetry related strands are designated with a *. The W@tsck interstrand bonds
between oxoG1C6, C6*0x0G1, C2tG5 and G5*C2, which form the two G/C quadruplex
formations, and the Hoogsteen base pair betweeAF3Ieported iNn8BAF are also reported
in 8OE3 (Figure 3.1a). Additionally, no alternative conformations@®dr*, C6* and T7* were
found in8BAF, unlike in8OE3. Four hexamine cobalt residt
asymmetric unit compared to the six8@E3. Additionally, crystal packing analysis showed
no difference in the solvent channels compared to the ones found in the undamaged structut
(Figure 3.2).
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Figure 3.1: Asymmetric unit of 8BAF. The two strands each form a norcanonical 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 cab@ll) 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. Intestrands interactions are shown as

dashed lines.

Locally, both oxoguanine bases patrticipate in the quadruplexes and the reported loca
basepair parameters from the damaged structure show little difference with the parameters
from the native structure. Details of the local bpag parameters can beufod in the
Supplementary InformatiorAdditionally, the sugar puckers 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 BOES. (Figure 3.3) Comparison of sugar gadng can be found in
Table 3.2.
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Figure 3.2: Packing diagrams for the structures 80E3 (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. Solvehtanels are highlighted with blue circles. The
copper (Il) ions are shown as spheres.
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Figure 3.3: Close-up of the superposition between 0xoG1 and G1 (top) and oxoG8 and G8 (bottom)
from the structures 8BAF and 80OE3 respectively. 8BAF and 80OE3 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 o Sugar Phase angle of Sugar
Base | pseudorotation Pucker Base | pseudorotation (P), © Pucker

(P).°

58 177.8 C2endo | 5 -@xoG 163.4 C2-endo
c C 117.7 Cltexo C 117.3 Cl-exo
H A 157.4 C2-endo A 155.9 C2tendo
ST 1703 C2tendo | T 167.7 Cc2tendo
N G 183.2 C3texo G 180.6 C3-exo
A C 124.2 Cltexo C 130.9 Cl-exo
T-30 11.0 C3-endo T-3 6 184.5 C3-exo
5& 184.8 C3-exo | 5-®x0G 172.3 C2-endo
C 134.5 Cl-exo C 125.8 Cl-exo
C A 153.3 C2%endo A 152.3 C2-endo
2 T 156.7 C2-endo T 159.4 C2%endo
| G 186.5 C3-exo G 181.2 C3-exo
N C 123.1 Cl-exo C 105.0 O4-endo
B T-3 06 167.6 C2%endo T-3 6 356.5 C2-exo
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3.3.2.Copper (Il) ions coordination analysis after soaking of native crystals

8BAE was obtained after soaking native crystals of d(GCATGCT) in copper (Il)
chloride. Like8OE3, 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-etassical quadruplex structure. The
structure was also superimposed to the native stru8@ES, and8BAE was found to be nearly
identical to8OE3 after a RMSD of 0.106 A was calculated, which indidasoaking has not
induced any significant changes. The nucleotides are labelled from G1 to T7 in3he 5
direction on strand A and from G8 to T14 in theSdirection on strand B. Nucleotides from
symmetry related strands are designated with a *.Vatgntly, the WatsoiCrick interstrand
bonds between G1€6, C6%G1, C2*G5 and G5*C2, which form the two G/C quadruplex
formations, and the Hoogsteen base pair betweeAZF3Ieported inBBAE were reported in
8OE3 (Figure 3.4a). Additionally, alternat&v c onf or mat i o@Hsgroapt alohgh e
with disorder at the C6T7* phosphate linkage, were reported with 60/40 % and 62/38 %
occupancies respectively. Four hexamine cobalt molecules were report8BARO s
asymmetric unit compared to the six8OE3. Additionally, analysis of the crystal packing

showed no difference either between the solvent chann@BAR and8OES3 (Figure 3.2).
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Figure 3.4: Asymmetric unit of 8BAE. The two strands each form a norcanonical 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 colgil) 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 *. Int er-strands interactions are shown as dashed lines.

After soaking, the Cii ions were found directly coordinated to the N7 position of G1
and G8 (Figure 3.5). After occupancy refinement, the copper ion bound to {1)Twas
attributed an occupancy of 66 %, while the copper ion bound to G8(A) and G8@BjATu
was attributed an occupancy of 22 %. Noticeably, n@ as 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 (ll) 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 respectivelxygen, 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 Cw?*(1) 0.66 2.40 2.08; 2.02; 3.00
CU2*(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
Cw?*(4) 0.34 2.18 2.97,3.12

Like 8BAE, 8BAG was obtained after soaking native crystals of d(oxoGCATGCT) in
copper (1) chloride. And like the other structures from this work, the structure was found to be
two strands, of which each form a reanonical 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 structur
8BAF, and8BAG was also found to be nearly identicaBBAF after a RMSD of 0.106 A was
calculated, which indicated soaking has not induced any significant changes. The nucleotide:
are labelled from G1 to T7 in the-3' direction on strand A and from G8 to T14 in th&'5'
direction on strand B. Nucleotides from symmetriated strands are designated with a *.
Equivalently, the WatseRrick interstrand bonds between GC6, C6*G1, C2*G5 and
G5*-C2, which form the two G/C quadruplex formations, and the Hoogsteen base pair betweer
A3-A3* reported in8BBAG were reported i8OE3 (Figure 3.6a). Furthermore, like 8BAF,
no disorder was reported. Additionally, no difference was found between the solvent channels
found in8BAG and8BAF either. Crystal packing was consistent between all the three figures
presented in this study (Figure2B.
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Figure 3.6: Asymmetric unit of 8BAG. The two strands each form a norcanonical quadruplex with
a symmetry mate. Carbon, oxygen, nitrogen, and phosphate atoms are shown as purple, fgde, and orange
respectively. The symmetry mate is shown as cyan. Hexammine cobalt (lll) 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 coer (Il) ions. The copper (ll) 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 (l1)
ions. The copper (ll) ions are coordinated to the fifth guaine present in the strand. Nucleotides from

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

Comparatively tc8BBAE, the Cd* ions were found ir8BBAG after soaking. However,
unlike 8BAE, the C#" ions were found directly coordinated to the N7 position of G5 and G12
(Figure 3.5). After occupancy refinement, the copper ion bound to G58)uwvas attributed
an occupancy of 39 %, while the copper ion bound to G1Z*(®) 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 resulti
damage in the presence of both copper and hydrogen peroxide. The redetemnlig/drogen
peroxide and Cu (Il) produces Cu (I) and the reactive oxygen speci€Scbeme 3.1.(1)) and
is known to be slow and the limiting step of the redox éydiaerefore, reducing agents such
as ascorbic acid or hydroxylamine have been used to accelerate the reactiéh Cie(l)
reaction with HOz is also known to produde O,/ shorived oxygen species which reacts at

diffusion rates with nearby molecules, includimgcleic acid® (Scheme 3.1.(2)).

(1) C¥* + H.0.0 O + Cu
(2) Cu* + H,0.0 CU¥*+HOA
Scheme 3.1: The reaction of coppéth 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 o
guanines has been put forward as an explanation to base damagmbesnyevalent when

copper is presett

Preferred binding sites for copper (IlI) ions in two systems formingcaoonical
guadruplexes have been investigated in this study to determine possible damage hot spots
the event a guanine base is oxidised after the reaction between a copperb@i)ndno the
N7 positions of the guanine base and a hydrogen peroxide molecule. Copper coordination wa
determined at the N7 position of the guani
way as nickel and cobalt 8ASM and8ASO as discusseith 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, :
copper binding can be influeed 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 position:
should not be unavailable to copper (ll) coordination when only potential binding sites
availabilities are considered. Furthermore, the distance between G1 and GX3eisoctbe
distance which has been observed between two neighbouring guanines-Diihefdrming
sequence d(CGCGC8) so the proximity of two potential binding sites for copper (ll) is
unlikely to be determinant in binding preferences here. However, the absence of a complets
solvation sphere aroundall the copper (Il) 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 systen
to justify binding preferences. For example, crystals of thBNA forming sequences
d(CGCGCQG) and d(CGCGTG) which had been soaked in both Co (Il) ions and Cu (ll) ions
were analysed. Ind®NA systems, steric clashes between the hydrated metals bound to the N7
position of guanines and the previous base were also reporteffuence where the metals
would bind®?. Likewise, the observation that bound guanines are often located at the end of an
oligonucleotide in duplexes containing Ni (ll) ions would often be explained by the reduction
of clashes between the metal ion and the local environffénEurthermore, another study
showed sequenegpecific and strandpecific binding of divalent cations with a preference for
GGCC sequences that could also be explained by the hydration sphere around the metal ion .
the cause of steric clasi&sHowever, some of these differences could be explained by the
different methods which can be used to introduce transition metals irgypstieen, since all the
structures used as examples here would have been acquired from crystals where the metal io
were introduced by either cocrystallisation or soaking. The differences between these twa
methods and the potential consequences on metihgimetal availability for reductants and
preferred metal binding sites were discussed in Chapter 2. Still, the presence of an ordered bul
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>36

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

in a Fentorike copper environment. Initially, and as illustrate BAE, copper (II) ions are
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found coordinated to the guanine bases at
base gets damaged during the reaction between copper and hydrogen peroxide, this guani
would be oxidised to-8xoguanine, an intermediate represente@BiF. The crystals of the
damaged sequence were grown in the same conditions as the native sequence and a similar n
canonical structure was solved. Furthermore, the change from G to oxoG did not influence how
the sequence crystallised. However, metal iomslaelonor 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 (Il) ions fromcoor di nating to the guanine bas:c¢
oxidative damage at this position. FinaBBAG would represent the last intermediate, when
the damaged base, oxoG1, is present and copper (Il) ions are still available to coordinate
Surprisingly, coordinated copper (1) ions have been located at the N7 position of G5, a guanine

which previously had no copper (Il) ions boun@BAE.

) 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 8oxoguanine. A nitrogen (N7, circled irred) 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 G
and G12 was expected BBAG. No copper (II) ions were found to coordinate to the N7
position of G5 ilBBAF, and since the two structures were found to be nearly identical after the
RMSD was calculated, the same was predicted to hap@BAG. However, this is not what
has been reported, and two copper (Il) ions were found bound to G5 and G12. Furthermore, n
major differences were identified between the local enviromsreound 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 wate
molecules are placed at higher resolutipsomething that has not been observed in all the
three structures here despite the kigbolution. Furthermore, low occupancy of the metal
centres and a partial hydration sphere in BBAE and8BAG could also explain why some

i nformation is missing to explain why the
base. Nonetheless, this does not explain why the second guanine is suddenly bound and ha:s
metal centre following oxidative damaij¢his was an unfavourable in the native environment
Yet, other different hypothesis could be considered. As discussed in Chapter 2, a concentratio
in metal ions too low or short soaking time can influence binding preferences, especially if the
concentration in copper (ll) ions is too low relative to thecemtration in DNA in the crystal.

But this scenario was anticipated and the crystalSB#&E and8BAG were soaked for five

days and one day respectively, until the crystals were too damaged to diffract or dissolved
Furthermore, in addition to steric sl&es, charge effects might influence binding preferences
in this case. Remarkably, DNA are negatively charged molecules which attract positively
charged ion®. 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 asyhemetric

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 DN/
damage in Fentalike copper system. With the hypothesisdative 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 ioabedwith 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 damaBamage 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 a
atomic level. Additioally, 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 (Il) ions with hydrogen peroxide, and potentiséiyweb
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oxidative damage after an-amystal 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 (Il) Binding Preferences to
DNA Structure T Observing Metal
Coordination Before Oxidative Damage

4.1.Introduction

Iron (Fe) is an abundatransition metal involved in essential biological processes such
as enzymatic functiohsoxygen transpottand electron transpdrtHowever, free iron (Fe (1))
can also have undesirable effects in the cellular environment by reacting with hydrogen
peroxide (HO2), a byproduct of cellular respiration. This reaction, known as the Fenton
reaction (Eq. (1)), generates a highly reactive oxygen species (ROS), hydroxyl radicdls (HO
which can damage cellular componéniBhe hydrogen peroxide decomposition mechanism
was first suggested by Haber and Weiss in 1934 (Schemé)} 4hd has been used since then
to describe hydroxyl radical s6 production

(3) Fe* + H,0,© HO + HO + F&*
(4) F&*+ HO © HO + Fe*
(5) HO + H202© H.0 + HO,
(6) HO2 + H202© HO + H,0+ O,
Scheme 4.1: The reaction of irsith 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 phenomenol
known as oxidative stré§shas been linked to many disorders, including neurological

disorder$, cancer, and cardiovascular diseéses

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

reflected by the presence of the oxidative stress marker prodoxt-B8-dihydro2 -0
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deoxyguanine (0xoG), has been reported in the brains of individuals having suffered from
neurodegener ative di seases, such as Al zhei
to iron dysregulatioh Moreover, the ability of iron to bind to DNA through the N7 position of
purine bases and the phosphate backbone, and thdigbdréxistence of hydroxyl radicals,
suggests that damage can be correlated to binding preferences'®firénd often, this
correlation has been used to discuss sequgmeeific DNA damages including oxoG and
doublestranded cleavage. Recently, Flemeigal. has conducted multiple studies to identify
oxidation products after using copper (I1) and iron (l1) to catalyse the Fenton réttitirhas

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 obstakth Fe

(I)/H 202 systems. However, few studies have looked in details on binding preferences of Fe
(I in the presence of DNA as a function of structure. 20 years ago, a study éydRaised

NMR to confirm iron binding to TG steps
extr emiPeTiIGB-BU3(09 § r@sultdetermired that Fe (I1) interacts preferentially at

t heAT6A306 site through t hé&. TNSsysem,sdentifiedbpHeald t
et al, has shed some light on iron positioning and helped understand why specifie strand
cleavage observed upstream to this guanine might Scélowever, since then, no structures

of DNA in the presence of iron have been reported to further investigatdimdimg
preferences. Furthermore, while the strong correlation between iron binding sites and the type
of DNA damage that occurs has beenugttt up as an explanation for preferential DNA
damage, at the present, no experiment has been conducted to look at damage before a

immediately after identifying a damage +smot.

Binding preferences of many transition metals to DNA, such as to copper, cobalt,
manganese, and zinc, have been identified uskiRpX crystallography, as observed in the
previous Chapters of this thesis. These studies have been used as the basstémd tuieding
preferences of iron, as systems containing iron (II) can be challenging. Iron (Il) oxidises easily
in an aerobic environment, and depending on pH, only a couple of hours are necessary ti
convert all iron (II) ions to iron (I11) ion'. Crystal growth has been known to sometimes take
several months, and even soaking experiments can take several days, thus an anox

environment would be necessary to obtain DNA crystals containing ordered iron (Il) ions.
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To identify damage hedpots, 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 (II) chloride soaking amdaobBisA
structure with ordered metals. TheDNA forming sequence d(CGCGCG) and its structure
have been extensively studied usingrR&y crystallography, notably by Brzezinskial, whose
work reported the differences in crystal packing found in d(CGC&Gctures, described as
the polymorphic form A and polymorphic formt BAdditionally, 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 characteristic
highlighted this oystal system as a perfect candidate to withstand both metal soaking and
reactant soaking. In this chapter, the results have demonstrated six potential reaction centres
the presence of six DNAound copper (II) ions. However, the results also highliglet t
potential differences between copper and iron interactions with DNA, as only four iron (Il) ions
were found to be bound to DNA. These differences could help understand the disparity
observed between DNA oxidative damage caused by cappallysed Fentorand 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 RRHPLC. DNA concentration was determined from the value otlhes or bance at
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 slttpgvapor
diffusion method using the protoé®tiescribed by Drozdzatal Thed r ops cont ai n
1.5 mM oligonucleotides and 2 ¢l anethyp2rdeci p
pentanediol (MPD), 40 mM sodium cacodylate, pH 6.0, 80 mM KCI, 12 mM NaCl and 12 mM
spermine tetrachloride. The drops were equilibratednat) 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 preeighted iron (ll) chloride, water, and a préxed crystallisation
solution, were transferred inside a glove bag with a constant supply of nitrogesn(left
for 24 hours to equilibrate. Prior to soaking, theywseghted iron (1) chloride was mixed with
water to a concentration of 10 mM. The platas kept in the glove bag while single crystals
were transferred from their drop to a drc
solution and 4 €L of 10 mM iron (11) chlor
in anoxic condions for 48 hours. Duringireeoa ki ng, the crystal sbo

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

Crystals soaked in copper (Il) chloride did not require any adjustments. The crystals
were transferred to drops containing 2 €L
(I'r)y chloride for 72 hours. Silumwdsaonitoyedtot h e

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 CuCJ (middle) and 10 mM FeCk. The native crystals were uncoloured.
After soaking in both copper (II) and iron (ll), 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, coppspaked and irogoaked crystals were collected from single
crystals of approximate di mensions 208 x
diffractometer and a Photond8tX-ray source at a wavelength of 1.5406 A withigPix-
6000HE detector. The data collection and refinement statistics of all three datasets can be four
in Table 4.1.

2760 frames were collected from the native crystal. The data were integrated and scale
using the CrysAlisPRO software, giving 10952 unique reflections. The structure was solved in
P2:2121 by molecular replacement using Pha$and the structur&lOT from the Protein Data
Bank. The model was updated using Gdand refined using phenix.refiffe To confirm that
the model was satisfactory and that the observed data and the calculated data from the mod
were in agreement, ther& and the Rork 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 Bet and not used during refinement.
The Rree and Ruvork Observed after the final round of refinement for this model were 0.1252 of
0.1053 respectively. Tke values can be compared relatively toa}{ 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 wiBQOBX.

104



1350 frames were collected from the coppeaked crystal. The data were also
integrated and scaled using the CrysAlisPRO software, giving 7930 unique reflections. The
structure was solved in B22; by molecular replacement using Pha$and the structur&lOT
from the Protein Data Bank. The model was updated using®Cantl refined using
phenix.refiné! to give a final Ree of 0.1458 and Rork of 0.1100. Five percent of reflections
were reserved for theq® set. The data, and final coordinates, were deposited in the Protein
Data Bank with IDBOEY.

Finally, to transfer the irosoaked 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 fraenesallected from the iren
soaked crystal. The data were also integrated and scaled using the CrysAlisPRO software
giving 3119 unique reflections. The structure was solved i@:P2by molecular replacement
using Phasé? and the structur@lOT from the Protein Data Bank. The model was updated
using Coot’and refined using phenix.refifi¢o give a final Ree0f 0.2263 and Rork of 0.1947.

Five percent of reflections were reserved for the Bet. The data, and final coordinates, were
deposited in the Protein Data Bank with8DEZ.
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Table 4.1: Data collection and refinement statistics for SOEX, 80OEY and 80OEZ. 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

CCu2

I/ 0l

Completeness, (%)
Multiplicity

Refinement
Resolution, (A)

No. Reflections
Rfree/Rwork

rmsd

Bond lengths, (A)
Bond angles, (°)

80EX

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

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)
22.9 (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

P212:21

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 (1.70%
1.642)
3084 (271)
0.2263/0.1947

0.017
1.69

4.2.4.Structural and packing analysis.

All figures were created usirigyMOL?? unless specified otherwise. Dinucleotide step
parameters were calculated using Web 3DNA®2@CP4 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 fun2tidgfro DFc maps were
contoured at & unless specified otherwise. Anomalous maps were contoured anl@ss

specified otherwise. Packing diagrams were generated using Mércury

106



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 42). The crystal diffracted to a high resolution of 1.07 A after collection on-hatse
X-Ray source. Although this structure will not show the level of details and accuracy other
structures from the same system have demonstrated previpthsly 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). Thalternative

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

The asymmetric unit dBBOEX contains two strands for a total of 12 nucleotides and
forms a duplex. A spermine molecule was also found to interact with the-BWAZduplexes
in the crystal lattice, in a similar way to the otheDRA structures presenting the same crystal
packing he nucl eotides from chain A3&@rcaei dadbdteil
the nucleotides from chain -Bbaderkabéebhed"
parameters classify the duplex as a-lefhded Zorm structure. Disorder is observed at the
G4C5and G&G9 phosphate | i nkage-©H groas The alterhativa s
conformations are referred to as A and B, and have occupancies of 69/31, 57/43 and 46/54 ¢
respectively (Figure 2). Details of the local bageair parameters can be found in the

Supplementary Information. The pseudorotation angles between the alternative conformation:
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were found to slightly vary, but not enough to change sugar puckering. The structure belong:
to the space group FP22;, andcrystal packing is consistent with the polymorphic form B of
d(CGCGCG) ZDNA structures (Figure 3).

@

Figure 4.3: Packing diagram of the 80OEX structure (a and b) compared to the packing diagram of
the 1D39 structure (c and d) with views along the-axes (a and c) and the-axis (b and d). This highlights the
differences between the two different mode of crystal paakg observed in d(CGCGCG) systems, also

described as polymorphic form A and polymorphic form B.

8OEY, the coppesoaked structure was obtained from a native crystal of the DNA
sequence d(CGCGCG) grown in the same conditions as the unsoaked structure. After soakin
the crystal in copper (Il) chloride for 72 hours, the crystal diffracted to 1.20 A. Threrstyic
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 labelle

fromColltoGe6 i n -3toh ed i5rbe c t i leotidesafrond chainhBeare habedled from
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CouftoGul 2 i n3bhdi Béction. Soaking did not cl
and the duplex is still classified as a{e#inded Zorm DNA. A comparison between this
structure and the native structure was conducted and-anemoisquare deviatiorRMSD) of

0.492 A was calculated, which indicates high consistency (Figde).Disorder was also
found at the €,7 -BHgroup, as well as at thec@-Cc 5 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 basair parameters can be found in the Supplementary
Information. Additionally, different sugar pkers were found at &5, with conformation C

and D i-axbhamer@d®2d ange. I n comparison, th
exo range in the native structure. The symackers at G4 and @8 also differs from the
equivalent nucleotides in the native structure, with pseudorotation angles of 36.0° and 24.9°
cl assi fyi negn dooo taexaaesfedi®@lp. Comparison of sugar puckering can be
found in Table 4.2.

Figure 4.4: a. Superimposition of 80OEX (cyan) and 80EY (orange). b. Superimposition of 8OEX
(cyan) and 80EZ (purple). Metal ions are represented as spheres.
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80EZ, the ironsoaked 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
glove bag containing Nbefore attempting soaking, to prevent oxygen to be present in the
system. The crystal diffracted to 1.64 A. Like WBBEX and80OEY, the asymmetric unit
contains two strands for a total of 12 nucleotides and forms a duplex. The same labelling syster
is also used here as well. The nucleotides from chain A are labellediel to Geb6 in the
580 direction and the nucl e orf/itodsels2 firne3nd hceh
direction. Soaking did not change the overall structure parameters and the duplex is still
classified as a lethanded Z'orm DNA. A comparison between this structure and the native
structure was also drawn and a RMSD of 0.254 A was céécylavhich indicates high
consistency between these two structures (Figdi®.4ADisorder was similar and found at the
Cre/ -6Hbgroup, as well as the-630-Crel 1 phosphate linkage. Théernative conformations
are referred to as E and F and have occupancies of 62/38 and 53/47 % respectively. Details
the local basgair parameters can be found in the Supplementary Information. Like the-copper
soaked structure, different sugar puckeese found at €7, with conformation E and F in the
Cléx o a reddo r@myé However, unlikOEY, many sugar puckers in this structure
differs from the native structure. The sugar puckers @2,G5#4, G5 and Gel0 were
cl assi f ieexth, &s04 Gd@BaA® a-exd regpeLtively. Comparison of sugar
puckering can be found in Table 4.2. It has also been noted that no electron density associate

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 80OEY 80EZ
Phase angle o Sugar | Phase angle o Sugar | Phase angle of Sugar
Base | pseudorotation Pucker | pseudorotation Pucker | pseudorotation Pucker
), ° ), ° ), °

5& 147.8 C2-endo 155.8 C2-endo 153.2 C2-endo
c G 35.2 C3-endo 26.5 C3-endo 39.6 C4texo
H C 165.0 C2-endo 166.7 C2-endo 161.9 C2-endo
AREC 35.7 c3tendo 36.0 Catexo 40.9 Ca'exo
N C 141.1 (A) Cltexo 143.4 (C) Cltexo 145.9 C2-endo

A 141.0 (B) Cltexo 151.8 (D) C2-endo
G350 168.3 C2-endo 165.6 C2-endo 163.3 C2-endo
5& 162.9 (A) C2-endo 171.5 (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 24.9 C3-endo 45.4 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 45.5 C4-exo
B C 156.3 C2-endo 150.1 C2-endo 146.4 (E) C2-endo
148.9 (F) C2-endo
G350 168.3 C2-endo 166.1 C2-endo 166.5 C2-endo

4.3.2.Cu»** and Fé" ions coordination analysis

A total of six copper (Il) ions were found 8OEY after the native crystal was soaked
in copper (Il) chloride. The Ctiions were added based on the electron density present and
val i dated based on the presence &d). Ap&AKks
ions were coordinated to the N7 position of guanines. After occupancy refinemé&n¢LCu
Cu?* (2), CU#* (3), CU* (4), and C&" (5) have partial occupancies of 51, 57, 51, 48, and 52 %
respectively. Ctf (6) was modelled as having altative conformations (A and B) due to the
overall geometry and its proximity to the guanine and*@%) (Figure 46a). Ci* (6A) and
Cu?* (6B) have partial occupancies of 32 and 17% respectively. The coordination sphere of
Cu?* (1), C#* (2), CU# (3), CU* (4) and Cd' (5) all contain five water molecules (Figure 4.6a),
while it is difficult to attribute water molecules to the coordination spheres ©f(64) and
Cu?* (6B). However, after considering partial occupancies and distances, three water molecule:
were attributed to the coordination spheres of*G6A) and four water molecules to the
coordination spheres of €u6B) (Figure 46a). A closeup of all the guanines present in the
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asymmetric unit can be seen in Figur& Details of copper coordination are available in Table
4.3.

Figure 4.5: a. Structure of 8OEY with anomalous difference map for the six C&# 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 Feations.
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 (1) ions were found IBOEZ after a native crystal was soaked in
iron (I1) chloride. The F& ions were added based on the electron density present and validated
based on the presence of pealds. Al R ionbwerean o
coordinated to the N7 position of guanines. After occupancy refinemén{(2feFe* (3) and
Fe* (4) remained at a 100 % occupancy?'F@) has a partial occupancy of 74 %. The
coordination sphere of Fe(2) and Fé&" (3) contain fre water molecules (Figure 7b).
However, both F& (1) and F&" (4) have partial coordination spheres. Additionally, a chloride
ion was modelled as part of the’F¢ 4 ) i onbébs coor di ®H tThisowas s p |
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-tlpsef all the guanines
present in the asymmetric unit can be seen in Fig@eDktails of iron coordination are
available in Tald 4.3.
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Figure 4.6 a. Thecoordination spheres of three Cé (5, 6A and 6B) in 8OEY. Cd* (5) is shown here
as coordinated to the guani qal®). The2mko-DRc elacedn demdityonap is ng d
contoured at the 1.00 level (orange). Carbon, oxyger
blue, and orange respectively. b. The coordination spheres of ¥g4) in 80OEZ. Fe&* (4) is shown here as
coordinated to the guani ne Oy Then2ZmieDFc electydn lensity mapds d u p
contouredat the 1.00 | evel (purple). Carbon, oxygen, ni:t
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

8OEY  Cw* (1) 0.51 1.89 1.93;2.19; 1.92; 1.89; 2.38
Cw*(2) 0.57 2.01 2.28; 2.04; 2.00; 2.40; 1.94
Cw*(3) 0.48 1.98 2.12;2.17; 1.86; 1.92; 2.16
Cw?* (4) 0.52 2.00 1.87;2.41; 1.97; 2.46; 1.93
Cw* (5) 0.51 1.97 2.27;2.09; 1.86; 1.78; 2.29
CLP* (6A) 0.32 2.37 1.95; 2.45; 2.30
CL?* (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 2.51 2.41; 1.89; 2.92; 3.04
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(@)

Figure 4.7: a. The coordination spheres of Cef (2) in 8OEY. The2mFo-DFc electron density map is
contoured at the 1.00 |l evel (orange). Carbon, oxyger
blue, and orange respectively. Copper ions are shown as purple spheres. b. The coordination spheres 8f Fe
(2) in BOEZ. The2mFoDFcel ectron density map is contoured at t
nitrogen, and phosphate atoms are shown as magenta, red, blue, and orange respectively. Iron ionshmvn
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 80OEZ
Carbon atoms are shown as yellow and magenta in 80OEY and 80OEZ respectively. Oxygen, nitrogen, and

phosphate atoms are shown as red, blue, and orange respectively. Coppersiane 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 experim8@EY shows the presence of six copper (ll) ions
sites bound to the duplex at the N7 positions @PGGc4, Geub, Geu8, Geul0, and Gul2. All
six were found to be partially occupying their position. Two of th& Gere identified as 1.51
A apart, which is a significantly shorter distance than cepppper bond lengths found in the
literaturé®2¢ 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 coppe
(Il) ions has been previously reportédAll six guanines were also partially coordinated.
However, the native crystal used for this soaking experiment was grown in conditions lacking
spermine and the-BNA duplex would have crystallised in the A polymorphic féfmA
slightly different crystal packing might explain why one of the coppers bridge two guanines,
while the same position BOEY 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 resiolns. In8OEY, all the copper (ll) ions occupancies
were reported as 51, 57, 48, 52, 51, 32, and 17 %. Yet, this phenomenon is not exclusive t
copper coordination, as another soaking experiment of the B polymorphic fordldAzas
also led to structures containingrpally occupied metal ions. €rions were found to have
partial occupancies of 35, 26 and 4&8%n contrast, this is not the case for¥and Zrt* ions,
as these ions were fully coordinated at the N7 position of G6, and at the N7 position of G6 anc
G10, respectiveRf. Opposingly 8OEZ shows the presence of fourFéns at 100, 100, 74,
and 100 % occupancies, and were coordinated to the N7 positions20fGa4, G=&6, and
GrelO respectively. No Pé&ions were found to be coordinated at the N7 positions-¢f &d
Grel2. Akin to Mrf* and Zrt* ions, and in contrast to €uand C#*ions, three of the Péions
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 nmeliagh 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,’asvds found to bind
less positions than Fewith a smaller ionic radiifg
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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 diésrémcmetal
coordination to the DNA. For Il nstance, T
oxidation products depending on the metal present in the system and changes were attribute
to the differences in binding affinity between copper and'#thWhile using a system using
t he nucl-edecsxyg@uadhiNjsi ne (dG) -@eoxgguanosm&-Nj n u
monophosphate (dGMP) as a simple model to identify differences in interactions between Fe
(I, Cu (1), Cr (1), and the base, Noblitt al. have been able to observe differences in
oxidative damage depending on the presence or absence of a phosphat® Giweip
Fe(I1)/H02 system gave higher yield of oxidative damage when reacting with the nucleotide,
suggesting Fe (Il) interacts with both N7 of the guanine base and the phosphate group, unlik
Cu (Il) which was found to interact with the N7 position on the guanine, andl)Cmhich
was found to interact through the phosphate gibéalditionally, capillary electrophoresis and
Fourier transform infrared (FTIR) difference spectroscopic methods also confirmed Fe (1)
binds to the phosphate groups and the N7 position of guéhikimvever, extended -Xay
absorption fine structure (EXAFS) of a solid Fe@INA complex provided evidence of five
oxygen atoms and one nitrogen atom in the inner coordination sphere of the[FeAl)
complex, supporting the idea that Fe (ll) binds toNfegposition of a base, with no mention of
binding through the phosphate grotfpdlonetheless, few structural studies have been done to
confirm whether damage occurs where iron (Il) is binding. For instancet Rhused NMR
to conduct a comprehensive study of iron (1) binding preferences following the observation
that Fe (II)/HO- systems lead to sequersecific stranec | eavage, eRIER3BcOI a l
sequences. And the resulting structure established that Fe (ll) ions interact preferentially at th
5#&ATGA-36 site through the N7 posi tamegroumldter t h e
confirmed the correlation between preferential binding and enhanced cleavage at this
position%*3 However, no followup studies have been done to look at more systems such as

A-DNA, Z-DNA or higherorder structures and this work remains an isolated example.
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In 8OEY, Fe (ll) binds preferentially at the N7 position of guanines. No Fe (Il) ions
were found to bind to the phosphate backbone directly, however, water mediated contacts wer
identified between Fé (1), F&€* (2) and Fé' (3) and phosphate groups from neighbouring Z
DNA hexamers. As such contacts were also identified in the d(CGCGT%)structure
however, it does not appear these interactions are typical ofP&RIAnteractions as suggested
by previous studies but are more of an artefact from cryatding and the resulting proximity
of other duplexes. Likewise, similar interactions have been identified in systems containing Ni
(1N3*35 Co (I*® and Zn (I1I}’. Nonetheless, the major difference between the d(CGCGCG)
Cu?* structure and the d(CGCGCG¥* 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 (ll) has the lowest relative metal affinity to the phosphate backbone anc

is known to binl preferentially to the N7 position of guaniffes

In this work, the distances between Fe (Il) 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 ir
the d(CGCGCGEW?* structure have been reported as 1.89 A, 2.01 A, 1.98 A and 1.97 A
respectively. On average, ¥\7 distances were found to be greater thaf"GiT distances
and are comparable to the distance (2.22+0.02 A) reported by Bertenalnin a DNA-F&*
systeni?. Additionally, a crystallographic study found that the average-sjgh Fe (1IN
distance was 2.17%4 which suggests the presence of kégin Fe (I1) bound to the DNA&
However, a similar bond length between Fe (lll) and N, along with a similar octahedral
geometry for the hydration sphere between Fe (lI) and Fe (Ill), might make it difficult to
differentiate between Fe (lll) ions and Fe (ll) ions in the structure. kperienent was
conducted in an oxygeinee environment; however, oxidation might still be possible during
the transfer between the glove bag and theay diffractometer. Fortunately, Fe (1) oxidises
at a slower rate at pH values close to the crystalmydte pH i n an aerobic
the reaction is assumed to take hours, compared to oxidation at higher pH (> 7), where th
reaction is believed to only take mindfesand Fe (II) conversion to Fe (lll) seems to be
unlikely in the short time during the transfer to thé&k&y diffractometer.
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Identifying Fe (I1) metal centres is the first step in attemptingrystal Fenton reaction.
This work shows where potential damage hotspot could occur and could help understand wher
damage occurs as a function of structure in the crystalline environmehtnt er est i n gl
group has reported, in the absence of reductants, a lower guanine conversion rate with th
Fe(l)/H20. system?than with the Cu(ll)/HO. system?, this could be interesting to see if this
difference can be explained by the lower distribution of binding sites in the d(CGCREG)
structure compared to the d(CGCGGQY* 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(#©2) , a strong oxidant first dis
w a t lehmadbeen described as a major redox metabolite of oxygrerated in multitude of
biological processes. As mentioned in previous chapters, the hydrogen peroxide decompositio
2 (Scheme 5.1) can be catalysed by metal ions in tioaléed Fenton reaction (Scheme 5.1.(1))
and generate hydroxyl radicals (B0Da highly reactive oxygen species (ROS) which can

damage cellular componehts

(1) MOD + H,0,© HO + HO + M®™
(2) MY+ HO © HO + M®™
(3) HO + H2020 H20 + HO
(4) HOz + H20,© HO + H0+ O
Scheme 5.1: The reaction of coppéth 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
neurolajical disorder§ cancer, and cardiovascular disedskave been linked to this
phenomenon. Nucleic acids are no exception to the rule and have been determined as beir
damaged easily in an oxidative stress environment. The presence of ROS in the cell can rest
in single strand breaks, doukd&and breakghe formation apurinic/apyrimidinic lesions and

base modifications, and lead to mutations and distases

125



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 productdo-7,8-dihydro-2 -@leoxyguanine (oxoG) have been rdpdrin the
brains of i ndividuals having suffered Al z
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 neeiéd

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

model to develop a method to achieveigstaloxidative DNA damage.

This is not the firstime hydrogen peroxide soaking of crystals has been attempted, as
this method has been attempted previously to study the active site of enzymes such as peroxi
reductaséd, oxidoreductasé$or superoxide dismutasésHowever, soaking is not the only
method to obtain ordered hydrogen peroxide in crystal systems, as the molecule could hav
been present before crystallisation. With this in consideration, a total of 81 crystallographic
entries published on the ProteintBaBank (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 ior

and oxidant lading to oxidative DNA damage.

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

times for Cu (I1)/HO. systems in solutidA. However, this led to three different structures,
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80OE7, 8OE8and80OE9,two of which have hydrogen peroxide molecules trapped, and will be
discussed here. Additionally, to confirm whether copper (ll) ions slowly disappear as the
reaction take place or if coppsoaking simply did not result in all guanines occupied by copper
(I) 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 usin
a humidity control device, to stabilitiee crystal and prevent desiccation. The copper (Il) ions
disappearance iBOEA, 80EB and 80OEC will be discussed in conjunction with the result
from 80OE7, 8OE8and8OEO9.

5.2.Material and methods

5.2.1.DNA preparation

The oligonucleotide d(CGCGCG) was purchased from Eurogentec as a solid purified
byRRHPLC. DNA concentration was deter mined
nm, usingthe 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(CGCGCGQG)

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 Chapserdddescribed
by Drozdzalet al The drops contained 2 L of 1.
precipitating solution containing 10 % (v/i\A2ethyl2,4-pentanediol (MPD), 40 mM sodium
cacodylate, pH 6.0, 80 mM KCI, 12 mM NaCl and 12 mM spermine tetrachloride. The drops
were equilibréed against 0.5 ml of 35 % (v/v) MPD. The crystals appeared within 48 hours.

5.2.3.Time-dependent itrystal Fenton reaction and flagleezing

Dozens of d( CGCGCQG) crystals were tra
precipitating solution and 2 €L of copper
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were then transferred to a drop containin
hydrogen peroxide. The crystals were removed at different time intervals, ranging from 5
minutes to 1 hour, baekoaked for 30 seconds in mother liquor, and flestied in liquid

nitrogen to be sent to Diamond Light Source for collection.

5.2.4.Synchrotron data collection and processing

Data fromflaskc ool ed crystals of approxi mate d
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 dalligctan
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 P22:2; by molecular replacement using Pha&eith the structurellOT from the
PDB as the starting model, except for two, which had to be solved in P1. Three structures wer
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 ir
P2:2:2: by molecular replacement, however, higkaRtors after multiple refinement cycles
suggested this might not have been the appropriate strategy. Consequently, the data we
integrated and scaled again, this time in P1, giving 24395 unique reflectionsmafeeular
replacement, the model was updated using €antl refined using phenix.refitteTo confirm
that the model was satisfactory and that the observed data and the calculated data from tt
model were in agreement, thesRand the Row 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 Bet and not used during refinement.
The Rree and Ryvork Observed after the final round of refinement for this model were 0.2332 of
0.1994 respectively. Tke values can be compared relatively toa}{ 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 wiBQE?.
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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 iniP2; by molecular replacement, however, high R
factors after multiple refinement cycles were also observed, and the data were integrated an
scaled in P1, giving 21952 unique reflections. After molecular replacement, the model was
updated using Cottand refined using phenix.refitfdo give a final Ree of 0.2089 and Rork
of 0.1691. Five percent of reflections were reserved for the $&t. The data, and final
coordinates, were deposited in the Protein Data Bank wiBQBS.

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 solve
in P2:2121 by molecular replacement. The model was updated using®Cuout refined using
phenix.refiné® to give a final Ree of 0.1779 and Rork of 0.1551. Five percent of reflections
were reserved for theq® set. The data, and final coordinates, were deposited in the Protein
Data Bank with IDBOES. 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 8SOE7, 80OE8 and 80OE9. Outer

shell statistics shown in parentheses.

PDB ID

Data collection

Space group

Cell dimensions

a, b, c,(A)

Ubp (A)
Resolution, (A)

Rmerge

Rmeas

Rpim

Total number of observations
Total number of unique
observations

CCyp2

I/ Gl

Completeness, (%)
Multiplicity

Refinement
Resolution, (A)

No. Reflections
Rfree/Rwork

rmsd

Bond lengths, (A)
Bond angles, (°)

80OE7

P1

18.28, 30.74, 42.5

90.01, 89.95, 90.01

30.74- 1.25(1.27- 1.25)

0.043 (0.226)

0.050 (0.264)

0.027 (0.136)
87060
24395

1.000 (0.940)
19.7 (3.3)
95.1 (89.3)

3.6 (3.7)

24.920- 1.250 (1.295
1.250)
24320 (2345)
0.2332/0.1994

0.010
1.32

80OES8

P1

18.35, 30.67, 42.86
89.98, 90.06, 89.94

42.86- 1.30 (1.32 1.30)

0.051 (0.431)

0.060 (0.508)

0.032 (0.267)
79075
21952

0.998 (0.789)
19.9 (3.0)
95.4 (89.3)

3.6 (3.6)

21.430- 1.300 (1.346
1.300)
21922 (2090)

0.2089/0.1691

0.010
1.32

80E9

P212:21

18.340, 30.710, 42.630

24.92- 1.04 (1.06 1.04)

0.186 (1.312)

0.189 (1.539)

0.060 (0.772)
110564
11394

0.996 (0.357)
6.7 (1.1)
94.0 (55.1)
9.7(3.6)

24.918- 1.040 (1.077
1.040)
11327 (716)
0.1779/0.1551

0.012
1.34

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

A d(CGCGCQG) was tr ans precipitateg t c
and 2 L of 20 mM (11) chl

crystal was mounted on a Micromesh from MiTeGen and placed on the goniometer ef the in

crystal

solution copper
house XtaLAB Synergyd X-ray diffractometer. The crystal w&kept hydrated at a relative
humidity of 99 % using a HCab Humidity Controller and a data set was collected. 872 frames
were collected from the crystal. The data were integrated and scaled using the CrysAlisPRC
software. The structure was initially setvin P22:2; by molecular replacement using Phaser

with the structurellOT from the PDB as the starting model. However, higha®ors after
multiple refinement cycles suggested this might not have been the appropriate strategy
Consequently, the data were integrated and scaled again, this timg givP@) 4161 unique
reflections. Data quality was assessed using phenix.xtriage and the intensity statistics suggestt

twinning. The model was updated using Cdaind refined using phenix.refitle Twinned
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refinement was carried out using the-k,-I operator to give a final /e of 0.2276 and Rork
of 0.1786. Five percent of reflections were reserved for the $&t. The data, and final

coordinates, were deposited in the Protein Data Bank wiBOBA.

The | oop was then unmounted and transfe
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 veasct@R6 frames
were collected from the crystal. The data were integrated and scaled using the CrysAlisPRC
software, giving 2494 unique reflections. The structure was solved:taZ°?Dy molecular
replacement using Phasewith the structurell0T from the PDB as the starting model. The
model was updated using C8and refined using phenix.refitfao give a final Rec0f 0.1818
and Ruwork of 0.1737. Five percent of reflections were reserved for thedet. The data, and

final coordinates, were deposited in the Protein Data Bank wi8OBEB.

The same soaking step was repeated one more time and a third data set was collecte
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 uniqustioeie The
structure was solved in P22; by molecular replacement using PhaSevith the structure
110T from the PDB as the starting model. The model was updated using Godtrefined
using phenix.refin€ to give a final Ree of 0.1880 and R of 0.1467. Five percent of
reflections were reserved for thesRset. The data, and final coordinates, were deposited in the
Protein Data Bank with IBBOEC. 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 (Il)
chloride mixed with the crystallisation condition. Step 2 ad step 3 involved soaking the crystal in a drop
containing a 2 % H02 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, 8OEB and 80OEC. 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

CCu2

I/ 0l

Completeness, (%)
Multiplicity

Refinement
Resolution, (A)

No. Reflections
Rfree/Rwork

rmsd
Bondlengths, (A)
Bond angles, (°)

80OEA

P2

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

8OEB

P212121

18.31, 30.78, 43.16
18.31i 1.80 (1.88 1.80)

0.059 (0.208)

0.073 (0.270)

0.042 (0170)
12004
2494

0.999 (0.952)
13.5 (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

80OEC

P212:21

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

5.2.6.Structural and packing analysis.

All figures were created using PyM®&lunless specified otherwise. Dinucleotide step
parameters were calculated using Web 3DNA2@0CP4 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 fun2tidgfro DFc maps were
contoured at & unless specified otherwise. Anomalous maps were contoured anl@ss

specified otherwise. Packing diagrams were generated using M&rcury
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5.3.Results

5.3.1.Peroxidesoaked d(CGCGCQG) crystals: 100 K collection.

5.3.1.10verall structure and helical parameters analysis

8OE7, 8OE8 and80OE9 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.

8OEY7, the first peroxidesoaked structure, was obtained from a native crystal of the DNA
sequence d(CGCGCG) grown in the same conditio®O&SX, which was previously soaked
in copper (Il) chloride for 24 hours. After soaking the crystal in hydrogen peroxide for five
minutes, the crystal was flagtozen and sent for collection. The crystal diffracted to 1.25 A, a
resolution close to the resoluti@of the other structures collected during this experiment, and
the diffraction quality did not deteriorate asch as expected. However, the shift to the triclinic
space group P1 and a higa&could indicate that the soaking modified the lattice, although
crystal packing is consistent with the polymorphic form B of d(CGCGCBGNA structures
and does not indicate extensive changes in the crystal lattices. The asymmetric unit contain
eight strads 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, &eH)
labelled from Ghainl t0 Gehail6 | n -3tbh ed i ct i on. For <cl arity
calculated separately for each duplex in the structure (A/B, C/D, E/F and G/H). The structural
parameters classify each duplex as aHaftded Zorm structure. Disorder is observed at th
Ga4-Cab, Gg2-Cg3, Gc4-Cch, Gpd-Cpb, Ge4-Ce5 and G2-Cr3 phosphate linkages. The
alternative conformations are referred to as 1 and 2, and have occupancies of 62/38, 59/4:
67/33, 51/49, 64/36 and 47/53 % respectively. Details of the localjaasparameters can be

found in the Supplementary Information.

8OES, the second peroxieeaked structure, was obtained from a crystal grown and
soaked in similar conditions 89OE7, 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 -€dA Z
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 fourchighty disordered and

could not be modelled in electron density.
F6, Gb©6, HO) achad tolGamakbe |i Ine-8t Ohfed i05nde 8OET, dinncleotides

parameters were calculated separatelefarc h dupl ex i n the struct
Go6/ HO) . Soaking did not change the overa

classified as a lethanded Zorm DNA. Disorder is observed at thex@&Ca 5, G 2-Cs 3,

G 4-Cs b, Gcd-Ccd, ®2-Cp8, &®©éd-Cpd, Gc4-Ceb, G3-Cr3, G4-Crb, G:4-Csb,
Gh2-Cn3 and G 4-CH &, 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, 61/3'
71/29, 26/74 and 62/38 % respectively. Details of the local-pagegparameters can be found

in the Supplementary Information. Equivalently8@E7, 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(CGCGCGPERIA structures.

8OEJY, the third peroxidesoaked structure, was obtained from a crystal grown and soaked
in identical conditions a80ES8. 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 twolZNA duplexes in the crystal lattice, in a similar way to
the dher ZDNA structures presenting the same crystal packing. The nucleotides from each
chain (A0 and B 0ohanl dorGenablina bteH3do e 8oi r e@emi 6 n . 1
parameters classify the duplex as a-lefhded Zorm structure. Disorder is observed at the
Ge 2-Cs 8 phosphate linkage, as well as at thedC -6 group. The alternative
conformations are referred to as 5 and 6 and have occupancies of 47/53 and 63/37 9
respectively. Details of the local bagair parameters can be found in the Supplementary
Information. The structure belongs to the spacemR®2:2:, and crystal packing is consistent
with the polymorphic form B iod(CGCGCG) ZDNA structures. Globally, none of the sugar
pucker pseudorotation angles 8©E7, 80OE8 and 80OE9 differ significantly from the ones
reported inBOEX and8OEY. 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-aexes (left) and the aaxis (right).
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Table 5.3: Sugar pucker pseudorotation angles and sugar pucker type for the oligonucleotide
d(CGCGCQG) in 8OE7, 80OE8 and 80E9. Only chain A and chain B of each structure have been represented
here. The sugar pucker type forthe oligonucleotide d(CGCGCG) in 80OEX and 80OEY have been added as
comparison. Chain C, D, E, F, G and H of structures 80OE7 and 80E8 can be found in the Supplementary

Information.

80OE7 80OES8 80OE9 80EX 80OEY

Phaseangleof  Sygar | Phaseangle of Sugar Phase angle of  Sugar Sugar Sugar

Base pseu((:,(;'“:'am” Pucker pse‘t‘;‘;’“f,taﬁon Pucker pse“((é,‘;‘r?,taﬂon Pucker Pucker Pucker
5& 1545 C2-endo 152.3 C2tendo 149.2 C2-endo | C2-endo | C2-endo
|(_|: G 41.9 C4-exo 425 C4exo 32.8 C3tendo | C3-endo | C3-endo
'IA C 168.5 C2-endo 166.6 C2tendo 163.5 C2-endo | C2-endo | C2-endo
N| G 40.4 C4-exo 45.0 C4-exo 41.7 C4-exo C3-endo | Cé4exo
A C 145.7 C2-endo 143.1 Cl-exo 140.2 Cl-exo Cl-exo Cl-exo
G-3 0 168.7 C2-endo 167.4 C2-endo 169.2 C2'endo | C2-endo | C2-endo
5& 160.2 C2-endo 152.7 C2-endo 149.5 C2tendo | C2-endo | C2-endo
,C_i G 44.2 C4-exo 445 C4exo 33.1 C3tendo | C4-exo | C3-endo
f‘ C 157.2 C2-endo 167.8 C2-endo 162.8 C2tendo | C2-endo | C2-endo
N| G 35.2 C3-endo 38.1 C4exo 35.0 C3tendo | C3-endo | C3-endo
B C 155.5 C2-endo 151.6 C2-endo 154.4 C2tendo | C2-endo | C2-endo
G-3 0 167.6 C2-endo 167.4 C2-endo 168.0 C2'endo | C2-endo | C2-endo

5.3.1.2Coordination of the Cii ions and HO, molecules

In 8OE7, a total of twenty copper (Il) ions were found after the native crystal was

soaked in copper (1) 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 N

position of the guanine. All Ctiions 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 thé idns as well as partial coordination
spheres. Each Gtion was named following this convention:C(Gcrad® Posi t i on6)
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 (l1) ions parameters from 80OE7, 80OE8 and 80OE9 (distance in A)

PDB Metal Occupancy Distance to
ID name metal guanine N7
80E7 Cu2*(Gad) 1.00 2.03
CLP* (Gad) 1.00 2.18
CU?* (Ge2) 1.00 2.14
Cl?* (Ged) 1.00 2.03
Cl?* (Ge4) 1.00 2.03
CU?* (Ggd) 1.00 1.87
CL?* (Ggb) 0.90 2.09
80E8 Cuw?*(Gcd) 0.34 2.38

Interestingly, the coordination spheres of six of thesé iBus, Cd* (Ga4), CU* (Gad),
CU" (Gc2), CU* (Gc4), CU* (Ged), CU* (Gsb) and Ca' (Ge 2) included hydrogen peroxide
molecules. Ct (Gc4) was the only Cifion to have two hydrogen peroxide coordinated, Oxy

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

In 8OES8, a total of eleven copper (1) ions were found after the native crystal was soaked
in copper (I1) chloride followed by soaking in hydrogen peroxide for an hour. Thei@s
were added based on the electron density present and the distance from the N7 position of t
guanine. All Cd" ions were coordinated to the N7 position of guanines. Thréei@hs were
found coordinated per dup]l %iensene foGndl tobrdinatecE 6 /
to duplex AO6/ BO. After occupancy refineme
attributed to all the G ions as well as partial coordination spheres. Details of copper
coordination are available in Table 5.3. Aglenhydrogen peroxide molecule;®% ( 1 6 ) , w.
also found coordinated to €YGc 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 (Il) ion. Carbon, oxygen, nitrogen, and phosphate atoms are shown as yellow, red, blue,
and orange respectively. Copper (Il) ions are represented @airple spheres. Hydrogen peroxide molecules are
represented as blue spheres. TlBmFo-DFce |l ect ron density map is contour e

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

PDB H202 Occupancy  Distance to C#* Metal
ID Name H202 name
80E7 | Per(1) 0.80 1.81 CU?*(Ga2)

Per (2) 1.00 1.91 Cl?* (Gad)
Per (3) 0.97 1.81 Cl?* (Ge2)
Per (4) 0.69 2.03 CW?* (Ged)
Per (5) 1.00 1.75(Q); 1.73 (Q)  Cw?**(GcA)
Per (6) 0.95 1.72 Cl?* (Ge4)
Per (7) 1.00 1.87 Cl?* (Geb)
80E8 | Per 1.00 2.02 C?* (Ge @)
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However, no copper (ll) ions were foundd®E9 after the native crystal was soaked in
copper (1) chloride followed by soaking in hydrogen peroxide for an hour, uBiXes.
Interestingly, these three crystals were treated in the same conditions but still showed widely
different results. After copper (ll) chloride soaking, a copper bound to each guanine in the
asymmetric unit was to be expected in each crystal. Howeverhgfteogen peroxide soaking,
some of the copper (Il) ions were found to be missing in all three structures, espe8a@lBain
where none remained. And although these crystals were grown in the same conditions and wer
soaked in the same drops, the possibility that the copper (Il) chloride soaking step was no
performed long enough for all positions to be occupied remains. To detdfriia absence of
copper (1) ions was due to coppavaking or peroxidsoaking, a single crystal was used to
collect multiple data sets at different points of the soaking experiment.

5.3.2.Peroxidesoaked d(CGCGCQG) crystals: room temperature collection.

5.3.2.10verall structure and helical parameters analysis

80OEA, 80OEB and8OEC were collected from that same crystal of the DNA hexamer
sequence d(CGCGCGROEA 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 soake
in copper (Il) chloride. This collection was performed at room temperature usinglaiC
Humidity Controler to preserve the crystal and confirm the presence of copper (Il) 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 formsexes. No
spermine molecules were found in the asymmetric unit. The nucleotides from each chain (a, b
c, d) are labelled from €ainl t0 Gehairb 1 N -3tdh ed i5rée ct i on . Dinucl e
calculated separately for each duplex in the structure (a/b and c/d). The structural parametet
classify each duplex as a Wfanded Zform structure. Disorder is observed at th&-G35,
Gn2-Cp3 and G4-Cu5 phosphate linkages. The alternative conformations are referred to as a
and b and have occupancies @f7B, 43/67 and 13/87 respectively. Details of the local-base
pair parameters can be found in the Supplementary Information. The structure belongs to th
space group R2and crystal packing is consistent with the polymorphic form B of d(CGCGCG)
Z-DNA structures.
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8OEB was obtained after the same crystal used to c@IB&A on the irhouse 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. Thgstal did not diffract as much &0DEA 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 foeomoteract in the major groove with
two ZDNA dupl exes in the crystal l attice. T
labelled from Ghainl t0 Gehailb | n -3t6h edibréect i on. The struct
duplex as a lefhanded Zorm structure. Disorder is observed at the2€, 3 phosphate
linkage. The alternative conformations are referred to as ¢ and d and have occupancies of 36/¢
%. Details of the local bagmair parameters can be found in the Supplementary Information.
The struture belongs to the space groupB2;, and crystal packing is consistent with the
polymorphic form B of d(CGCGCG)-DNA structures.

8OEC was obtained after the same crystal used to co8&fA and 80OEB was
transferred one more time to a drop containing hydrogen peroxide and left to soak for anothe
thirty minutes. This collection was still performed at room temperature using a humidity
controller for consistency between the data sets. This time, thilodjffracted 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-BgAZduplexes
in the crystal lattice. The nucleotidesfto each chain (ad anrmdltd o)
Gecharb 1 n -3tbhediSéecti on. The struct ur a-handedhzr a me
form structure. Disorder is observed at theg8Cy, 3 phosphate linkage. The alternative
conformations are referred to as e and f and have occupancies of 57/43 %. Details of the loc:
basepair parameters can be found in the Supplementary Information. The structure belongs tc
the space group P22;, and crystal packing is consistent with fm@ymorphic form B of
d(CGCGCG) ZDNA structures.
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Figure 5.4: a. Packing diagram of the 80EA structure. b. Packing diagram of the 80OEB structure.
c. Packing diagram of the 80EC structure with views along the-axes (left) and the aaxis (right).
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Interestingly, one of the sugar puckers pseudorotation angl&OBA differed
significantly from all the other ones reported 8QEB, 80OEC, 8OEX and8OEY. The sugar
puckers at & were classified as Oéhdo. 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, 80EB and 80OEC. Only chain a and chain b of each structure have been represented
here. The sugar pucker type for the oligonucleotide d(CGCGCG) in 80OEX an8OEY have been added as

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

8OEA 80OEB 80OEC 80EX 80OEY

Phaseangleof  Sygar | Phaseangle of Sugar Phase angle of  Sugar Sugar Sugar

Base pseu(i(;lni‘a“m Pucker psw(i(;’”f,ta“m Pucker pseu(i(;‘r(itaﬁon Pucker Pucker Pucker
5& 137.4 Cl-exo 169.2 C2-endo 148.9 C2tendo | C2-endo | C2-endo
,C_i G 49.8 C4-exo 43.4 C4exo 45.8 C4-exo | C3tendo | C3-endo
'|°‘ C 157.6 C2-endo 164.9 C2-endo 162.9 C2tendo | C2-endo | C2-endo

N| G 47.5 C4-exo 60.0 C4-exo 43.1 C4-exo C3-endo | C4exo

a C 149.3 C2-endo 150.7 C2-endo 147.6 C2tendo | Cl-exo Cl-exo
G-3 0 169.2 C2-endo 171.7 C2-endo 162.1 C2tendo | C2-endo | C2-endo
5& 143.4 Cl-exo 166.2 C2-endo 150.3 C2tendo | C2-endo | C2-endo
S G 47.9 C4'-exo 71.3 C4-exo 47.8 C4-exo C4-exo | C3-endo
'|°‘ 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 C4exo 40.3 C4-exo | C3tendo | C3-endo
b C 149.5 C2-endo 156.3 C2-endo 150.9 C2'endo | C2-endo | C2-endo
G-3 0 162.9 C2-endo 167.8 C2-endo 160.8 C2endo | C2-endo | C2-endo

5.3.2.2Coordination of the Cii ions

In 8OEA, a total of eleven copper (ll) ions were found after the native crystal was
soaked in copper (lI) chloride. The €ions were added based on the electron density present
and the distance from the N7 position of the guanine. At ©®as were coordinated to the N7
position of guanines. However g&was the only guanine in the structure with no coordinated
copper (Il) ion. After occupancy refinement, a mix of partial and total occupancies were
attributed to all the Ciiions as well as partial coordination spheres. Ea&iiGn was named

following this convention: Cti (Gera® Posi ti ond) for clarity.

After soaking the crystal in a drop containing hydrogen peroxide, only three copper (II)
ions were found to remain BOEB. Likewise, the Ct ions were added based on the electron
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density present and the distance from the N7 position of the guain€u®* ions were
coordinated to the N7 position of guanines. After occupancy refinement, a mix of partial and

total occupancies were attributed to all thé'Gons as well as partial coordination spheres.

Finally, after a second soak of the same crystal in a drop containing hydrogen peroxide,
a single copper (ll) ion was identified @®OEC. 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 ¢

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

Surprisingly, the copper (1) ions disappeared from the crystal lattice as the experiment
went on, only leaving a single copper (1) ion at low occupan&0OR&C (Figure 5.5.).

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

PDB Metal Occupancy Distance to Metal Occupancy Distance to

ID name metal guanine N7 name metal guanine N7

80EA | Cuw?*(G:6) 0.93 2.14 CL?* (Ge6) 0.72 2.14
CW?* (G4) 0.84 1.93 Cl?* (G4) 0.82 2.06
CU?* (Ga2) 1.00 2.19 CW* (Ge2) 0.51 2.08
CL?* (Gob) 0.65 2.39 Cl?* (Gad) 0.52 3.06
CU?* (God) 0.58 2.13 Cw?* (Ga2) 0.92 2.54
CU?* (Go2) 0.63 3.14

80EB | Cu?*(Ga6) 0.39 2.43
CW?* (Gad) 0.52 2.32
CW?* (Ga3) 0.71 2.33

80EC | Cuw?*(Ga3) 0.15 2.63
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5.4.Discussion

80OE7, 80ES8, 80E9, 80OEBand 80EC are all novel structures of the d(CGCGCQG)
sequence after a crystal was soaked in hydrogen peroxide. Although the original intent was t
observe oxidative DNA damage in the crystal lattice with the hypothesis that an extra oxygen
would appear at the C8 ptien of guanines, no evidence that suggests this type of damage
occurred was observed in the electron density. The reaction between hydrogen peroxide an
copper was expected to occur at the binding sites identified prior to hydrogen peroxide soaking
and he hydroxyl radicals generated were expected to react with guanines to preduce 8
oxoguanine, the major oxidation product during oxidative sttedswever, no indication that
any of the guanine bases were oxidised was reported. This could be due to the low conversio
rate of this reaction in the absence of a reductant, as a conversion rate of 9.5 % was reported
these conditiontd. 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 anc
hence, a 9.5 % conversion rate would likely be observable due to the high diffrasbhgion
of the crystals.

Whilst damage sites could not be identified, hydrogen peroxide molecules were found
interacting with copper (Il) ions IBOE7 and 80OES8, which is the first time this type of
interaction has been observed in a DNA system. The average distance between a hydroge
peroxide molecule and copper was 1.85 A. Previously, protein structures with at least a peroxid
and a copper (l1) ion in their tige sites have been reported in the literdftA?® and distances
between the two have been described. Some of the distances rep8@&¥@mnd8OES8 could
be considered quite short compared to the average -1.200 A which is typically

observed?>27

Another disparity between the structures was the increase in the apparent disorder in thi
solvent channel. IBOE7 and compared to what can be seeBQEY at equivalent resolution,
the electron density is not as well defined and might suggest a highly disordered solvent afte
peroxide soaking. Furthermore, thef@tors for the copper (Il) ions (~60.G)Avere reported
as six times higher than the averagéaBtors in the structure (~10.0®A while the Bfactors
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for the hydrogen peroxide were not as high (~2520 t comparison, the averagef&ctors

for the copper (Il) ions iIBOEY was ~10.0 A B-factors in biological crystal structures at
equivalent resolution are normally not as high. Thedors for the copper (ll) ions BOE7

are significantly above the maximakfBctor average values that are compatible with the
crystalline solid state (B_max), described as 250l resolution better than 1.5°A Large B

factors can be interpreted as a sign of internal motion, but also as a sign of crystal defect an
diffraction decay®. However, high Bfactors were only reported in the solvent channel in this
structure, and this could be explained by the ongoing reaction between the copper (Il) ions an
the hydrogen peroxide happening in the crystal, especially as the avefag®mBn the

structure was not described as high.

8OEA, 80EB and8OEC did not have ordered hydrogen peroxide molecules. However,
it is worth noting how copper (ll) ions are removed from the structure as the crystal is soaked
in hydrogen peroxide. On average, there are five Cu (Il) ions per dupd&&EA, two and a
half per duplex irBOEB and one per duplex BOEC. As the reaction between the copper (II)
ions and hydrogen peroxide goes on, the copper (IlI) ions are removed from their original
bindingsites. There could be several reasons why the copper (1) ions unbind from the guanines
Copper (l) ions are accessible to the solvent channel, and as indicated by the preseg@ge of H
in 8OE7 and8OES, copper (Il) chloride is reacting with the hydrogen peroxide present in the
solvent channels. Copper (Il) reacts witfHto produceH O fScheme 5.39. However, this
reaction is not direct. Copper (ll) first reacts witbQdto produce superoxide ions£0Q and
copper (1) ions (Scheme 5.2.(1)). There is a possibility that after copper (ll) reacts;®ih H
the copper (I) unbinds, then regenerates to copper (II) and binds again. However, Cu (I) wa:
shown to also bind at the N7 position of guatin¥et, 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 (1) bind and unbind as the reaction goes or
Furthermore, théigh B-factors could be an indication a lot of movement is happening while
the reaction is ongoing.
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(7) C¥* + H.0,©° Oz + CU'
(8) CU* + H:020 C¥*+HOA
Scheme 5.2: The reaction of coppéth hydrogen peroxide

The complex mechanism presented here could explain the loss of copper (ll) binding
sites at the N7 position of the guanines and highlight why a dispaoibsesved between DNA
oxidative damage caused by coppatalysed Fenton and iraratalysed Fenton chemistry.
With constant binding and unbinding, the reaction centre in a capapalysed Fenton
chemistry might not be as well defined as an-catalysed Enton chemistry reaction centre,
where iron (1) would directly react with hydrogen peroxide to produce hydroxyl ratlials
further investigate this mechanism, crystals with ordered iron (ll) centres could be soaked in
hydrogen peroxide and compared to this system. This could help identify the differences

between how iron (I1) and copper (1) react with hydrogen peroxideDNA system.
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Chapter 6 - Conformational ChangesM ediated
by a Fentonlike 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 t he magkelluas at
components can be damaged and various disorders, including neurological discadess,
and cardiovascular diseadean arise. Oxidative DNA damage has been reported as frequent
in oxidative stress environment, with single strand breaks, datialed breaks, the formation
apurinic/apyrimidinic lesions and base modifications among the type of damage déscribed

Often, oxidative DNA damage can lead to mutations and diseases

Out of all four DNA bases, guanine has the lowest redox potenialsuch, increased
levels of oxidative damage have been reflected by the presence of the oxidative stress marke
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 o
Cu, transition metals known to react with hydrogen peroxide to generate hydroxyl radicals
(HO)S. Previously, the role of guanine oxidation was not seen as anything else but the cause c
mutations, however in recent years, research groups have started investigating the epigenet

role of oxidative damage and guanine oxidation

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

recognise and bind specifically to quadruplex sequéntesG-quadruplexes are also
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particularly sensitive to oxidative damag¥. As a result, the presence ofo80G in the
promoter regions of genes has been investigated and subsequently, the suggestion that oxc
adopt a regulatory role during gene transcription via the base excision repair (BER) pathway

aroséd 16,
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Figure 6.1: a. Schematic showing how a @uadruplex is stabilized by Hoogsteen baspairing with
a potassium cation in the channel. After oxidativedamage, 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 aqu&@lruplexes structuré??.
And although this has provided some insight on what the effects structure are after damage,
single damaged base was incorporated prior to structural analysis in each study and th

structural effects of damage in an actual oxidative stress environraennat 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 solétidwucleic acids
are chiral molecules which can absorb rightd lefthanded circularly polarized light
differently. This difference, commonly called circular dichroism, can be described with the
quantity called el | i p? Stwdturaydjfferdices ie RNArleadsts e d
unique CD spectral signatures, and witly@druplexes, specific CD spectral signatures have
been associated with distinctdbiadruplex topologies: a positive band at 260 nm and a negative
band at 245 nm for parall@-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 negativ
band at 245 nm f oP (Fiylre G2n)i These differandes in popotogies,s
arising from differences in arrangementsaoti/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 guanhtetrad stacks are affected as they mainly contribute to the CD
signaf®.

| \ parallel JL— antiparallel
— quadruplex ) :"7 quadruplex
4‘% e
5 ) 5 x’ ’
o 0
b HN
. a )N\H HgN'—<\N a
e
N
HO N™ "N "NH;, HO
:OH/ ;Oa/
OH anti OH syn

Figure 6.2: a. An example of possible parallel and antiparallel &uadruplexes that have been
reported. The name refers to the orientation of the strands part of the quadruplex core. b. Representation of
the anti and synglycosic bond angles that can be adopted by guanine bases img@Gdruplexes.
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Hence, changes in-Guadruplex topologies during oxidative damage can be monitored, as one
of the consequences of guanine oxidation is the protonation at the N7 position of guanines,
modification which can prevent Hoogsteen pairings between the oxgliseihe and the other

guanines in the tetrad and destabilise the whole strdeti(€igure 6.1b).

In this work, circular dichroism (CD) was used to monitor changes irgaa@ruplex
structure as a function of time and temperature with the expectation that oxidative damage t«
guanines will prevent the guanine tetrads from reforming. For thisgqaa@uplex forming
sequence found in the P1 promoter region of the PSEN2 gene, a gene which encodes for tt
presenilin2 protein known for its role in processing amyloid precursor prdteiras chosen.
PSEN2 expression is mainly controlled by the P1 promoter whose activity depends on two
transcription binding sites for the transcription factor8figure 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 micBCSpl binding sites enhance
gene transcriptiofi, this sequence appeared as an excellent candidate to monitor oxidative
damage. The 36ucleotide long sequence was chosen after the gene promoter sequence wa
analysed using QGRS Mappeto predict which portion of the promoter was more likely to
form a Gquadruplex. After the sequence was prepared in a potassium cacodylate buffer, anc
the quadruplex formation was validated with CD, the sequence was confirmed to fold into a

hybrid Gquaduplex 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

PSEN2 sequence folds into a hybrid @uadruplex in presence of potassium.

Separately, sequences of PSEN2 which had their tract of guaniriesc{§} substituted by
either Atract or Ftract (Table 6.1) were investigated to identify which tracts participate in the
tetrad core as it is unclear whichtfacts are implicated and lgrfour out of the six found in

the PSEN2 sequence are needed to form to@daruplex. Ultimately, this should also help
identify which Gtracts could potentially be damaged primarily in an oxidative stress
environment, as adenine and thymine bases willparticipate in Hoogsteen bagairing in

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

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 (Gtract) hypothesised to be part of the Gquadruplex core is represented in red. The

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

Name Sequence (56 to @
PSEN2 GGGCGTGGCCTGGGCGGGCGTGGGGCGGGGCCTGGG
G3T4 GGGTTTTGGGTTTTGGGTTTTGGGTTTT

PSEN2 Al AAACGTGGCCTGGGCGGGCGTGGGGCGGGGCCTGGG
PSEN2 A2 GGGCGTGGCCRAACGGGCGTGGGGCGGGGCCTGGG
PSEN2 A3 GGGCGTGGCCTGGGEAACGTGGGGCGGGGLCCTGGEG
PSEN2 A4 GGGCGTGGCCTGGGCGGGCGIPAA CGGGGCCTGGG
PSEN2 A5 GGGCGTGGCCTGGGCGGGCGTGGGBBAA CCTGGG
PSEN2 A6 GGGCGTGGCCTGGGCGGGCGTGGGGCGGGGCUTA
PSEN2 T1 TTTCGTGGCCTGGGCGGGCGTGGGGCGGGGCCTGGG
PSEN2 T2 GGGCGTGGCCTTT CGGGCGTGGGGCGGGGCCTGGG
PSEN2 T3 GGGCGTGGCCTGGGUTT CGTGGGGCGGGGCCTGGG
PSEN2 T4 GGGCGTGGCCTGGGCGGGCAENTT CGGGGCCTGGG
PSEN2 T5 GGGCGTGGCCTGGGCGGGCGTGGGGTTT CCTGGG
PSEN2 T6 GGGCGTGGCCTGGGCGGGCGTGGGGLCGGGGOT

Subsequently, Fenton reagents@i1 mM, CuCb2 00 e M, <citric acid
samples containing the DNA sequence PSENZ2, which were monitored using CD, to look at the
effects of oxidative damage. The DNA sequence G3T4 (Table 6.1), a parajieddBuplex
forming sequence containing only fo@rtracts, was also used in this experiment to monitor
the effects of oxidative damage on a model system. Finally, a sample of the DNA sequence
PSEN2 treated with the Fenton reagents to induce oxidative dawegy@nalysed on a
denaturing gel to identify potential strand breaks.

This method was developed in parallel with the method that was presented in Chapter £
and the rest of the work presented in this thesis. The overall aim was to find interesting system
with the method presented here and to attempt crystallisation torfumtlestigate 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

Theoligonucleotides were purchased from Eurogentec as a solid purified-B\PRE.
DNA concentration was determined from the
molar extinction coefficient provided by the manufacturer. All sequences were [ épad
eM stock solutions with HPLC water. Stock
experiment were freshly prepared before each experiment: potassium chloride (1 M), coppe
(1) chloride (50 mM), citric acid (200 mM), potassium cacodylatéesupH 7.0, 200 mM),
potassium sulfite (250 mM) and hydrogen peroxide (1% wi/v) (SLS). DNA samples were
annealed in a 20 mM potassium cacodylate pH 7.0 buffer and 50 mM potassium chloride a
358K for 2 minutes then slowly cooled down at RT. All chemieedse purchased from Sigma

Aldrich unless stated otherwise.

6.2.2.Quadruplexes formation and melting experiments.

Circular dichroism spectra were obtained using a Chirascan VO@@ular dichroism
spectrometer. Spectra were collected from-280 nm with a 1 second integration time, 1 nm
slit and a reduced volume quartz cell with a 1 mm path length. Data werdediery 10 °C
Celsius from 20 to 80 degrees Celsius at a reatgof 2 degrees Celsius per minute then cooled
down to 20 degrees Celsius. All spectra of the unmodified PSEN2 sequence were obtaine
using a DNA concentration of 3. All spectra of sulttuted PSEN2 sequences (adenine or
thymine) were obtained at a DNA concentration ofead. 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 VO@ular dichroism
spectrometer. Spectra were collected from-280 nm with a 1 second integration time, 1 nm
slit and a reduced volume quartz cell with a 1 mm path length. Copper @ijdehlcitric acid
and hydrogen peroxide were added to anneal
and 1 mM respectively. The hydrogen peroxide was added to the cuvette containing the sampl
last and data collection was started immediately aftata Dvere collected every 10 degrees
Celsius from 20 to 80 degrees Celsius then from 80 to 20 degrees Celsius atrateaoff2
degrees Celsius per minute to monitor the Fenton reaction and DNA damage. All spectra wer:
obtained for a constant DNA concetiton (15¢M). 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 ethano
precipitation. 3 volumes of ice cold 100 % ethanol were directly added to the samples, mixed
thoroughly, and left a20 °C overnight. The samples were then centrifuged at 13,00€brpm
30 minutes at 4 °C. The supernatants were removed, and the pellets were washed carefully wi
ice cold 75 % ethanol and spun at 13,000 rpm for 10 minutes. This step was repeated one mo
time and the supernatants removed. The pellets were then &ftdoy and resuspended in
deionised water. Samples were made to ensure 200 ng are loaded on the gels. To ensu
separation on the denaturing gel, three DNA sequences of various lengths were prepare

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:daisrylamide 29:1 solution, 19.2 g of urea and
HPLC water were mixed to make a 40 mL gel solution. The solution was shakeougigo
unt i | the urea was dissol ved. 40 L of TE
freshly prepared 10% (w/v) APS. The solution was mixed, poured between the gel plates and .

comb was placed immediately before the gel starts polymerisinggdhesas 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 wasrpreat 125 V for 30 minutes,
then the wells washed before loading the samples. The samples were niike@xw
Bromophenol Blue and loaded on the gel. The electrophoresis tank was placed in an oven at €
°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 \gak then examined under

UV light.

6.3. Results

6.3.1.Confirmation of Gquadruplex formation by circular dichroism

CD measurements were first run to confirm B®EN2 sequence forms a hybrid G
quadruplex in presence of potassium. Then, to ensure dipga@uplex folds and unfolds
correctly during the experiments, a protocol identical to the one that will be used to monitor
samples treated with Fenton reagents 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 a
the result can be seen in Figure 6.5. The CD signal at 240, 265 and 295 nm recovered afte
cooling the sample to®2°C, which suggests the PSEN2 sequence folds back correctly into a

A h y b r-quadouplez under the time constraint created by the experiment.

80°C
70°C

—20°C
—30°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 Gguadruplex as afunction of temperature. a. As the
temperature increases, the Guadruplex is denatured. b. Decreasing the temperature favoured the refolding

oftheGquadrupl ex in its original Afhybrido topology.
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6.3.2.Effects of oxidative damage on PSEN2 topology after thermal denaturation

Before the run, copper (Il) chloride and citric acid were added to the annealed sample
and transferred to a 1 mm cuvette. In this study, copper was used a®®@ygen sensitive
model for iron and citric acid was used as a substitute to ascorbic abidalar@lecule 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 startt
immediately after. At the end of the experiment, shenple was immediately quenched with

potassium sulfite and desalted using ethanol precipitation.

While the Fenton reaction was ongoing, the temperature was increased and decrease
at the same rate used to ensure thgu&druplex could refold with the same topology.
Consequently, the two results can be directly compared. The major consequence ahdenatu
the PSEN2 GQquadruplex in the presence of Fenton reagents was the changes in the CD spectr
between the start (20 °C, native, Figure 6.6a) and the end (20 °C, damaged/undamaged, Figu
6.6a) of the experiment. A major 48.6 % decrease in the elljptti265 nm was observed, a
result that was anticipated as oxidative damage promotes the destabilisatiqnaxfr@plexes.

A similar decrease in the ellipticity was observed when the same method was employed witt
the G3T4 sequence (Supplementary infororgtiHowever, 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 prominpatailet
component (Figuré.6a).
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Figure 6.6: a. CD spectra of the PSEN2 &uadruplex before (red) and after (blue) the Fenton
reagents (HO21 mM, CuCl22 00 ¢ M, citric acid 1 mM) were added
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 ellgity at 265 nm and an increase in

the ellipticity at 295 nm were observed, which could suggest the sequence refolds differently. b. In comparison,

t

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 Ahybrido topology at

6.3.3.Effects of Gtract substitution on PSEN2 topology

The PSEN2 sequence contains sikr&ts, but only four out of the six wiblarticipate
in the tetrad core, while the other two will be part of the loop region. To identify whicikcG
are part of the core and possibly understand whittaGs have potentially been damaged, CD
measurements of twelve substituted sequencesnwerat 20 °C. Each sequence has had one
of the six Gtracts substituted by either-tfacts or Atracts. All the substituted PSEN2

sequences and given names are summarised in Table 6.1.

The native PSEN2 s e g u-guadcuplex fnothenpesernme ofi h y
potassium, with distinct positive bands at 260 and 295 nm and a negative band at 240 nn
(Figure 6.4). And when compared to the CD profile ofRBEN2 AL, PSEN2 AG PSEN2 T,
andPSEN2 T6sequences, 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 whict
suggests that substituting the first and sixttrd&ts did not prevent these DN&quences from
folding into the same hybrid -Guadruplexes than the nativedBadruplex, regardless of

whether the substitution was done witktrActs or Ftracts.
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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 @&act substitutions did not influence topology, regardless of if the
substitution was done with adenine or thymine bases. Each samphas 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.

Additionally, substitution of the third @act resulted in substantial variations in the
band intensity at 295 nm, while the same positive band at 265 nm and negative band at 240 n
found in the CD spectra of the native sequence were observed, sugbge#tisgquences still
f ormed a -quidsupex.iThedsign@icant increase in the band intensity at 295 nm in
PSEN2 A3andPSENZ2 T3can be seen in Figure 6.8. Similarly, substitution of the fourth G
tract resulted in positive bands at 260 and 295 ninaanegative band at 240 nm, suggesting
t he f or mat i o-guadrdplexaas vileh, gxbeptithd signabis much stronger at 295 nm
than at 260 nm, which could suggest a-shi:
parallel signal. The CD pfites of thePSEN2 A4andPSEN2 T4sequences can be seen in
Figure 6.8.
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