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“‘Somewhere, something incredible is waiting to be known.”

-Carl Sagan, astronomer of the people.
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Abstract

Protein-DNA interactions are central to many biological processes and form the bedrock
of gene transcription, DNA replication, and DNA repair processes. Many proteins
recognize specific sequences in DNA- a restriction enzyme must only cut at the correct
sequence and a transcription factor should bind at its consensus sequence. Some
proteins are designed to bind to specific structural or chemical features in DNA, such as
DNA repair proteins and some DNA modifying enzymes. Target-specific DNA binding
proteins initially bind to non-specific DNA and then search for their target sites through
different types of diffusion mechanisms. Atomic force microscopy (AFM) is a single-
molecule technique that is specifically well-suited to resolve the distinct states of target-
specific as well as nonspecific protein-DNA interactions that are vital for a deeper insight
into the target site search mechanisms of these enzymes. In this thesis, protein systems
involved in epigenetic regulation, base excision repair (BER), and transcription are
investigated by single-molecule AFM analyses complemented by biochemical and
biophysical experiments.

The first chapter of this thesis narrates the establishment of a novel, user-unbiased
MatLab-based tool for automated DNA bend angle measurements on AFM data. This tool
has then been employed to study the initial lesion detection step of several DNA
glycosylases. These results promoted a model describing the altered plasticities of DNA
at the target lesions of DNA glycosylases as the fundamental mechanism for their
enhanced efficiency of lesion detection.

In the second chapter of this thesis, the novel automated tool has been further extended
to provide protein binding positions on the DNA along with corresponding DNA bend
angles and applied to the study of DNMT3A DNA methyltransferase. These AFM studies
revealed preferential co-methylation at specific, defined distances between two CpG sites
by the enzyme and when combined with biochemical analyses and structural modelling
supported novel modes of CpG co-methylation by DNMT3A.

In the third chapter of this thesis, the role of 8-oxo-guanine glycosylase (hOGG1) in Myc-
mediated transcription initiation has been investigated. AFM analyses revealed that in the
presence of oxidative damage in DNA, Myc is recruited to its target site (E-box) by hOGG1
through direct protein-protein interactions, specifically under oxidizing conditions.
Intriguingly, oxidation of hOGGL1 was further observed to result in dimerization of hOGG1,
which may also play a role in the mechanism of transcription regulation by hOGG1 under
oxidative stress.
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Zusammenfassung

Protein-DNA-Wechselwirkungen sind fir viele biologische Prozesse von zentraler
Bedeutung und bilden die Grundlage der Gentranskription, der DNA-Replikation und der
DNA-Reparaturprozesse. Viele Proteine erkennen bestimmte Bassen-Sequenzen in der
DNA - ein Restriktionsenzym darf nur an der richtigen Sequenz schneiden, und ein
Transkriptionsfaktor sollte an seine Konsenssequenz binden. Einige Proteine sind darauf
ausgelegt, an bestimmte strukturelle oder chemische Merkmale der DNA zu binden, wie
z. B. DNA-Reparaturproteine und verschiedene DNA-modifizierende Enzyme.
Zielspezifische DNA-bindende Proteine binden zun&chst an unspezifische DNA und
suchen dann durch verschiedene Arten von Diffusionsmechanismen nach ihren
Zielstellen in der DNA. AFM ist eine Einzelmolekiltechnik, die besonders gut geeignet ist,
um die verschiedenen Zustdnde sowohl der spezifisch gebundenen als auch
unspezifischen Protein-DNA-Wechselwirkungen aufzulésen, die fir einen tieferen
Einblick in die Mechanismen der Zielstellensuche unerlasslich sind. In dieser Arbeit
werden  Proteinsysteme, die an der epigenetischen Regulation, der
Basenexzisionsreparatur (BER) und der Transkription beteiligt sind, durch Einzelmolekiil-
AFM-Analysen untersucht, und diese Studien werden durch biochemische und
biophysikalische Experimente komplementiert.

Das erste Kapitel dieser Arbeit beschreibt die Etablierung eines neuartigen, Benutzer-
unabhéngigen MatlLab-basierten Ansatzes zur automatisierten Messung von DNA-
Biegungswinkeln an AFM-Daten. Dieses Tool wurde dann eingesetzt, um den initialen
Schritt der DNA-Schadenserkennung verschiedener DNA-Glykosylasen zu untersuchen.
Diese Daten unterstitzten ein Modell, das die erhohte Effizienz der DNA-
Schadenserkennung durch Glykosylasen basierend auf veranderten DNA-Flexibilitaten
an den Stellen ihrer Zielschaden beschreibt.

Im zweiten Kapitel dieser Arbeit wurde dieses neuartige automatisierte Tool erweitert, um
Proteinbindungspositionen auf der DNA zusammen mit den entsprechenden DNA-
Biegungswinkeln zu ermitteln, und auf die Untersuchung der DNMT3A DNA-
Methyltransferase mittels AFM angewendet. Diese AFM-Studien ergaben eine
bevorzugte Co-Methylierung in spezifischen, definierten Abstadnden zwischen zwei CpG-
Stellen durch das Enzym und unterstitzten in Kombination mit biochemischen Analysen
und Strukturmodellierung ein neues Modell der CpG-Co-Methylierung durch DNMT3A.

Im dritten Kapitel dieser Arbeit wurde die Rolle der 8-Oxo-Guanin-Glycosylase (hOGG1)
in der Transkriptionsinitierung durch den Transkriptionsfaktor Myc untersucht. AFM-
Analysen ergaben, dass in Anwesenheit oxidativer Schaden in DNA, Myc durch hOGGL1
Uber direkte Protein-Protein-Wechselwirkungen an seine Zielstelle (E-box) rekrutiert wird,
insbesondere unter oxidierenden Bedingungen. Interessanterweise wurde weiterhin
beobachtet, dass die Oxidation von hOGGL1 selbst zu einer Dimerisierung von hOGG1
fahrt, die auch eine Rolle im Mechanismus der Transkriptionsregulation durch hOGG1
unter oxidativem Stress spielen kdnnte.
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1. General Introduction

A wide variety of proteins interacting with DNA play significant roles in many pivotal
biological processes like gene transcription, replication, recombination, and DNA repair’?.
In this thesis, | have attempted to understand protein-DNA interactions at a single-
molecule level using atomic force microscopy (AFM) imaging supported by ensemble,
biochemical and biophysical techniques. Protein-DNA systems involved in base excision
repair (DNA glycosylases) and DNA methylation (DNA methyltransferases), as well as
interactions between a DNA repair protein and a transcription factor have been studied
and are presented in different chapters of this thesis.

Atomic force microscopy emerged as a vital technique out of research in the field of
nanotechnology and belongs to the scanning probe microscopy (SPM) family3. It is a
powerful tool for the study of protein-DNA interactions, and in fact one of only few methods
to visualize protein-DNA interactions at the single-molecule level. AFM thus complements
techniques like X-ray crystallography, which provides sub-molecular resolution, and
optical microscopy, which is restricted to lower spatial resolution (few hundred
nanometers) but provides high temporal resolution. As a single-molecule method, AFM is
uniquely suited to resolve heterogeneity in protein-DNA complexes and reveal several
distinct states present among them, which otherwise are concealed in bulk techniques.
Stoichiometric analyses of protein complexes, binding specificities of proteins on DNA and
DNA bend angle measurements on AFM data were major approaches used to derive
mechanistic information on the different protein systems studied in this thesis. Techniques
like electrophoretic mobility shift assay (EMSA), fluorescence polarization,
crystallography, analytical ultracentrifugation (AUC), native agarose gel electrophoresis
(NAGE), and fluorescence resonance energy transfer (FRET) that provide ensemble
characteristics of biomolecular interactions have been employed in this thesis to support
AFM results.

The aims of this thesis were to characterize protein-DNA and protein-protein interactions
to gain deeper insight into the target site search mechanisms of DNA glycosylases, to
investigate the role of a specific DNA glycosylase in transcription regulation, and to
understand distinct co-methylation preferences by DNMT3A methyltransferase.

The first section of this thesis aims to investigate the initial lesion detection step by several
DNA glycosylases that bind to structurally different target base lesions. To achieve this,
the study further aims to establish a novel, user-unbiased MatLab-based tool for
automated DNA bend angle measurements on AFM data.

The second chapter of this thesis aims to understand how DNMT3A DNA
methyltransferase can overcome the innate structural preference for co-methylation at
dual CpG sites with 12 bp spacing. Towards this aim, manual and automated
measurements on the AFM data are performed along with biochemical and structural
modelling studies.
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The final chapter of this thesis aims to investigate the functions of human 8-oxo-guanine
glycosylase (hOGG1) in Myc-mediated transcription. hOGG1 is one of the DNA
glycosylases studied in the first chapter of this thesis. Apart from its prime role in base
excision repair, it is also believed to be involved in transcription regulation. With this
objective, the study employs extensive AFM analyses in conjunction with biochemical and
biophysical techniques.
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2. Materials and Methods

2.1 Materials

2.1.1

Instruments and consumables

The following list contains the instruments used in this thesis (Table. 2.1).

Table 2.1: Instruments

Instrument

Model

Supplier

Atomic Force Microscope

Autoclave

Agarose gel
system
Analytical
(AUC)

AUC sample cell

electrophoresis

Ultracentrifuge

AUC-Rotor

Analytical  size  exclusion
chromatography (SEC)
columns

Balances

Block thermostat

Bio-Photometer

CD Spectropolarimeter

Molecular force probe
(MFP) 3D-Bio AFM
Systec V-150

Mini-Sub® Cell GT
System

Optima XL-1
Double-sector Epon

Charcoal-Filled
Centerpiece,
Sapphire windows
An-50 Ti

Superose™ 6
increase 10/300 GL
(Superose 6 increase)

Superdex™ 200
10/300 GL

(SD 200 10/300)
Superdex™ 75
10/300 GL

(SD75 10/300)

XS 105 Dual Range
(0-19)

XS 6002S  Dual
Range (0.5-500q)
Rotilabo® block

thermostat H 250
6131

J-810

Asylum Research

Systec

Bio-Rad Laboratories

Beckman Coulter

Beckman Coulter

Beckman Coulter

GE Healthcare

Mettler Toledo

Carl Roth

Eppendorf

Jasco
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CD cuvette

Cell disruption system

Centrifuges

Centrifuges

Columns for affinity
chromatography

Columns for lon exchange
chromatography
Electrophoresis

Electrophoresis power

Supply
Fast protein liquid
chromatography (FPLC)

systems (Protein purification)
Fluorescence spectrometer

Fluorescence cuvette

Fraction collector
Gel-drying device
Imaging System

Imaging System

Imaging System
Imaging system

Incubator

Ice machine

Liquid handling robot

Cylindrical absorption
cuvette, path length 1
mm

M-110P

5417 R

5424

5804 R

5430 R

Avanti J-26 XP

Avanti J-HC
Econo-Column 1,5 x
15cm

Econo-Column 2,5 x
20 cm

MonoQ® 10/100 GL

Mini-PROTEAN Tetra
Cell
PowerPac™ Basic

AKTA™ pure 25
AKTA™ avant 25
AKTA™ purifier 10
Fluoromax4

Ultra-micro  cuvetter

(30pL)
Frac-950

GelAir Gel Dryer
Odyssey

ChemiDoc™
Imaging System
PharosFX imager

MP

Infinity

B15
Incubator
94774

NT8® robot

Compact

Hellma Analytics

Microfluidics

Eppendorf

Beckman Coulter

Biorad

GE Healthcare
Bio-Rad Laboratories
Bio-Rad Laboratories

GE Healthcare

Horiba Jobin Yvon

Hellma Analytics

GE Healthcare
Bio-Rad Laboratories
LI-COR Biosciences

Bio-Rad Laboratories

Bio-Rad Laboratories
Vilber

Heraeus

Ziegra Eismaschinen

FORMULATRIX®
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Liquid handling robot
Laminar flow hood Class Il
Magnetic stirrer
Microplate reader
Microscope camera
Microscope light source
Microscope light source

Microscopes

Microwave
Mini Trans-Blot cell
Magnetic stirrer

Monitor pH/C-900
conductivity temperature)
Monitor UV900 (absorption)
Polymerase chain reaction
(PCR)-cycler

(pH,

pH meter

Pipettes

Preparative SEC FPLC column

Protein Crystallization Imager

LISSY 2002
MR 3002
CLARIOstar®
AxioCam MRc
KL 2500 LCD
CL 1500 Eco

SteREO  Discovery.
V12, STEMI 2000-c

MR 3002

Mastercycler®
EPgradient S
Mastercycler® proS
BlueLine 14pH

XLS+LTS PIPET 0.1-

2 uL

XLS+LTS PIPET 0.5-
10 uL

XLS+LTS PIPET 2-20
ML

XLS+LTS PIPET 20-
200 yL

XLS+LTS PIPET 100-
1000 pL

HiLoad™ 16/600

Superdex™ 200 pg
(SD 200 16/600)
HiLoad™ 16/600
Superdex™ 75 pg
(SD75 16/600)
ROCKIMAGER®

Zinsser Analytic
Thermo Fisher Scientific
Heidolph Instruments
BMG LABTECH

ZEISS

ZEISS

ZEISS

ZEISS

Privileg

Bio-Rad Laboratories
Heidolph

GE Healthcare

Eppendorf

SCHOTT
Mettler-Toledo

GE Healthcare

FORMULATRIX
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Sealing robot

Shaking incubators

Spectrophotometer
Sample loading pump
Thermomixer
Ultrapure water system
UV imaging system

Vortex mixer

RoboSeal

ISF-1-W

ISF-1-X

LT-X

NanoDrop ND 1000

P960

Thermomix comfort
TKA GenPure

Gel Doc™ XR System

Vortex-Genie 2

HJ-BIOANALYTIC

Kihner

Peglab

GE Healthcare
Eppendorf

Thermo Fisher Scientific
Bio-Rad Laboratories

Scientific Industries

The list below excludes general glass and plastic containers and items.

Table 2.2: Special consumables

Type Model Supplier
24-well crystallization = Crystalgen SuperClear™ | Jena Bioscience
plates Plate

384-well microplate Black bottom, non-binding | Greiner Bio-One
96-well crystallization = Crystalquick™ 1 square @ Greiner Bio-One
plates well, flat bottom, low profile

AFM cantilevers
Blotting paper
Centrifugal concentrator
Centrifuge tube

Cover slides

Cuvettes
CD cuvette

Concentrators

Fluoromax cuvette

OMCL-AC240TSA,
noncontact/ tapping mode
silicon probes

Amicon® Ultra-0.5, 4 and
15 mL

Cellstar® centrifuge tube-

15 and 50 mL

Circular, Siliconised, 22
mm

Rotilabo® -single-use
Cylindrical absorption

cuvette, path length 1 mm
MWCO 10,000 Vivaspin 20
(30 ml)

MWCO 30,000 Vivaspin 20
(30 ml)

105.202

Olympus

Roth

Merck Millipore
Greiner Bio-One
Jena Bioscience

Carl Roth
Hellma Analytics

Sartorius Stedim Biotech

Hellma Analytics
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Dialysis membranes
Filter paper

Gloves

Mica

Microcon centrifugal filters
for DNA concentration

Microcon centrifugal filters
for buffer exchange of
protein

Microscope slides (76 x 26
x 1 mm)

Nitrocellulose membrane
Optical quality sealing foll
Parafiim® M

Polymerase chain reaction
(PCR) tubes

Pipette tips

Polyvinylidene  difluoride
(PVDF) membrane
Precast SDS-Gels

PageRuler
protein ladder
Pipette tips 2uL
Reaction tubes

prestained

Sterile filter

Syringes

Spectra/Por®

Nitril gloves

Grade V-5, 75 x 25 x 0.15
mm

10 kDa MWCO (500 ul)
100 kDa MWCO (500 pl)

10 kDa MWCO (500 pl)

VIEWseal™

2 in. x 250 ft

Multiply®-Pro cup 0.2 mL,
Multiply®-uStrip 0.2 mL
chain,

8-Lid chain, flat

Pipette tips- 10, 200, 1000
ML

Mini-PROTEAN TGX 4-
20% gels

SafeSeal tube- 0.5, 1.5
clear and brown, 2 mL
Acrodisc® sterile filter for
syringe- 0.22 and 0.45 pym
Omnifix® syringes- 1,5,10,
and 20 mL

Spectrum Laboratories
Sartorius

Star Lab

SPI supplies

Millipore

Millipore

Hartenstein
Amersham
Greiner Bio-One

Sigma-Aldrich
Sarstedt

Rainin

Amersham

Bio-Rad Laboratories
Fermentas

Eppendorf
Sarstedt

Pall

B. Braun
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2.1.2 Chemicals, reagents, and media

The following list contains the chemicals used in this thesis (Table. 2.3). All buffers and
solutions were prepared with ultrapure water generated by a TKA GenPure system.

Table 2.3: Chemicals, reagents, and media

Substance Supplier

2’-Deoxythymidine 5’-triphosphate (dTTP), New England Biolabs
sodium salt solution

4-(2-hydroxyethyl)-1- Carl Roth
piperazineethanesulfonic acid (HEPES)

Acetic acid Carl Roth
AlexaFluor 488 Invitrogen
2-Propanol Carl Roth
Acrylamide/Bisacrylamide (37.5:1) Carl Roth
Acrylamide/Bisacrylamide (29:1) Carl Roth
Agar Carl Roth
Agarose NEEO ultra quality Carl Roth
Protein grade Agarose Carl Roth
Ammonium persulphate (APS) Carl Roth
Ampicillin (Amp) sodium salt Carl Roth
Bovine serum albumin (BSA) Sigma-Aldrich
Bromophenol blue sodium salt Carl Roth
Boric acid Carl Roth
Chloramphenicol (Cam) Carl Roth

cOmplete™, EDTA-free Protease Inhibitor | Sigma-Aldrich (Roche)
Cocktall

Coomassie Brilliant Blue G-250 Carl Roth
Dithiothreitol (DTT) Carl Roth
Dimethyl sulfoxide (DMSO) Carl Roth
Ethanol Carl Roth
Ethylenediaminetetraacetic acid (EDTA) Carl Roth
Glycerol Carl Roth
Glycine Carl Roth
Glutathione Carl Roth
Hydrogen peroxide (H202) Carl Roth
Hydrochloric acid (HCI) Carl Roth
Imidazole Carl Roth
Isopropyl-g-D-thiogalactopyranoside Carl Roth
(IPTG)

Kanamycin sulfate (Kan) Carl Roth
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Magnesium chloride hexahydrate (MgClz2) ' Carl Roth

Methanol Carl Roth
Lysogeny broth medium (LB) Carl Roth
Magnesium acetate Carl Roth
Nickel (Il) sulphate hexahydrate Sigma-Aldrich
Orange G Sigma-Aldrich
Polyethylene glycol 4000 (PEG4000) Sigma-Aldrich
Ponceau S Sigma-Aldrich
Sodium acetate Carl Roth
Sodium borohydride Sigma-Aldrich
Sodium chloride (NaCl) Carl Roth
Sodium dodecyl sulfate (SDS) Carl Roth
Sodium hydroxide (NaOH) Carl Roth
Streptomycin sulfate (Strep) Carl Roth
Terrific Broth (TB) medium Carl Roth

Tetramethylethylenediamine (TEMED) Carl Roth
Tris-(2-carboxyethyl)-phosphine (TCEP) Carl Roth
Tris-(hydroxymethyl)-aminomethane (Tris) Carl Roth

g-Mercaptoethanol

2.1.3 Resins

Table 2.4: Resins

Type

Applichem

Model

Supplier

Affinity matrix for maltose-
amylose isolation

Affinity matrix for GST tag
purification
Immobilized metal-ion

affinity chromatography
resin

Amylose resin
GST beads

Protino® Ni-IDA

New England Biolabs

Thermo Fisher Scientific

MACHEREY-NAGEL

2.1.4 Cloning material, enzymes, and recombinant proteins

Table 2.5: Cloning material, enzymes, and recombinant proteins

Designation

Supplier

2’- Deoxyadenosine 5'-
(dATP), sodium salt solution

2’- Deoxycytidine 5’- triphosphate (dCTP),

sodium salt solution

triphosphate ' Thermo Fisher Scientific

Jena Biosciences

23 | Page



2’- Deoxyguanosine 5’- triphosphate Thermo Fisher Scientific
(dGTP), sodium salt solution
2’- Deoxythymidine 5’- triphosphate | Thermo Fisher Scientific
(dATP), sodium salt solution

BSA New England Biolabs
Dpnl New England Biolabs
Nt.BstNBI New England Biolabs
Xhol New England Biolabs
Nsil New England Biolabs
Pstl New England Biolabs
Balll New England Biolabs
Ndel New England Biolabs
BsaXl New England Biolabs

GeneRulerTM 1 kb and 100 bp DNA Thermo Fisher Scientific
Ladders

HF buffer (PCR) New England Biolabs
GC buffer (PCR) New England Biolabs
Midori green Advance DNA stain Biozym Scientific
Midori green Direct NIPPON Genetics
NEBuffer™ 2 (Cloning) New England Biolabs

NEBuffer™ 3.1 (DNA  substrate New England Biolabs
preparation)

Nucleospin Gel and PCR cleanup kit Macherey-Nagel

Nucleospin Plasmid kit Macherey-Nagel

Phusion® high fidelity DNA Polymarse Thermo Fisher Scientific
Standard Taq Reaction Buffer New England Biolabs

T4 DNA Polymerase New England Biolabs

Tag DNA Polymerase New England Biolabs

T4 polnucleotide kinase New England Biolabs

T4 DNA ligase New England Biolabs

T4 DNA ligase buffer New England Biolabs

AN hAAG New England Biolabs

MutY Trevigen

hOGG1 MyBioSource, Origene
hOGG1 cDNA Dharmacon

GST tagged full length Myc (GST-MycrL) | Antibodies (https://www.antibodies.com/)
Full length Myc AG Geyer, University of Bonn

Abbreviations: FL- Full length, cDNA- complementary DNA
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2.1.5 Bacterial strains and plasmids

Table 2.6: Bacterial strains

Organism Strain Usage Supplier
Escherichia coli (E. | DH5« Cloning, plasmid ' Invitrogen
coli) amplification

E. coli BL21star (DE3) Protein expression | Invitrogen
E. coli BL21star (DE3) Protein expression | -

E. coli Rosetta2 (DE3) Protein expression | Novagen

Table 2.7: Plasmids for protein expression and AFM DNA substrate preparation

Construct Vector Host Setup Resistance | Author/
Supplier

hOGG1w, pETM-14 Bacterial 6xHis-3C- Kanamycin EMBL,

hOGG1k2490, POI Hamburg

hOGG1c2sa,

hOGGc241a,

hOGG1ca2s3a

MycCi-163 pPpETM-41 Bacterial MBP-TEV- Kanamycin EMBL,

6xHis-POI Hamburg

Lysine pCDF- Bacterial Thioredoxin | Streptomycin | Radhika

specific Duetl (trx)-6xHis- Nair, RVZ

demethylase [3C]-POI Wirzburg

1 (LSD1r)

Myc- pGEX 4T1 | Bacterial GST-Thr- Ampicillin Prof. Elmar

associated POI Wolf,

factor X full Biozentrum

length Wirzburg

(MaxrL)

- pUC19N Bacterial / Ampicillin S.  Wilson,
NIEHS, USA

Abbreviations: POI: protein of interest, TEV: TEV protease site, Trx: Thioredoxin, Thr:
Thrombin cleavage site, EMBL: European Molecular Biology Laboratory, MBP- Maltose
Binding Protein, GST- Glutathione S-Transferase, FL- Full length, WT- Wild type.

2.1.6 Oligonucleotides

All primers listed here were obtained from Sigma-Aldrich®. Abbreviations are given at the
end of the Table. 2.8.
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Table 2.8: List of primers used for generation of bacterial expression constructs

Name Sequence (5’- 3’)

hOGG21w fw TTCCAGGGGCCCATGCCTGCCCGCGC

hOGG1w rv GGATCCGGTACCTCATTAGTCCTAGCCTTCCGGCCCTTTGG

pETM14 fw | TAGGACTAATGAGGTACCGGATCCGAA

hOGG1wm

pETM14 rv CATGGGCCCCTGGAACAGAAC

hOGG1wt

hOGG1k249q fw TGGGCACCCAAGTGGCTGAC

hOGG1k249q rv AGTCAGCCACTTGGGTGCCCA

oxoG E-box fw GCATGCCTC(0x0G)AGTCTAGAGGCACGTGATCTGATCCTC
TAGAGTGCACC

E-box fw GTCTAGAGGCACGTGATCTGATCC

E-box rv GGATCAGATCACGTGCCTCTAGAC

Myci-163 fw CAGGGCGCCCCGTATTTCTACTGC

MycCi-163 v GGATCCGGTACCTCATTAGTCCTAGGCGCTCAGATCCTGCA

PETM41 fw Myci163 TAGGACTAATGAGGTACCGGATCCGA

PETMA41 rv Myci-163  CGGGGCGCCCTGAAAATAAAGATTCTCGC

hOGG1czsa fw CATCCCGGCTCCTCGCTCT
hOGG1casa v GAGCGAGGAGCCGGGATG
hOGG1c241a fw AGGCCCTCGCTATCCTGCC
hOGG1c241a rv GGCAGGATAGCGAGGGCCT
hOGG1czs3a fw AGGTGGCTGACGCTATCTGCCT
hOGG1cassa rv AGGCAGATAGCGTCAGCCACCT

Abbreviations: forward primer (fw), reverse primer (rv), 8-oxo-guanine (oxoG), and
enhancer box (E-box).
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DNA substrates designed for AFM studies, Fluorescence polarization experiments,

Fluorescence Resonance Energy Transfer

(FRET), hOGG1 activity assays,

Electromobility shift assays (EMSA) are given in the Table. 2.9 below.

Table 2.9: List of oligonucleotides used in AFM, EMSA, ensemble FRET measurements,
fluorescence polarization experiments, and hOGG1 activity assays

DNA substrate

DNA sequence (5’- 3’)

Original  bottom
(AFM and activity
assays)
Cy3
(EMSA
fluorescence
polarization)
AF647  bottom
(Fluorescence
polarization)

G: U top (AFM)

bottom
and

oxoG:C top
(AFM, EMSA and
fluorescence
polarization)

G: A mismatch
top (AFM)

ox0G:A
mismatch
(AFM)

top

Bottom for

0x0G:A (AFM)

ethenoA: T
(AFM)

top

Original top with
E-box (EMSA
and AFM)

GGT CGACTCTAG AGGATCAGATCT GGTACCTCTAGACTC
GAG GCATGC

(Cy3) GGT CGA CTC TAG AGG ATC AGA TCT GGT ACC TCT
AGA CTC GAG GCATGC

(AF647) GGT CGA CTC TAG AGG ATC AGATCT GGT ACC TCT
AGA CTC GAG GCATGC

[Phos]GCA TGC CT (dU) GAG TCT AGA GGT ACC AGA TCT GAT
CCT CTAGAG TCG ACC

[Phos]GCA TGC CTC (oxoG) AG TCT AGA GGT ACC AGA TCT
GAT CCT CTA GAG TCG ACC

[Phos]GCA TGC CTC GAG GCT AGA GGT ACC AGA TCT GAT
CCT CTAGAG TCG ACC

[Phos]GCA TGC C(oxoG)C GAG TCT AGA GGT ACC AGA TCT
GAT CCT CTA GAG TCG ACC

GGT CGACTCTAG AGGATCAGATCT GGTACCTCT AGACTA
GAG GCATGC

[Phos]GCA TGC CTC G(ethenoA)G TCT AGA GGT ACC AGA
TCT GAT CCT CTA GAG TCG ACC

[Phos]GCA TGC CTC GAG TCT AGA GGC ACG TGA TCT GAT
CCT CTA GAG TCG ACC
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Bottom strand
with E-box
(EMSA and AFM)
oxoG:C — E-box
top (AFM)

Cy3 E-box comp
bottom (EMSA)

Original top
(EMSA, FRET
and fluorescence
polarization)

Cy3 oxoG top
incision (Activity
assay)

oxoG in E-box
top (EMSA)
Bottom strand
(FRET)

GGT CGA CTC TAG AGG ATC AGA TCA CGT GCC TCT AGA
CTC GAG GCATGC

[Phos]GCA TGC CTC (0xoG)AG TCT AGA GGC ACG TGA TCT
GAT CCT CTA GAG TCG ACC

(Cy3) GGT CGA CTC TAG AGG ATC AGA TCA GAT CAC GTG
CCT CTA GAC TCG AGG CAT GC

GCATGC CTC GAG TCT AGAGGT ACCAGATCT GATCCT CTA
GAG TCG ACC

(Cy3) GCA TGC CTC GAG TCT AGA GGT ACC A(0x0G)A TCT
GAT CCT CTA GAG TCG ACC

(Cy3) GCA TGC CTC GAG TCT AGA GGC AC (0x0G) TGA TCT
GAT CCT CTA GAG TCG ACC

(Cy3) CCT CTA GAC TCG AGG CAT GC (Cy5)

Abbreviations: Alexafluor 647 (AF647), Cyanine (Cy), Phosphate (Phos), 8-oxo-guanine

(oxoG), enhancer box (E-box), and ethenoadenine (ethenoA).

E-box sequence

(CACGTQG) is represented in blue color.

2.1.7 Antibodies and enzymes for protein purification, and protein ladder

Table 2.10: Antibodies

Antibody Catalog number Supplier
Mouse Anti-GST IgG - Covance
Qdot™ 605 goat F(ab’)2 anti- | Q11001MP Invitrogen
mouse IgG conjugate (H+L)

Mouse Anti-His 1gG SAB1305538 Sigma Aldrich
Horseradish peroxidase (HRP)- | 115-035-008 Dianova
conjugated goat anti-mouse IgG
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Table 2.11: List of enzymes used for protein purification, recombinant proteins, and protein ladder

Name Supplier

DNasel AppliChem
HRV-14, 3C protease In-house production
Lysozyme Carl Roth

PageRuler™ Prestained Protein Ladder

Protease Inhibitor Tablets

Roche

Thermo Fisher Scientific

2.1.8 Computer software, databases, servers, and deposited scripts

Table 2.12: List of software, servers and databases used for this study

Software Model/Version Author/Reference

Aekta Unicorn 5 Chromatography GE Healthcare

Spectra Manager CD-Spectroscopy Jasco

Fluoromax 4 Ensemble FRET | Horiba Jobin Yvon
measurements

GIMP 2.10.24 Cropping AFM images = Spencer Kimball, Peter Mattis

Igor Pro for MFP3D AFM imaging Asylum Research

Image J Fiji Preprocessing for | Wayne Rasband, NIH, USA

Image SXM 2.02
Nanodrop
spectrophotometer
Software
OriginPro 9.0
PyMOL 1.1 eval
Quantity One
Imager) 4.6.3
FIESTA 1.05.0005

V3

(Molecular

MatLab R2019b
AxioVision

Cleario 1.2.0

ExXPASYy ProtParam

MatLab analysis

AFM volume analysis
Protein and DNA
concentration
estimation

Statistical analysis
Structural analysis

Image acquisition for
gels

Skeletonization of
DNA

Position and bend
angle analysis
Microscopy imaging
for crystals

Row to column

transformation of the
CLARIOstar data
Protein parameters

Steve Barrett
Peglab

Origin Lab Corporation
DeLano, 2002

Biorad

B-cube, Dresden
Mathworks

ZEISS

Wolfgang RVvVZ

Wirzburg

Kolmel,

Gasteiger, et al., 2005
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GENtle 1.9.4 free software DNA, Protein | Magnus Manske, University
sequence handling ' Cologne
generation of primers

MARS data analysis software = Fluorescence BMG Labtech
anisotropy data
analysis
Microsoft Office 365 Fluorescence Microsoft Office
Excel, Word anisotropy data
analysis

AFM data analysis
Word processing

ODYSSEY Imaging software LI-COR
PDBePISA Calculation of solvent | Krissinel and Henrick, 2007
accessibility of

residues and protein-
protein interfaces

Protein Data Bank (PDB) Protein structures Rcsb.org
PubMed (NCBI) Literature research ncbi.nim.nih.gov/pubmed/
UNICORN Aekta control and data = GE Healthcare
analysis
Uniprot Information about | Uniprot.org
proteins

Table 2.13: Deposited MatLab scripts on Open Science Framework (OSF)

Name Link to Scripts

MatLab script for bend angle analysis at https://osf.io/lyhwuc/

DNA lesions and DNA-bound protein

complexes

Modified MatLab script including protein https://osf.io/76e9s/

position measurements

Step-By-Step guide for automated DNA bend angle analyses at DNA lesions and at
protein complexes have been deposited on OSF (Appendix, Fig. x3.1, x3.2, and x3.3).
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2.2 Methods
2.2.1 Protein preparation
2.2.1.a Cloning of protein constructs

PCR amplification. Sequence and Ligation Independent Cloning (SLIC)#, which uses in
vitro homologous DNA recombination and single-strand annealing, was employed to clone
all proteins in this study. Both inserts and vectors were PCR amplified by using a standard
PCR reaction protocol for Phusion Polymerase. Primers for the PCR reactions were
designed as shown in Table. 2.8 with overlapping 5’ overhangs, in both insert and vector
based primers. PCR reactions were set up in a total volume of 50 uL. The PCR reaction
setup for SLIC cloning and site directed mutagenesis is shown in the Table. 2.14. The
insert was amplified from hOGG1 cDNA (for hOGG1 clones) and pGEX 4T1 vector (a kind
gift from Prof. Elmar Wolf, Biozentrum, University of Wirzburg) containing Myc gene (for
Mycai-163 clone). PCR conditions are shown in the Table. 2.15.

Table 2.14: PCR reaction set up for SLIC cloning and site directed mutagenesis

PCR component Concentration
Forward primer 1 uM

Reverse primer 1 uM

dNTPs 100 uM
Phusion® polymerase 1 Unit

HF buffer 1x

Template DNA ~100 ng
Ultrapure water Make up to 50 ul

Table 2.15: PCR conditions used for gene amplification and gene modification.

Step Temperature (°C) Time (seconds)
Initial denaturation 98 30
98 10
25 Cycles 55-65 30
72 30 sec/kb
Final extension 72 120
Hold 4 0

Cloning strategy using SLIC method. SLIC was used for sub-cloning of the GOI (Gene
Of Interest) into different vectors. Two pairs of primers were designed- one for the
linearization of the vector and the other for the amplification of the GOI), with 9-12

31| Page



nucleotides annealing overhangs. After PCR amplification, the products were treated with
restriction enzyme Dpnl overnight at ambient temperature to digest the template DNA and
increase ligation efficiency. Further, the PCR products were purified using the Nucleospin
PCR Clean-up kit (Macherey-Nagel) and the DNA concentration was measured using a
spectrophotometer (Nanodrop ND1000, Peqglab). Lastly, a 5 ul aliquot of the final product
was transformed into chemically competent E. coli DH5a cells. The final concentrations
of PCR products were estimated to be 123 ng/pl (hOGG1wt) and 106 ng/ul (Myci-163).

Site-directed mutagenesis (SDM) and gene modification. For introducing single point
mutations (SNPs), a standard Phusion polymerase PCR protocol was used. Briefly, SDM
was performed by a double primer method where both forward and reverse primers were
designed to contain the mutation to obtain an error-free mutant. The PCR reaction set up
is shown in the Table. 2.14. PCR conditions used are described in the Table. 2.15. Further
steps from overnight Dpnl digestion of the PCR products to chemical transformation
remained the same as described in the above section. The final concentrations of PCR
products were estimated to be 155 ng/ul (hOGG1«k2490), 98 ng/ul (hOGG1lczsa), 139 ng/ul
(hOGG1c241a), and 85 ng/ul (hOGG1c2s3a).

DNA analysis by gel electrophoresis and ultraviolet-visible spectroscopy. DNA
quality and composition were assessed by DNA agarose gel electrophoresis. The gels
contained 1% (w/v) NEEO ultra-quality agarose, 1x TAE buffer and Midori Green Advance
(83 ML/ 50 mL gel). DNA samples were mixed with 6x DNA loading buffer (final
concentration: 1x) and subjected to gel electrophoresis in 1x TAE buffer for 30-45 min at
a voltage of 100 V. DNA fragments were visualized with the electrophoresis gel imaging
cabinet Universal Hood Il (Biorad) using a laser to excite the fluorescence of Midori Green,
which had bound to DNA. DNA length was estimated by comparison with a DNA ladder
(GeneRuler 1 kbp). DNA concentrations were determined by ultraviolet-visible (UV-VIS)
spectroscopy using a spectrophotometer (Nanodrop ND1000) and an extinction
coefficient EDNA (260 nmy Of 0.02 mL/ug-cm (as suggested by the Nanodrop V3 software)

and a path length of 1 cm.

Chemical transformation. Aliquots of 50 yL chemically competent E. coli DH5a cells (for
plasmid isolation and DNA substrate preparation, Table. 2.6) or E. coli expression strains
(for protein expression, Table. 2.6) were incubated with 10-100 ng of the DNA containing
the gene of interest on ice for 30 minutes. Afterward the cells were subjected to a 90 s
heat shock at 42°C in a thermomixer. Subsequently, the cells were incubated on ice for
three minutes, before 400 uL LB medium were added, and the bacteria were shaken at
200 rpm and a temperature of 37°C for 60 minutes. Afterward an aliquot was added to
either 5 mL, 10 mL, 50 mL, or 100 mL LB medium in appropriately sized flasks with the
required antibiotics (Table. 2.7). The volume of LB medium was chosen depending on the
purpose as follows: Purification of DNA (5, 10, and 100 mL), or precultures for expression
tests (50 mL) or for obtaining protein for scaled-up purification (100 mL). All samples were
incubated overnight at 37 °C in a small-scale shaker with a shake speed of 200 rpm. In
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case of aiming to obtain single colonies for analysis of plasmid sequences, a 100 pL
aliguot was added to an LB-agar plate containing the appropriate antibiotic(s) for selection.

Plasmid isolation. Single colonies obtained after chemical transformation were
transferred to LB-medium with the appropriate antibiotics. The cultures were shaken
overnight at 200 rpm at 37°C and centrifuged at 4,000 g for 10 min at 4°C. The cell pellet
was subjected to DNA isolation protocol following the manufacturer instructions of the
NucleoBond Plasmid Kit (Macherey-Nagel). The resulting DNA was sent for sequencing
with specific or standard primers to the Microsynth SeqLab (https://srvweb.microsynth.ch).
The sequencing results for all constructs are shown in the Fig. x5.2 in the appendix
section.

2.2.1.b Recombinant protein expression

The pre-culture cell suspension was used to scale up the culture, using a 1:100 dilution,
into 2 L of LB medium in 5 L flasks for large-scale protein production. The cultures were
incubated at 37°C for 4-5 hours or until an ODsoonm Of ~ 0.8 was reached. Expression of
protein was then induced with IPTG (0.5 M final concentration). Post-induction
temperature for all proteins was 15°C. Depending on the protein, each construct had its
own conditions for optimum production of protein, which are summarized in Table. 2.16.

Table 2.16: Expression strains, antibiotics, and times after induction with IPTG for different proteins

Construct Vector/Antibiotic | E. coli strain Duration (h) of induction
hOGGlw and  pETM-14/Kan BL21(DE3) 16-18h

mutants

MyCa-163 pETM-41/Kan BL21 (DE3) 18-20h

LSD1r pCDF-Duetl/Strep @ Rosetta (DE3) 15-18h

MaxL pGEX 4T1/Amp BL21 (DE3) 15-16h

2.2.1.c Protein purification

Cell lysis. The cell pellet from 8 L culture was resuspended at 4°C in 200 mL lysis buffer
(for buffers, see Table. 2.17) supplemented with one Tablet of the Roche EDTA-free
cOmplete protease inhibitor cocktail, 300 pl DNase | solution (~250 Ul/uL), 75 mg of PMSF
and lysozyme (1mg/ml). Cells were lysed in two cycles using a mechanical cell disruptor
at ~1,500 bar and the lysate was cleared by centrifugation (1 h at 35,000 g, at 4°C).

Chromatography. The supernatants with the N-terminal 6xHis-tagged protein or GST-
tagged protein were applied twice to a gravity flow column containing (4-7 g) Protino® Ni-
IDA resin or GST beads (5 g) respectively. This was followed by a single washing step
with 30 ml of high salt wash buffer (Table. 2.17). The subsequent protein elution (40 ml)
was performed using two steps, the first and second elution buffers containing 500 mM
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imidazole (20 ml) and 750 mM imidazole (20 ml) for the 6x-His tagged proteins. In the
case of Max, with the N-terminal GST tag, the elution was performed in two steps, first
with 15 mM glutathione (15 ml) followed by 25 mM glutathione (15 ml). Affinity
chromatography was performed at 4°C, collecting the column flow through of each step
on ice. Analysis of aliquots representing the different purification steps was carried out by
SDS polyacrylamide gel electrophoresis (SDS-PAGE). The elution fractions containing
the protein of interest were pooled and dialyzed against specific dialysis buffers to remove
imidazole or glutathione (Table. 2.17). Proteins were concentrated for further steps of
purification. Proteins requiring only one step (affinity chromatography) purification were
concentrated for flash-freezing and further storage.

Table 2.17: Buffers for cell lysis, affinity chromatography, ion exchange chromatography, and size

exclusion chromatography

Name hOGG1wt, MycC1-163 Max LSD1
hOGG1k249q,
hOGG1lczsa,
hOGG1cz41a,
hOGG1lc2ssa

Lysis buffer 20 mM Tris- {20 mM Tris- | 20 MM HEPES, | 50 mM HEPES,
HCI, pH 7.5, |HCI, pH 8.0, |pH7.9,500mM | pH8.0,300 mM
300 mM NacCl, | 300 mM NaCl, | NaCl, 1 mM - | NaCl, 1 mM
5 mM|1 mM TCEP, | ME, 10% | TCEP, 5%
imidazole, 10% | 10% glycerol glycerol glycerol
glycerol

Wash buffer 20 mM Tris- {20 mM Tris- | 20 MM HEPES, | 50 mM HEPES,
HCI, pH 7.5, |HCI, pH 8.0, |pH7.9,500mM | pH 8.0,500 mM
500 mM NacCl, | 500 mM NaCl, | NaCl, 1 mM - | NaCl, 1 mM
5 mM |1 mM TCEP, | ME, 10% | TCEP, 5%
imidazole, 10% | 10% glycerol glycerol glycerol
glycerol

Elution buffer1 |20 mM Tris- | 20 mM Tris- | 20 MM HEPES, | 50 mM HEPES,
HCI, pH 7.5 |HCI, pH 8.0,|pH7.9,500mM | pH 8.0, 300 MM
300 mM NacCl, | 300 mM NacCl, | NaCl, 15 mM | NaCl, 500 mM
500 mM | 500 mM | glutathione, 1 | imidazole, 1

imidazole, 1
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imidazole, 10% | mM TCEP, | mM g-ME, 10% | mM TCEP, 5%
glycerol 10% glycerol glycerol glycerol
Elution buffer2 | 20 mM Tris- |20 mM Tris- | 20 MM HEPES, | 50 mM HEPES,
HCIl, pH 7.5, | HCI, pH 8.0, |pH7.9,500mM | pH8.0,300 mM
300 mM NaCl, | 300 mM NaCl, | NaCl, 25 mM | NaCl, 750 mM
750 mM | 750 mM | glutathione, 1 | imidazole, 1
imidazole, 10% | imidazole 1 mM | mM B-ME, 10% | mM TCEP, 5%
glycerol TCEP, 10% | glycerol glycerol
glycerol
Dialysis buffer |20 mM Tris- |20 mM Tris- | 20 MM HEPES, | 50 mM HEPES,
HCI, pH 7.5, |HCI, pH 8.0, |pH7.9,250 M | pH 8.0, 150 mM
200 mM NacCl, | 200 mM NacCl, | NaCl, 5% | NaCl, 1 mM
10% glycerol 1 mM TCEP, | glycerol TCEP, 5%
5% glycerol glycerol
Equilibration - 20 mM Tris- | - 50 mM HEPES,
buffer HCI, pH 8.0, 1 pH 8.0, 1 mM
mM TCEP, 5% TCEP, 5%
glycerol glycerol
Buffer A - 20 mM  Tris- | - 50 mM HEPES,
HCI, pH 8.0, 1 pH 8.0, 1 mM
mM TCEP, 5% TCEP, 5%
glycerol glycerol
Buffer B - 20 mM Tris- | - 50 mM HEPES,
HCI, pH 8.0, 1 pH 80, 1 M
M NaCl, 1 mM NaCl, 1 mM
TCEP, 5% TCEP, 5%
glycerol glycerol
SEC buffer 20 mM Tris- |20 mM Tris- | - 50 mM HEPES,
HCI, pH 7.5, | HCI, pH 8.0, pH 8.0, 150 mM
200 mM NacCl, | 200 mM NacCl, NacCl, 5%
5%  glycerol, | 5%  glycerol, glycerol, 0.5
0.5mMDTT 0.5mMDTT mM DTT
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Myci-163 and LSD1 were purified using an additional anion exchange chromatography step
(column MonoQ 10/100 GL) before the final SEC step. The column was pre-equilibrated
with buffer A and eluted with a 30-column volume (CV) linear gradient of buffer A to 30%
buffer B concentration in the case of Myci-163 and to 40% buffer B concentration for LSD1.
Finally, proteins were equilibrated with a low salt equilibration buffer to obtain a salt
concentration of ~90 mM. The proteins were then applied to the ion exchange column pre-
equilibrated with buffer A and eluted with a 20 CV linear gradient of buffer A to 100%
buffer B. Fractions containing the protein were pooled, concentrated, and further purified
by SEC (SD 200 16/600 GL). Pure protein fractions were then pooled, concentrated, and
stored at -80°C after flash freezing. Max was quite pure as seen from the SDS-PAGE
analysis of affinity chromatography elutions (Fig. 2.4). It was further concentrated, flash-
frozen and stored at -80°C. hOGG1w and hOGG1lkz490 mutant were subjected to SEC
immediately after dialysis (Fig. 2.1 and 2.2). The fractions were analyzed by SDS-PAGE
and those with a purity > 95% were pooled and stored at -80°C after flash freezing.
Purification steps for individual proteins are described in the below sections.

i hOGG1wt. After successful cloning of hOGG1wt gene in pETM14 plasmid was
confirmed by sequencing for positive colonies, they were selected for protein
expression and purification. After immobilized metal affinity chromatography, all
fractions were loaded onto an SDS-PAGE gel and elutions containing hOGG 1wt
were pooled for size exclusion chromatography (SEC) (Fig. 2.1). After SEC,
hOGG1w was concentrated, flash frozen in liquid nitrogen and stored at a
concentration of around 5 mg/ml until further use. Batch Il (20 mg/ml) and Batch
l1l (18 mg/ml) protein purifications were performed similarly. Experiments with
hOGGL1 from Batch | are shown in the chapter 5, section 5.2.
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Figure 2.1: Immobilized metal affinity chromatography (IMAC) and SEC purification of hOGG1ut. (a)
SDS gel profile showing fractions from IMAC purification of hOGG1w. Samples from left to right: (1) Insoluble
fraction, (2) Flow through, (3) and (4) Washes with lysis buffer, (5) 500 mM Imidazole elution, and (6) 750
mM Imidazole elution. Black arrow indicates the purified protein. (b) Size exclusion chromatography of
hOGG1w. Sample purity was analyzed by SDS-PAGE (15% gel) and fractions 1-14 were pooled to use in
all experiments. Fractions from the shaded grey area were used for SDS-PAGE analysis.

36| Page



hOGG1lk2490. After successful mutagenesis of hOGGlwt gene in pETM14
plasmid to incorporate K249Q mutation was confirmed by sequencing for
positive colonies, they were selected for protein expression and purification.
After immobilized metal affinity chromatography, all fractions were loaded onto
an SDS-PAGE gel and elutions containing hOGG1lkz490 were pooled for size
exclusion chromatography (SEC) (Fig. 2.2). After SEC, hOGGlkz4a90 was
concentrated, flash frozen in liquid nitrogen and stored at a concentration of 6
mg/ml until further use.
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Figure 2.2: IMAC and SEC purification of hOGG1kz49q. (&) SDS gel profile showing fractions from IMAC
purification of hOGG1koa9q. Samples from left to right: (1) Insoluble fraction, (2) Flow through, (3) Wash with
lysis buffer, (4) 500 mM Imidazole elution, and (5) 750 mM Imidazole elution. Black arrow indicates the
purified protein. (b) Size exclusion chromatography of hOGG1lka49q. Sample purity was analyzed by SDS-
PAGE (15% gel) and fractions 3-11 were pooled to use in the future experiments. Fractions from the shaded
grey area were used for SDS-PAGE analysis.

LSD1. The LSD1 construct was obtained from Radhika Karal Nair from Prof.
Caroline Kisker’s group at the RVZ. LSD1 full length protein is cloned in pCDF
vector and contains a 6X-His tag at the N-terminus.

LSD1 was expressed in Rosetta (DE3) cells (Table. 2.16). After metal affinity
chromatography, elutions with LSD1 were pooled and further purified by ion
exchange chromatography and SEC (Fig. 2.3). LSD1 was concentrated, flash
frozen in liquid nitrogen and stored at a concentration of 15 mg/ml until future
experiments. For the Pull-down assays, the 6X-His tag was removed for LSD1.
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Figure 2.3: IMAC and SEC purification of LSD1. (a) SDS gel profile showing fractions from IMAC
purification of LSD1. Samples from left to right: (1) Insoluble fraction, (2) Flow through, (3) Wash with lysis
buffer, (4) 500 mM Imidazole elution, and (5) 750 mM Imidazole elution. Black arrow indicates LSD1 in the
elution fractions. (b) Size exclusion chromatography of LSD1. Sample purity was analyzed by SDS-PAGE
(15% gel) and fraction 3 and 4 was concentrated for further use. Fractions from the shaded grey area were
used for SDS-PAGE analysis.

iv. Max. The Max construct was obtained from Prof. EImar Wolf's lab. It is cloned
in the plasmid pGEX 4T1 containing the GST tag. Max was expressed in
BL21(DE3) cells. One step affinity purification was performed by using
immobilized GST beads®. Pure fractions were pooled, dialyzed, concentrated,
flash frozen in liquid nitrogen and stored at a concentration of 28.5 mg/ml until
further use. Fig. 2.4 shows SDS PAGE gel of Max affinity purification.
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Figure 2.4: SDS gel profile showing fractions from IMAC purification of Max. Samples from left to right:
(1) Insoluble fraction, (2) Flow through, (3) Wash with lysis buffer, (4) 15 mM glutathione elution, and (5) 30
mM glutathione elution. Black arrow indicates the purified protein.
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V. c-Myci-163. c-Myc stands for cellular Myc and will be referred to as Myc in the
next sections. MycrL protein posed many hurdles during expression and
purification steps. Expression levels were extremely basal even after many
attempts by changing expression strains, IPTG concentrations, and induction
temperatures. Extremely low concentrations of Myc were obtained from affinity
chromatography step. Continuation with further purification steps led to
complete loss of the protein. C-terminus domain of Myc is a basic helix-loop-
helix leucine zipper domain known to interact with DNA. However, N-terminal
domain of Myc could be stably expressed® (the clone was a gift from Prof. EImar
Wolf, Biozentrum Wuerzburg). Myci-163 was used in the native polyacrylamide
gel electrophoresis and in vitro pull-down experiments instead of full-length
Myc. After successful cloning of Myci-163 gene in pETM41 plasmid (containing
an MBP tag) was confirmed by sequencing for positive colonies, they were
selected for protein expression and purification. Fig. 2.5 shows the size
exclusion chromatogram and subsequent SDS PAGE gel for Myci-163
purification. Pure fractions were pooled, concentrated, flash frozen in liquid
nitrogen and stored at a concentration of 1.3 mg/ml until further use.
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Figure 2.5: Size exclusion chromatography of Myc1-163. Sample purity was analyzed by SDS-PAGE (15%
gel) and fraction 2-5 were concentrated for further use. Fractions from the shaded grey area were used for
SDS-PAGE analysis.

All chromatograms were exported to MS excel and were plotted using Origin Pro
software. All proteins were purified to 295% purity as judged by 15% SDS-PAGE.
Full length Myc was obtained from AG Geyer, ISB Bonn. In addition, GST tagged
full length Myc was purchased from Antibodies (https://www.antibodies.com/). The
purification profiles for hOGG1lc2sa, hOGGlc241a and hOGGlczssa and different
batches of hOGG1w purification are shown in the appendix section, Fig. x5.1. The
purification steps for all constructs of hOGG1 were the same. Different batches of

39| Page


https://www.antibodies.com/

hOGG1lw showed different equilibria between monomer and dimer forms
regardless of same buffer conditions throughout purifications. hOGG1wt will be
referred to as hOGGL1 in the next sections.

2.2.2 Protein analysis

SDS-polyacrylamide gel electrophoresis. For the analysis of proteins by SDS-PAGE
15% acrylamide gels were used. The 15 % acrylamide solution for the running gel was
made with a 30% acrylamide solution (with 37.5:1 acrylamide:bis-acrylamide ratio), 1.5 M
Tris pH 8.8 and 10% SDS. The 5 % acrylamide solution for the stacking gel was made
with 30% acrylamide solution, 1.0 M Tris pH 6.8 and 10% SDS. As catalyzers of the
polymerization reaction 6 uL TEMED (Sigma-Aldrich) and 50 pyL of 10% (w/v) ammonium
persulfate solution were used for every 5 mL of polyacrylamide gel made.

The gel was set up with a wing clamp assembly (Bio-Rad). Gels were run at 200 V for 40
minutes at room temperature. For protein detection, a Coomassie G 250 staining solution
(80 mg of Coomassie G 250 in 1 L of ddH20 acidified with 3 mL of 37% HCI) was used.
After repeated heating in ddH20 solution in a microwave at 800 W for 60 sec and a
subsequent 10-minute incubation in Coomassie G250, destaining was done in water with
an initial heating step in the microwave. Proteins bands were analyzed using the protein
ladder.

UV/Vis spectrophotometry. DNA and protein concentrations were measured
spectrophotometrically using the NanoDrop™ 1000 instrument. Prior to each
measurement, a blank was performed utilizing the corresponding buffer of the sample.
DNA absorbance was measured at 260 and 280 nm and the purity of the samples was
determined by the ratio of the absorbances at 260 nm and 280 nm. For protein
concentrations (mg ml?t), the absorbance at 280 nm with a path length of 1 cm was
measured and divided by the calculated extinction coefficients at 280 nm for each protein,
assuming all cysteine residues being in the reduced state (No disulfide bonds). Extinction
coefficients and molecular weights of each protein construct were obtained from the
ExPASYy ProtParam website and are listed in the Table. 2.18.
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Table 2.18: Extinction coefficients and molecular weights of the purified proteins

Protein Extinction coefficient (102 M-icm™?) Molecular weight
assuming all Cys residues are in the | (kDa)

reduced state

6xHis-hOGG1 68.4 40
GST-Max 26.4 44
MBP-Myci-163 87.8 62
6xHis-LSD1 80.8 105

Analytical size exclusion chromatography. Analytical size exclusion (gel filtration)
chromatography (aSEC) was performed to determine dimerization of hOGG1 under
oxidizing and reducing conditions using hOGG1 gel filtration buffer containing either 5 uM
H202 or 5 mM DTT for respective runs. For oxidative condition, hOGG1 was treated with
H202 for 3 h and dialyzed overnight and hydrogen peroxide was removed by dialysis.
Oxidized hOGG1 was concentrated and stored at -80°C. This oxidized hOGG1 was used
for the analytical run. SD200 pg 16/600 gl column was equilibrated with 3 CV of gel
filtration buffer prior to hOGG1 injection. 30 yM hOGG1 was injected for each condition
after incubating with DTT for 30 min on ice. For ambient condition, hOGG1 was directly
injected without any incubation. Samples were subjected to centrifugation at 10,000 g
prior to injection and analytical runs were performed at 0.5 ml/min. Dimerization was
detected on the chromatograms by following the absorbance at 280 nm as a function of
time. The chromatograms were exported to MS excel and were plotted in Origin Pro
software (Fig. 5.7 and Appendix Fig. x5.6).

Circular dichroism spectroscopy. To confirm the correct folding of hOGG1 and its
mutants, CD measurements were performed with a JASCO (J-810) spectropolarimeter at
20°C. Far UV-spectra from 190 to 260 nm were recorded at a scanning speed of 20
nm/min with a response time of 1 s, a bandwidth of 2 nm, and a path length of 0.1 cm
(Hellma Analytics). hOGG1 samples were diluted in Sorenson buffer (71.5 ml of 0.133 M
NazHPO4 and 28.5 ml of 0.133M KH2PO4, pH 7.2) to 2.5 pyM. hOGG1 was oxidized in
presence of 5 yM H202 and reduced in presence of 5 mM DTT for CD experiments. For
analysis, the buffer spectrum was subtracted as reference from protein spectra. The
spectra were exported to MS excel and were plotted using Origin Pro software (Fig. 5.4b).

SDS-PAGE studies to investigate hOGG1 dimerization. hOGG1 was diluted to 5 yM
in gel filtration buffer for hOGG1. hOGG1 was oxidized in presence of 5 yM H20:2 for
oxidizing samples and reduced in presence of 5 mM DTT for reducing samples prior to
mixing them with 1x SDS sample buffer without B-mercaptoethanol. Samples were
denatured for 5 min at 95°C and then 5yl of the samples were run on a self-made 15%
SDS gel (For gel composition, see first section under 2.2.2) for ~50 min at 250 V at room
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temperature until the loading dye reached the bottom of the gel. The samples were loaded
along with a protein marker for better visualizing both monomer and dimer form of hOGG1.
For protein detection, a Coomassie G 250 staining solution (80 mg of Coomassie G 250
in 1 L of ddH20 acidified with 3 mL of 37% HCI) was used. After repeated heating in ddH20
solution in a microwave at 800 W for 60 sec and a subsequent 10-minute incubation in
Coomassie G250, destaining was done in water with an initial heating step in the
microwave. Proteins bands were analyzed using the protein ladder. Experiments were
performed in triplicate (Fig. 5.4 and Appendix Fig. x5.3, x5.7a).

Sedimentation velocity analytical ultracentrifugation. Sedimentation velocity
analytical ultracentrifugation (SV-AUC) experiments and data analysis were performed in-
house. hOGG1 was treated with 100 yM H202and 5 mM DTT for 15 min on ice. For SV-
AUC measurements, protein solutions were diluted in hOGG1 gel filtration buffer to a
concentration of 100 uM. 400 pl of the protein sample as well as the same amount of
storage buffer for reference were pipetted into standard double-sector charcoal-filled Epon
centerpieces equipped with sapphire windows (Beckman Coulter). The centrifuge used
for performing SV-AUC experiments was a Beckman Coulter analytical ultracentrifuge
Optima XL-I with an eight-hole An-50 Ti rotor at 40,000 rpm and at ambient temperature
overnight. Data were collected in continuous mode at a step size of 6 min using
interference optical detection at a wavelength of 280 nm. Using the software SEDFIT,
continuous sedimentation co-efficient distributions were obtained as solutions to the
Lamm equation c(s) ’.

Analysis was performed with regularization at confidence levels 0.74, choosing the
floating frictional ratio (f/fo), time-independent noise, baseline, and meniscus position. The
resulting fits to the data displayed RMSD values of <0.01. Best fits were achieved with
frictional ratios f/fo of ~1.83 for hOGG1 under ambient conditions, ~1.96 for hOGG1 under
oxidizing conditions and ~1.68 for hOGG1 under reducing conditions. Results were
exported to Origin Pro software to obtain the final sedimentation co-efficient values for
each sample.

Solvent accessibility determination for hOGGL1. The crystal structure of hOGG1 (PDB
id: 1ebm) was used to determine interface areas, interface residues and accessible and
buried surface area of these residues in an artificially generated hOGG1 dimer by
PDBePISA (Proteins, Interfaces, Structures and Assemblies) server. The PDB id of the
crystal structure of hOGG1 was entered into the Structure Analysis section of PDBePISA
server. After the processing time, Interfaces, Monomers and Assemblies can be accessed
by clicking on corresponding buttons. Under the Interfaces section, several hits are
generated based on the Complexation Significance Score, which indicates how significant
for assembly formation the interface is. The score is defined as a maximal fraction of the
total free energy of binding that belongs to the interface in the stable assemblies. The first
hit was selected, and details button was clicked. The next tab depicts the inaccessible and
solvent accessible residues in navy blue and sky blue colours respectively with values for
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accessible surface area (ASA) and buried surface area (BSA). The cysteine residues with
the highest ASA values (C28, C241, C253) were selected for further mutational studies.

Crystallization of oxidized hOGG1. To visualize hOGG1 dimer, purified hOGG1 was
subjected to oxidation in presence of 5 yM H20:2 in the hOGG1 gel filtration buffer at 4°C
and used for crystallization trials. Oxidized hOGG1 was initially screened at
concentrations of 5, 10 and 20 mg/ml employing the Index screen by sitting drop method
using the 96 well plates (0.3 pl protein solution and 0.3 pl precipitant solution were mixed
and equilibrated over 40 pl precipitant solution). Precipitation of protein was observed in
the drops with 10 and 20 uM concentrations of protein. In the next step, crystallization
trays were set up at hOGGL1 concentration of 15 mg/ml using sitting drop methods with
screens mentioned in the Table. 2.19. Microcrystals obtained in the nucleix suite (duration
of 75 days) were optimized by hanging drop method by setting up a grid condition around
mother liquor (0.05 M HEPES sodium salt pH 7.0, 0.1 M Potassium chloride, 0.01 M
Calcium chloride and 10% (v/v) PEG 400). However, crystallization trials were
unsuccessful so far.

Table 2.19: List of crystallization screens used in this study

Name Supplier of original formulation
Crystal Screen™ 1+2 Hampton Research

Index Hampton Research

JCSG+ Molecular Dimensions

Nucleix Suite Qiagen

Wizard 1+2 Emerald BioSystems

Wizard 3+4 Emerald BioSystems

Mass spectrometry. Gel electrophoresis and Mass spectrophotometry were performed
by Dr. Stephanie Lamer (AG Schlosser, RVZ, University of Wuerzburg). hOGG1 was
treated with acetone and light NEM labeling of free cysteine residues was performed. N-
Ethylmaleimide (NEM) is commonly used to block the free cysteine residues in proteins®.
Another acetone wash was performed to get rid of the light NEM. Subsequently, the
sample was treated with TCEP to free cysteines that were involved in disulfide bond
formation. These cysteines were labelled with heavy NEM, and SDS-PAGE analysis was
performed for hOGG1 under ambient conditions and the band was excised and treated
with trypsin and elastase and mass spectrometry was performed to investigate the
cysteine(s) residue involved in disulfide bond formation.
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Western blot experiments to identify dimerization for hOGG1lc2sa, hOGG1cz414 and
hOGG1c2ssa. To verify whether hOGGl1czsa could dimerize or not, 8 uyM purified
hOGG1czsa, hOGG1c241a and hOGGlczssa were oxidized and reduced by adding 5 uM
H202 and 5mM DTT respectively. A non-reducing 15% SDS-PAGE gel was run for these
samples until the dye front reached the bottom of the gel.

For blotting, nitrocellulose membranes were used, which were first put into transfer buffer
(25 mM Tris/HCI pH 8.3 190 mM glycine, 20% ethanol) for 5 minutes, while the SDS-
PAGE was ongoing. Next, the gel together with the pre-activated membrane were
assembled in the Mini Trans-Blot cell. The transfer of the proteins from the gel to the
membrane was achieved by applying an electric current of 300 mA for 1 hour at 4°C.

To block the nitrocellulose membrane, it was incubated for 1 hour in TBS (50 mM Tris/HCI
pH 7.5 150 mM NaCl)-Albumin Fraction V 2.5% (w/v) followed by washing with TBS-T (50
mM Tris/HCI pH 7.5, 150 mM NacCl, 0.05% (w/v) Tween-20). Afterward, the membrane
was incubated overnight with the primary antibody at 4°C (usually diluted 1:1000 in TBS
buffer following the manufacturer’s instructions). The primary antibody was an anti-His
antibody (SAB1305538, Sigma-Aldrich).

The next day, two 5 min rinsing steps with TBS were conducted followed by two rinsing
steps with TBS-T of equal duration. Subsequently, the blots were incubated with the
secondary antibody (usually diluted 1:10000 in TBS). As secondary antibodies, goat anti-
mouse IgG was used for the detection of monomer and dimer bands. After incubation with
the secondary antibody, the blots were washed three times with TBS-T, 10 min each and
the blots were developed by chemiluminescence detection using the kit containing
NBT/BCIP and bands were detected over color development. The blot was visualized for
dimer bands in the Vilber imaging system.
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2.2.3 Atomic force microscopy
2.23.1 DNA substrate preparation for AFM imaging

All the AFM substrates used in this study were derived from the circular dsDNA 2,729 bp
long pUC19N plasmid, a modified pUC19 plasmid® to contain three nickase Nt.BstNBI
sites in close proximity. Lesion containing substrates were prepared by first nicking
pPUC19N plasmid with Nt.BstNBI enzyme at 55°C for 2 h 30 min. This was followed by
heat inactivation step performed at 85°C for half hour. The nicked 48 bases long DNA was
melted out of the plasmid by performing repeated heating at 68°C for 20 min followed by
centrifugation steps using a 100kDa molecular weight cut-off filter microcon at 10,000 x g
at room temperature up to 8 cycles. All these steps were performed in the presence of an
excess (10 x) counter oligonucleotide- bottom 48 nt long strand complementary to the top
strand between the two Nt.BstNBI sites (Table. 2.9). This process is referred to as DNA
gapping. During this approach, the nicked 48 nt long top strand is melted out of the helix
to anneal to the excess complementary strand present in the mixture and is removed by
centrifugation to obtain a clean gapped pUC19N plasmid for further steps. Lesion
containing oligonucleotide (Table. 2.9) was annealed into this 48 nt long ssDNA gap at
45°C for 2 h by providing it in 20-fold excess concentration. The mixture was then
incubated overnight in the presence of T4 DNA ligase at ambient temperature to seal the
nicks present at the gaps between the inserted sequence and the plasmid at the two ends
(5’and 3’). The ligated product was treated with the enzymes Ndel and BsaXI to perform
restriction digestion resulting in the 505 bp long DNA substrate containing the lesion of
interest at 50% total length. Restriction digestion generates 2,224 bp long non-specific
substrate along with the short lesion containing substrate, which is used in the AFM
studies of glycosylase-DNA complexes. The digested products were run on a 1% agarose
gel with an appropriate DNA ladder (See section 2.2.1a, for agarose gel electrophoresis
procedure) and both 505 bp and 2,224 bp long substrates were obtained by gel extraction.
Concentrations were estimated using a Nanodrop spectrophotometer (See section 2.2.1a,
for UV/Vis spectrophotometry). The DNA substrate preparation is shown schematically in
the Fig. 2.6.

Control assays for DNA substrate preparation. To confirm successful completion of
gapping, insertion and ligation steps, appropriate control assays were performed at each
stage (Fig. 2.7). To confirm successful gapping, a control assay based on a restriction
enzyme, Xhol was performed. The restriction site for Xhol lies in the dsDNA region
between the two nicks. Hence if the plasmid is completely gapped (ssDNA gap),
incubation with Xhol does not incise the DNA and hence shorter cleaved fragments are
not observed on the gel (Fig. 2.11a) After the ligation step, an additional assay was
performed based on the restriction enzymes Nsil and Pstl. Nsil has a restriction site at the
5’ end of the nick and Pstl at the 3’ end of the nick. Successful digestion by these enzymes
suggests complete ligation of the inserted lesion containing substrate into the plasmid. All
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the control assays were performed and run on a 1% agarose gel as described in the
section 2.2.1a.

Counter oligonucleotide

Nickase N— JLTTTTT
\ ; Gapped DNA
T TFEFFEEET] —3 TIELEECLET Ty ] T1
DNA ligase l
_*_ g
+ Excess specific oligonucleotide
3 48nt

l Restriction digestion

T TN T TIIIT

DNA substrate with lesion
505bp

Figure 2.6: Schematic representation of the DNA substrate preparation for AFM studies. Circular
dsDNA pUC19N plasmid is treated with a nickase to create two proximally located nicks (indicated by
magenta lightning bolt symbols). During the gapping step, the nicked ssDNA is melted out of the double
helix in presence of an excess complementary oligonucleotide. The melted-out strand forms base pairs with
the counter oligonucleotide and is removed by centrifugation. In the next step, the gapped DNA is incubated
with an excess of counter oligonucleotide (green) containing the lesion of choice (yellow) and the 5’and 3’
nicks are sealed in the presence of T4 DNA ligase. The ligated product is subjected to restriction digestion
with enzymes whose restriction sites (orange lightning bolts) are present far away (to obtain a substrate of
~500 bp length) on either side of the sealed nicks. The final DNA substrate is 505 bp long containing a
centrally located lesion (50% position). Control assays are performed at regular intervals during the
substrate preparation to ensure completion of each step (Fig. 2.7).
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Figure 2.7: Characterization of the prepared DNA substrates for AFM imaging. (a) Gapping assay that
confirms the 48 nt stretch has been removed after nicking pUC19N at the two Nt.BstNBI sites. Black arrow
indicates the Xhol digestion product. Original pUC19N plasmid undergoes digestion and acts as a positive
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control in the control assays. Further, the presence of 5’and 3’ nicks do not affect Xhol digestion as
confirmed by the additional control. The lack of incision by Xhol (black arrow) in the pUC19N after gapping
(last lane) confirms complete gapping. (b) Ligation assay to confirm 5’ and 3’ ligation of 48 nt insert
containing the lesion. Restriction sites of Nsil and Pstl are located 5 and 3’ ligation sites respectively.
Incision of the ligated plasmid by both the enzymes confirms complete ligation (black arrow, lanes 8-10).
Both controls, intact and the nicked pUC19N plasmid were included. Nsil and Pstl digested products were
observed for the intact plasmid (lanes 3 and 4) while they were not seen in the presence of nicks (lanes 6
and 7). (c) DNA length distribution (from MatLab measurements) of final 505 bp long product with lesion at
50% of the DNA length (inset: exemplary AFM image, scale bar 200 nm). The prepared DNA substrates
were observed to be clean in the AFM images without any contamination. These substrates were further
used for automated DNA bending analyses.

Enhancer-box (E-box) cloning strategy for DNA substrate preparation. In the
published studies for Nuclear Factor kappa-B (NFkB) mediated transcription, it was
reported that hOGG1 bound at its target lesion, oxoG ~8 nt upstream (of the NFkB target
site) enhanced the recruitment of NFkB to its consensus motifl°, | used the same strategy
(oxoG and E-box spaced 8 bp apart) to investigate if hOGGL1 influenced Myc recruitment
to E-box consensus maotif.

To perform AFM studies with DNA substrates containing an E-box or an oxoG lesion as
well as an E-box (Table. 2.9), pUC19N plasmid was used. E-box sequence (CACGTG)
was inserted into pUC19N plasmid using PCR amplification by Phusion polymerase. The
PCR reaction set up and conditions are mentioned in Table. 2.14 and 2.15 respectively.
The cloning strategy adopted to clone E-box (Fig. 2.8) was the same as SDM (Section
2.2.1a). The complete E-box sequence was present in both forward and reverse primers
(Table. 2.8). Further steps from overnight Dpnl digestion of the PCR products to chemical
transformation remained the same as described in the section 2.2.1a. pUC19N_E-box
plasmid was used further for AFM DNA substrate preparation and by procedures
explained in the section 2.2.3.1. Insertion of the E-box was confirmed by sequencing
(Appendix, Fig. x5.2).
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Figure 2.8: Cloning strategy for E-box motif in pUC19N plasmid. (a) E-box sequence (CACGTG) (in
red) was included in both forward (yellow) and reverse (green) primers. PCR amplification of pUC19N
plasmid (blue concentric circles) was performed in the presence of these two primers for successful
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incorporation of the E-box in pUC19N plasmid (represented by the red rectangle in the PUC19N plasmid).
(b) Agarose gel electrophoresis showing E-box containing pUC19N PCR product. Black filled arrow shows
the PCR product for pUC19N_E-box. Black empty arrows denote the sizes 6,000 and 3,000 bp in the DNA
ladder.

For preparing substrates containing both oxoG lesion and E-box motif, pUC19N_E-box
plasmid was used as the starting material. The subsequent steps were same as described
in the section 2.2.1a. For better visualization, the whole procedure of generating the
substrate with both oxoG lesion and E-box motif has been depicted in the Fig. 2.9. The
inserted oligonucleotide contains an oxoG lesion (hOGGL1 target site) and an E-box motif
(Myc target site) spaced 8 nts apart based on a previous study™©.
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Figure 2.9: Schematic representation of oxoG-Ebox DNA substrate preparation. Circular dsDNA
pUC19N plasmid containing E-box (shown in red) is treated with a nickase to create two proximally located
nicks (indicated by magenta lightning bolt symbols). During the gapping step, the nicked ssDNA is melted
out of the double helix in presence of an excess complementary oligonucleotide. The melted-out strand
forms base pairs with the counter oligonucleotide and is removed by centrifugation. The counter
oligonucleotide also contains the palindromic E-box sequence for perfect complementarity during gapping.
In the next step, the gapped DNA is incubated with an excess of counter oligonucleotide (green) containing
the lesion of choice (here, oxoG) (yellow) placed upstream (here, 8 nts) of the E-box motif (in red) and the
5’and 3’ nicks are sealed in the presence of T4 DNA ligase. The ligated product is subjected to restriction
digestion with enzymes whose restriction sites (orange lightning bolts) are present far away (to obtain a
substrate of ~500 bp length) on either side of the sealed nicks. The final DNA substrate is 505 bp long
containing a centrally located lesion (0xoG) and E-box motif spaced 8 bp apart (50% DNA length). Control
assays are performed at regular intervals during the substrate preparation to ensure completion of each
step (Fig. 2.7). Presence of E-box does not affect the restriction sites of the enzymes used in the control
assays. As an exemplary, oxoG lesion with E-box containing substrate preparation is shown here. Instead
of nicking and gapping native pUC19N plasmid, pUC19N_E-box plasmid has been used here.
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2.2.3.2 AFM sample preparation

Lesion substrates and glycosylase-DNA complexes. 20 ul was used as the standard
volume for all incubations and depositions onto freshly stripped mica substrate. Both DNA
dilutions and protein-DNA incubations were performed at ambient temperature for 15 min.
Incubations were made in the AFM buffer containing 25 mM HEPES/ HCI, pH 7.5 at 25°C,
25 mM sodium acetate, 10 mM magnesium acetate. At pH 7.5, mica is negatively charged.
The divalent magnesium ions in the incubation AFM buffer helps in the stable chelation of
negatively charged DNA to the negatively charged mica surface. DNA deposition
concentrations were 4 nM (for 505 bp substrates) and 0.5 nM (2,224 bp undamaged DNA
substrates). Glycosylase protein concentrations were varied from 10 to 300 nM based on
their binding affinities to DNA.

Dual CpG site containing substrates and DNMT3A-3L DNA methyltransferases. DNA
substrates D6, D9, and D12 and the readily assembled DNMT3A-3L protein complexes
were obtained from AG Jeltsch, IBTB Stuttgart (Appendix, Fig.x4.1 and Table. x4.1).
Protein complexes were incubated with DNA substrates (4 nM) at a concentration of 100
nM in the AFM buffer (for composition, see above) at room temperature for 20 min.
Incubation volume was kept constant at 20 ul for all depositions. Free DNA substrates (4
nM) were deposited on to freshly cleaved mica and imaged for control measurements.
Free proteins were deposited at a concentration of 7 nM to obtain control measurements.

hOGG1, Myc, Max, LSD1 complexes, and DNA substrates. hOGG1 was oxidized in
the presence of 5 yM H202 and dialysed for AFM experiments as described before in
section 2.2.2 (under analytical size exclusion chromatography method). For reducing
conditions, hOGG1 was reduced in the presence of 5 MM hOGG1. AFM sample volumes
were 20 ul in all experiments. For AFM experiments with hOGG1 and Myc-Max complexes
on oxoG DNA, all incubations were performed in the AFM buffer with oxidized and reduced
hOGG1 (150 nM) incubated with 30 nM Myc and 3 nM oxoG substrate for 15 min at
ambient temperature. Free Myc and Max control measurements were made by depositing
10 nM protein each.

For QD-conjugated Myc-Max complexes with hOGG1 on DNA, Myc was incubated with
Anti-GST monoclonal antibody in the molar ratio of 1:1 under ambient temperature for 30
min (concentration, 1 uM). Subsequently, this mixture was incubated with Qdot™ 605 goat
F(ab’)2 anti-mouse IgG conjugate (H+L) for 30 min to label Myc with the quantum dot
(QD) (ratio 1:1, concentration 500 nM). QD labelled Myc was then incubated with Max in
the molar ratio of 1:1 for 10 min to form a stable complex at a concentration of 20 nM. For
the final deposition, 2 nM of QD-MycMax complex was incubated with 150 nM of oxidized/
reduced hOGGL1 in the presence of 3 nM oxoG-Ebox substrate with both present at 50%
position. As controls, QD-Myc with DNA and QD-MycMax with DNA incubations were also
prepared for depositions at same concentrations.
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For hOGG1 and LSD1 on DNA, 1 uM hOGG1 was crosslinked with 1 uM LSD1 and 20
nM DNA using 0.1% glutaraldehyde in the AFM buffer for 15 min at ambient temperature.
This mixture was diluted to 10 nM protein for depositions.

2.2.3.3 Sample deposition, Image collection and processing

The samples are deposited on to clean, flat mica surface using a pipette without touching
the surface of the mica. In the next step, they are allowed to spread evenly across the
mica surface for 1 min, rinsed with deionized ultrapure water, dried by a gentle nitrogen
stream, and fixed on a microscope slide for AFM imaging.

2.2.3.4 AFM imaging and processing

Principle. A 3D topography image is generated based on the movement of a sharp tip
attached to the end of a cantilever scanning the surface of a sample (Fig. 2.10). To obtain
very high resolution of biomolecules imaged, a very sharp tip with diameter typically less
than ~10 nm is used?!!. Tips are generally made of silicon. Imaging is performed based on
the non-covalent forces like long-range electrostatic interactions, very short-range Pauli
repulsion (when the tip is deflected away from the sample), and short-range van-der-
Waals forces (attractive force) between the tip and the sample. A focused laser beam is
impinged on the cantilever to translate the deflection to a detectable signal. The deflected
laser beam coming from the cantilever is reflected onto a mirror and the reflected signal
then serves as an input to a position sensitive split photodiode detector!?. The deflection
of the cantilever leads to a change in the position of the laser beam on the split photodiode.
The optical signal is then converted to a differential electronic signal. The interaction
between the tip and the sample is modulated by a feedback controller, which maintains a
constant distance between them. The feedback system also provides the height
information of the specimen (sample) for each pixel and forms the basis of the final 3D
topography map of the sample. The movement of the tip in the z-axis is regulated by a
piezo scanner connected to the AFM scanning head holding the cantilever. By measuring
the z-displacement of the tip at every xy-position, a 3D topography map of the specimen
is generated by the imaging software.

AFM imaging can be performed by three common modes: contact, tapping (intermittent
contact) and non-contact mode.

Tapping mode is the most preferred mode of imaging of biological specimens. As the
name suggests, the tip intermittently touches the surface of the sample by vibrating the
cantilever. This mode of imaging is minimally invasive hence mitigating damage to the
biological sample. The cantilever is oscillated with a pre-defined frequency (near its
resonance frequency) and amplitude with a piezo actuator that is connected to a sine
wave generator. Upon contact with the surface of the sample, the oscillation amplitude of
the cantilever is interrupted. The feedback system then restores the amplitude by
upregulating the tip z-direction and simultaneously reads out sample height information,
which is translated to a final 3D topography map by the computer?'s.
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Imaging conditions and image processing. Imaging was performed using a Molecular
Force Probe 3D (MFP-3D) AFM. Images were collected with a scan speed of 2.5 ym/s in
the tapping mode oscillation using AC240 AFM cantilevers with resonance frequency of ~
70kHz and spring constant of ~ 2 N/m. AFM images were collected with a resolution of
1.95 nm/pixel and were plane fitted and flattened to 3™ order using the MFP Igor Pro
software. Finally, they were exported in .tiff format with the image resolution that was used
while collecting them.
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Amplitude
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electronics . .
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Figure 2.10: Schematic of an AFM set up. The sample to be imaged is placed on the sample stage. A
sharp tip attached to a cantilever scans the sample by tapping mode. Cantilever deflection is detected by
the shift in the position of a laser beam reflected from the cantilever onto a position sensitive photodetector.
and translated into sample height information. A feedback loop regulates the distance between the tip and
the sample surface and simultaneously records the height information of the sample at every x/y-position.
Using the height information, the imaging software generates a 3D topography image of the sample. Details
are described in the text section above (adapted with permission from Ando et al, 2013, and Bangalore and
Tessmer, 2018).
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2.2.3.5 AFM data analysis
2.2.3.5a Automated AFM DNA bending analysis at target lesion sites

As described under DNA substrate preparation section, 505 bp long DNA substrates
contain target lesions at 50% DNA lengths. Bend angles at these sites are measured
automatically by MatLab.

Pre-processing steps for automated DNA bend angle analysis at DNA target lesion
sites.

All software settings are described in Table. x3.1 and schematic of the procedure is shown
in Fig. 3.6. The exported .tiff AFM images are cropped to original sizes using GIMP
software and are exported using LZW option to retain the original resolution. The cropped
images are imported to ImageJ software, converted to 8-bit format and a median filter is
applied over two pixels. Yen threshold is applied to select continuous DNA strands without
any interruptions while still excluding the non-specific background contamination signals.
The threshold value is set such that the entire DNA filaments are selected for further
analyses.

For bend angle measurements by MatLab tool, DNA strands in the pre-processed images
must be skeletonized using FIESTA software. The binary image from the ImageJ software
is loaded into FIESTA software and the yen threshold value noted in the ImageJ software
is entered along with full width half maximum (FWHM) of various DNA strands measured
by drawing section lines perpendicular to the DNA backbone. Further, the average FWHM
value is calculated and entered with other configuration settings before running the
program. FIESTA skeletonizes the DNA using 2 nm rigid lines through the center of the
DNA backbone. In the next step, segmented track data output file is opened to discard
interrupted filament tracks, DNA filaments with wrongly traced DNA backbone, and
ambiguous bundles of DNA filaments by selecting them manually using the cursor and
deleting. The selected tracks are then saved in the .mat file format ready to be loaded into
MatLab tool.

MatLab routine for DNA bending analysis at lesion target sites located at 50% DNA
length. After starting MatLab software, the working folder is opened for saving all results.
The same folder contains the DNA bend angle analysis script. The DNA skeletonization
information (.mat file) from FIESTA is uploaded to MatLab. MatLab performs the first step
of discarding DNA filaments with wrong lengths. This action is essential to correctly
localize the lesion position by MatLab else the bend angles from the non-specific sites
can contaminate the results. This procedure discards the broken filaments. MatLab
prompts the user to enter the theoretical length of the substrate (here, for 505 bp long
substrate, it is 172 nm assuming rise of 0.34 nm/bp in the B-form DNA). B-form DNA
possess minor vibrations in the backbone that shorten the contour lengths in the AFM
images. These undulations are restricted by the resolution limit of AFM. Hence, to account
for these effects on the DNA, DNA lengths are allowed to vary between two standard
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deviations from the Gaussian centre of the fitted DNA length distribution (150 to 180 nm).
Using automated spline interpolation, 2 nm rigid backbone fragments are converted to 0.1
nm for the DNA filaments with correct lengths. MatLab determines the bend angles at the
50% target lesion by placing two intersecting tangents from a query point distance (here,
8 nm) to the site of lesion. DNA bend angle is defined by the deviation from the straight
DNA backbone conformation (180°- the angle measured by MatLab). DNA bend angle
distributions were plotted and fit with single or multiple gaussian curves in Origin Pro
software. Individual fits to these multimodal distributions are shown in Fig. x3.10. DNA
bend angle values are obtained from the centers of these single or multiple Gaussian
curves (Table. 3.1).

Automated bend angle analyses using MatLab tool requires certain AFM quality criteria to
be met. Images with uneven background generate false results. Hence, such bad quality
images were avoided for processing. | estimated the heights of the MatLab selected and
non-selected DNA and found that the minimum height requirement is 20.5 nm (Fig. x3.5a).
However, only images with an even background were used and confirmed that only
particular bend angle states were not favoured by MatLab tool by manually comparing
bend angles of selected and non-selected DNA filaments (Fig. x3.5c¢). Images with less
than 70% selection were excluded from analyses for obtaining reliable results.

In addition to image quality, bend angles obtained can vary depending on the tangent or
secant method of measurement. Exemplarily for undamaged DNA, both methods were
tested. The query point distances were 8 nm in both cases. The bend angle
measurements were ~8° and 0° from tangent and secant geometry methods respectively
(Fig. x3.6a). Another test was conducted where the bend angles from non-specifically
bound glycosylase complexes were compared with the crystal structures of the same
glycosylase bound to undamaged and lesion DNA. The comparison showed that similar
bend angles as seen in the crystal structures (IC complexes) of all four glycosylases tested
here with tangent line geometry using 8 nm query distance (Fig. x3.6b). Additionally, the
manually measured bend angles for oxoG:A shown exemplarily (Fig. x3.6¢) matched well
with the angles measured by tangent method rather than the secant method, both at 8 nm
guery point distance. To assess the relationship between the tangent and the secant line
geometry, oxoG:A bend angles were measured by both methods using different query
point distances. Results obtained from secant geometry at 8 nm query point distance were
identical to those from tangent geometry at 4 nm query point distance suggesting secant
method is also valid but at a different query point distance (Fig. x3.6d). However, tangent
line geometry has been adopted in the MatLab tool.

For better comparison of different bend angle states between lesion sites and at non-
specifically bound glycosylase-DNA complexes, the query point distance needs to be
fixed. Query point distance is measured from the site of lesion (50% DNA length) or bound
protein to the two points on either side of the target site along with tangents are traced.
The intersection of these two tangents gives rise to an angle measured by the MatLab
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tool. 180°- this angle gives the DNA bend angle. In these studies, a query point distance
of 8 nm was used. With increasing protein sizes, the query point distance needs to be
increased during the analysis using the tool. Query point distances were varied from 4 nm
to 15 nm to understand their effects on the DNA bend angles measured. 4 nm query point
distance gives rise to very noisy results since only 2 pixels (pixel resolution in these
studies is 1.95 nm/pixel) are considered for measurements. On the other hand, 15 nm
qguery point distance provided broader bend angle distributions than usual indicating
contributions from non-specific DNA at larger distances along the tangents. Since all the
glycosylases have a size of less than 7 nm, the bend angle measurements were optimized
by using 8 nm query point distances to avoid any artefacts (Fig. x3.7).

Persistence length measurements. AFM imaging is performed in air using the air-dried
samples. To ensure that the deposited molecules behave similarly to the hydrated
samples and are well equilibrated, DNA end-to-end lengths (R) were measured by the
MatLab tool. Worm like chain (WLC) model is gives the DNA persistence length Lp, using
the equation, Lr: <R?>2p=4 Lp Lc {1-(2Lr/Lc) (1-ec?F)}. Lc is the DNA contour length.
In the experiments for 505 bp lesion substrates, <R?>2p=(17,214 £422) nm? was
obtained for the given buffer conditions. The corresponding value of R for 505 bp long
undamaged DNA was ~131 nm. This translates to a persistence length of ~45 nm. The
persistence lengths of all 505 bp long DNA substrates fall in the range of 40-45 nm
(Appendix, Fig. x3.13 and table. x3.3).

2.2.3.5b Automated DNA bending analysis at protein positions

MatLab based automated tool in this study was used to measure non-specifically bound
glycosylase-DNA complexes and DNMT3A-3L complexes at specific dual CpG sites (50%
position) of ~400 bp long substrates.

Pre-processing steps for automated DNA bend angle analysis of protein-DNA
complexes. The schematic workflow is described in Fig. 3.8 and all software settings for
MatLab and FIESTA* are provided in the Table. x3.2 in the appendix section. The .tiff
images from MFP3D software are imported into GIMP software to crop the images to their
exact size (with only the image pixels) by excluding outer marked regions of the image.
The cropped image is exported using the LZW option to retain the resolution of the image.
The cropped image is then imported into ImageJ*® and converted to an 8-bit image first
and a median filter is applied over two pixels. Further, Yen threshold is applied to create
a binary image. The threshold value is selected in a way to include only the DNA and
DNA-bound protein molecules and excludes the free proteins in the images. In the first
step to select only the DNA filaments, shape filter plugin is applied with an elongation
parameter of 0.75-1 and a perimeter between 90-« (60-« for extremely curved filaments)
pixels to exclude protein molecules and select only DNA. Gaussian blur is then applied
over two pixels as a final step. The steps described here constitute image pre-processing.
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Parallelly, cropped images are also processed in ImageJ for selection and localization of
DNA bound protein molecules. For this purpose, intermodes threshold filter is applied to
select only the protein peaks on the DNA by manually adjusting the threshold values.
Using 3D object counter, the co-ordinates of the obtained protein peaks are saved in the
.txt format which is required for further MatLab routine.

For bend angle measurements by MatLab tool, DNA strands in the pre-processed images
must be skeletonized using FIESTA software. The Gaussian blurred binary image from
the ImageJ software is loaded into FIESTA software and the yen threshold value noted in
the ImageJ software is entered. For successful skeletonization, full width half maximum
(FWHM) of various DNA strands is measured by drawing section lines perpendicular to
the DNA backbone. Further, the average FWHM value is calculated and entered with other
configuration settings before running the program. FIESTA skeletonizes the DNA using 2
nm rigid lines through the center of the DNA backbone. In the next step, segmented track
data output file is opened to discard wrongly connected filament tracks and ambiguous
bundles of DNA filaments by selecting them manually using the cursor. The selected
tracks are then saved in the .mat file format ready to be loaded in the MatLab tool.

Highly bent DNA strands (DNA kinks) may not be segmented during skeletonization by
FIESTA. This leads to loss of important data from the images. However, these broken
tracks can be connected by the MatLab tool by entering the total number of DNA filament
pairs to be connected and the filament identifiers obtained from FIESTA of these
respective pairs. The schematic of the procedure is shown in appendix, Fig. x3.4.

MatLab routine for DNA bending analysis at non-specifically bound protein
positions. After starting MatLab software, the working folder is opened for saving all
results. The same folder contains the DNA bend angle analysis script. The .mat file with
the DNA skeletonization data and the .txt file with the protein co-ordinates are opened in
MatLab. To better describe the continuous DNA structure, DNA skeleton segment lengths
are reduced to 0.1 nm by automatic spline interpolation step. First, MatLab prompts the
user to enter the area filter to the protein positions to avoid protein aggregates and wrong
localization data. The cut-off levels range between 0.0000001-0.0001 um? with an option
to go up to 0.001 um? for larger protein systems. The free protein radii can be measured
for each protein (proteins vary in size) and DNA widths can be estimated (using freehand
or rigid line tool) in ImageJ software This information is necessary to correctly localize the
DNA bound proteins. Bound proteins are defined by the sum of protein radii and the DNA
width. If the value is higher than the cut-off value, these protein peaks are excluded from
further analyses. As a further caution, only proteins with a spacing of 250 nm from each
other on the DNA are considered for analyses to avoid influence of closely spaced protein
molecules on the DNA curvature. MatLab uses tangent geometry to measure the bend
angle by intersecting two tangents from a user defined query distances from the DNA
backbone at protein positions. The query point distances need to be sufficiently longer
than the sizes of the protein molecules to avoid false placement of the tangents due to
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unknown DNA topography beneath the bound protein molecules. All the glycosylases
employed in this study have radii ranging between ~3-7 nm. Hence for the analyses
presented here, a query point distance of 8 nm was used (higher than the size of the
glycosylases). DNA bend angle distributions were plotted, and Gaussian fitting was
performed in Origin Pro (Originlab Corporation, Northampton, USA) using the bend angle
values from MatLab for individual glycosylase complexes. Centers of the Gaussian fits to
the revealed the DNA bend angles. Bimodal and multimodal distributions were obtained
for different glycosylase-DNA complexes (Fig. 3.10 and Fig. x3.9). Automated bend angle
analyses for the non-specifically bound hTDG and hOGG1 were performed with the
existing AFM images*®. N-terminally truncated hAAG (AN72hAAG) and MutY were bought
from New England Biolabs and Trevigen respectively. The deletion of the N-terminus in
hAAG did not affect DNA bending in these studies (Appendix, Fig. x3.12).

MatLab routine for DNA bending analysis of proteins (DNMT3A-3L complexes)
bound at 50% position on the DNA substrates. The MatLab tool that was developed
for analyses in the previous section!’ was further extended to enable measurement of
protein binding positions and corresponding bend angles at these sites'®. The expanded
MatLab script is deposited at Open Science Foundation (OSF) (https://osf.io/76e9s/) and
is available for public use. The image pre-processing steps are as described above for
non-specifically bound proteins (See appendix, Fig. x3.3).

During the MatLab run, 10 nm was entered as the cut-off radii for DNMT3A-3L complexes.
MatLab selects only the DNA skeleton lines with correct length for further analysis (to
localize CpG sites present at 50% positions). Theoretical DNA length for the substrates
with dual CpG sites is ~139 nm (~400 bp, assuming 0.34 nm/bp rise). Theoretical DNA
lengths for different substrates were calculated and entered with a flexibility of two
standard deviations to account for DNA undulations. Since the two DNA ends are
indistinguishable, MatLab measures the protein positions from the closer end and hence
position distributions are plotted to 50% DNA length only. MatLab provides the DNA bend
angles corresponding to the bound protein positions together in an output table. In
addition, the output image is numbered for the protein peaks which is helpful in volume,
height, and length measurements of these complexes.

Manual DNA bend angle measurements. DNA bend angles at protein bound positions
or at 50% target sites were measured using the angle tool in Image J software (Fig. 3.6a).
Two straight lines are drawn through the center of DNA backbone with an angle at the
required position. This angle is ¢, the DNA bend angle is derived as 6= 180°- ¢.

2.2.3.5¢c Binding specificity analysis

Manual protein position measurements. Protein positions were measured manually
using Image J tool with freehand lines laid through the center of the DNA backbone to the
center of the bound protein from either of the two ends of the DNA substrate. This length
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obtained is divided by the length of the entire DNA substrate and converted to a
percentage value to obtain percent positions.

For the quantum dot-AFM (QD-AFM) data analyses, all positions measured manually
were normalized to the total number of DNA filaments present in all images for each
incubation. This allowed to interpret the number of binding events of QDMyc-Max
complexes at 50% position in presence or absence of hOGGL1. All experiments were
performed in triplicate (Appendix, x5.15). All the distributions were plotted and fitted using
Gauss function in Origin Pro software. Binding specificities (S) were obtained from the
ratio of total occupancy for the specific site (Eg: oxoG) defined by Asp, area under the
Gaussian fit and that of the non-specific DNA sites (Ansp, area of background from 2 to
50% total DNA length)*® (see Fig. 2.11) using Eq. 1-

S=N.(22)+1 1)

Ansp

where, N is the number of total available binding sites (number of base pairs, N= 505 bp-
2 X 2% at ends= 485 bp). Average specificities (x SD) were calculated from triplicate
experiments and p-values were derived using two-tailed student’s t test.

Automated protein position measurements. The positions of DNMT3A-3L complexes
on the dual CpG site containing substrates were measured using the extended MatLab
tool. The output table contains protein positions and corresponding DNA bend angles.
Protein position distributions were plotted and fitted using Gauss function in Origin Pro
software. Binding specificity calculations were performed by subdividing the DNA in 20
segments (each segment accounts for 5% DNA length, 2.5% on either side from the 50%
position). The binding probability in each of these DNA segments (Nobs) was compared
with equal probability of binding to each of these DNA segments by using Nexp= Niotal/20.
The binding specificity (S) was calculated in terms of observed binding events over
expected binding events in each DNA fragment for all substrates using the formula
Nobs/Nexp.

57 | Page



Fraction of counts

<
o
<>

Ansp <>

Distance from DNA terminus

Figure 2.11: Schematic of a position distribution of a protein binding to a specific target site. Using
the areas under the Gaussian fit to the distribution, Asp (in dark grey) and Ansp (in pink) and the height of
the background (yo), protein binding specificities are calculated by equation 1.

2.2.3.5d Stoichiometric analysis

Density slice option in the ImageSXM (S. Barrett, University of Liverpool) software was
used to analyze volumes of DNMT3A-3L complexes on the DNA. Area and height
information was obtained from the software to calculate volumes in MS excel. Volume is
obtained by subtracting the background noise height from the height of the protein peaks
and multiplying this value with the area of the complexes. Histograms were plotted with
these volumes and were fit using Gaussian curves in Origin Pro software. Volumes (V) of
free proteins can be translated to molecular weights (MW) using the equation- MW= (V+
5.9)/1.2 and the volume calibration curve of the AFM setup used in this study?°. Lengths
and heights of DNMT3A-3L complexes bound to DNA were measured manually at 50%
DNA lengths using ImageJ and ImageSXM software programs respectively. For the
volumes of protein-DNA complexes, the values may not linearly correspond to the original
molecular weights of the proteins because of volume contributions from dsDNA and this
might pose difficulty to apply the linear relationship between the AFM volumes and
molecular weights?t. Hence, only volumes are reported in all the studies in this thesis.
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2.2.4 Biophysical and Biochemical assays for protein-protein and protein-DNA
interaction analyses

Ensemble FRET experiments. Ensemble FRET measurements were performed to verify
the average bend angle values obtained for different glycosylase-DNA complexes. The
48 nt long non-specific DNA used as a counter oligonucleotide during the gapping step
was annealed to a 20 nt long bottom strand containing Cy3 FRET donor at 5’ end and
Cy5 FRET acceptor at 3’ end (Table. 2.9) in 15:1 ratio to confirm all fluorophore containing
oligonucleotides were in the double stranded DNA (dsDNA) format. As controls, top strand
annealed with bottom strand containing only Cy3 (5’) and only Cy5 fluorophores (3’) were
used to correct for background signals. For the undamaged DNA only control
measurements, 50 nM FRET DNA substrate was excited at Cy3 (FRET donor) excitation
wavelength, 509 nm and at Cy5 (FRET acceptor) excitation wavelength, 649 nm and
emission wavelength were recorded in AFM buffer in a 50 pl quartz cuvette (Hellma
Analytics). For the FRET measurements with glycosylases, 1 yM of each protein
concentration was applied subsequently to the DNA and the samples were incubated at
ambient temperature for 15 min. For each of these glycosylases, FRET acceptor emission
was detected prior to and after protein addition using a spectrofluorometer (Fluoromax 4
series, Jobin Yvon, Horiba Scientific) (Fig. x3.8). Cy3 emission maxima of the Cy3 only
labelled DNA samples in the presence or absence of glycosylases were normalized to the
Cy3 emission maxima of FRET DNA substrate samples with or without glycosylases. By
correcting for signals coming from Cy3, buffer, DNA, and individual proteins in the
samples, Cy5 acceptor emission spectra were obtained. The emission spectra recorded
at direct excitation of Cy5 acceptor is used for further analyses. The Cy5 acceptor
emission spectra at Cy3 excitation for FRET substrate samples with or without proteins
were normalized to Cy5 emission spectra at Cy5 excitation for the same corresponding
samples to correct for varying fluorophore concentrations. All experiments were
performed in triplicate. The intensity spectra recorded were used to calculate FRET
efficiencies, Errer and average DNA bend angles subsequently.

FRET efficiency is given by the equation (2),

IxnxEaa—Iapn*E
E = AD*€AA—1AA*EAD (2)

Iaa*€DD

where lab@soo nm = maximum intensity of acceptor (Cy5) at donor (Cy3) excitation,
laa@649 nm = maximum intensity of acceptor at acceptor excitation, eaa@sa9 nm = extinction
coefficient of acceptor at acceptor excitation wavelength (250,000 Mt cm),
eap@soo nm = extinction coefficient of acceptor at donor excitation wavelength (3,079 M-
1 em), and epp@sos nm = extinction coefficient of donor at donor excitation wavelength
(71,769 Mt cm™).
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To relation between FRET efficiency and FRET donor-acceptor distances is given by the
equation (3).

1
L 1
"p-a = Ry (E - 1)6 3)
where rp.a is the distance between FRET donor-acceptor pair (here, Cy3 and Cy5) and
Ro = Forster radius (5.6 nm for Cy3/Cy5 for freely rotating dyes and thus orientiation

factor k? = 2/3)?2. The extent of DNA bending dictates the distance rp-a between the donor-
acceptor pair.

The distance rp-a is then used to calculate DNA bend angles using cosine law defined by
the equation (4)-

T[z)_A—bZ—CZ (4)
—2bc

cos P =

After determining ®, DNA bend angle (®) is calculated using the equation © =180 — ®.
For the Cy3-Cy5 donor-acceptor pair, the total maximum distance was estimated to be
7.17 nm (b=c= 7.17 nm assuming all glycosylases bind preferentially in the middle of the
20 bp long labelled bottom strand).

hOGGL1 gel-based activity assay. For hOGG1 activity assay, 48 nt long 5’ Cy3 labelled
0xoG containing top strand is annealed with non-specific bottom strand in 1:1 molar ratio
to obtain a 5 uM stock solution. For annealing, both top and bottom oligonucleotides were
incubated at 95°C for 10 min on a thermomixer and subjected to gradual cooling to 15°C
to ensure optimal dsDNA formation. In-house purified hOGG1 and hOGG1kz2490 Were used
for all activity assay experiments. For all assays with oxidizing conditions, hOGG1 was
subjected to oxidation in presence of 5 yM H202 in the hOGG1 gel filtration buffer for 3 h
at 4°C and dialyzed overnight against the same buffer without H202 and concentrated,
flash frozen and stored at -80°C. For all incubations with reducing conditions, buffer
containing 5 mM DTT was used. The reactions in the assay contained hOGG1 under
oxidizing and reducing conditions, buffer, and DNA substrate. Activity assay buffer
composition was 25 mM Tris-HCI, pH 7.6, 100 mM NaCl. The final concentration of
hOGG1 and DNA substrate were 1 uM and 20 nM respectively. The final volume of each
reaction was 10 pl. The assay was performed at 37°C for time points 5, 15, 30 and 45
minutes in a dark place to avoid photobleaching of the fluorophore and the abasic site
generated by hOGG1 was cleaved by incubating with 0.2 N NaOH for 5 min and the
reaction was stopped by heating to 95°C for 5 min and adding Orange G dye containing
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urea (composition for a volume of 100 ml: 2 ml 50X TAE, 0.15g Orange G dye, 34 ml
glycerol, and 64 ml 11M urea) 22. All the reactions were loaded into the wells of a self-
made 15% denaturing Urea-PAGE gel (7 M Urea) in 1X TBE (Acrylamide: Bisacrylamide
in the ratio 37.5:1). The gel composition has been shown below in the Table. 2.20. The
electrophoresis was performed at 4°C for 120 min at 100 volts. Along with assay reactions,
a DNA ladder with 13-bp, 20-bp and 48-bp substrates was loaded to better visualize the
cleaved product. The gel was visualized in the Pharos FX imager using Cy3 detection in
the low intensity mode to get maximum signal. The cleaved products and the uncut bands
were analyzed for intensities in ImageJ. For this purpose, Images were imported to
ImageJ and converted to 8-bit. Subsequently, a rectangle box was localized to the band
and using “Gels” option in the Analyze section of the software, the intensities were plotted.
Using the line tool, the area under the curve for the intensity peaks were marked. These
areas were selected using the wand tool and the intensity values were obtained in the
results window. The intensity values measured for uncut and cut bands were corrected
for background gray values. The intensity of the cut band was divided by the sum of the
intensities of both cut and uncut bands to obtain percent product formation. These values
were plotted against incubation times (10, 20 and 30 min) for the triplicate experiments
and an average (+ SD) over these three time points were taken and were plotted using
histograms in Origin Pro software (Appendix, Fig. x5.8). p-values were calculated using
two-tailed student’s t-test.

Table 2.20: Denaturing 15% Urea-PAGE gel composition

Component Quantity (for 50 ml)
40% Acrylamide (29:1) 18.75 ml

Urea 24 g

10% APS 200 pl

TEMED 20 pl

10X TBE 5

dH20 Rest of the volume

Electrophoretic Mobility Shift Assays. For EMSA assays, oxoG lesion containing top
strand and undamaged top strand were annealed with Cy3 labelled bottom strand in the
molar ratio of 1:1 respectively.

The buffer used in all the EMSA experiments contained 20 mM Tris-HCI, pH 7.6, 200 mM
NaCl. The concentrations of hOGG1 and LSD1 were 1 yM each and Myc and Max were
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100 nM each respectively. For annealing, both top and bottom oligonucleotides were
incubated at 95°C for 10 min on a thermomixer and subjected to gradual cooling to 15°C
to ensure optimal dsDNA formation. For all assays with oxidizing conditions, hOGG1 was
subjected to oxidation in presence of 5 yM H202 in the hOGG1 gel filtration buffer for 3 h
at 4°C and dialysed overnight against the same buffer without H202 and concentrated,
flash frozen and stored at -80°C. For all incubations with reducing conditions, buffer
containing 5 mM DTT was used. The final volume of each reaction was 10 pl. All EMSA
reactions were incubated at room temperature for 30 min in a dark place to avoid
photobleaching of the fluorophore. After 30 min, Orange G dye (composition for a volume
of 100 ml: 2 ml 50X TAE, 0.15g Orange G dye, and 60 ml glycerol) was added to each
reaction and loaded into the wells of a self-made 15% Native PAGE gel (Acrylamide:
Bisacrylamide in the ratio 29:1) in 1X TBE. The gel composition has been shown below in
the Table. 2.21. The electrophoresis was performed at 4°C for 240- 260 min at 100 volts.
The gel was visualized in the Pharos FX imager using Cy3 detection in the low intensity
mode to get maximum signal. All experiments were performed in triplicate.

Table 2.21: 15% Native-PAGE gel composition

Component Quantity (for 15 ml)
Acrylamide 30 (39.5:1) 6.25 ml

10% APS 80 ul

TEMED 8 pl

10X TBE 1.5ml

dH20 Rest of the volume

Fluorescence polarization measurements. For fluorescence polarization studies, oxoG
lesion containing top strand and undamaged top strand were annealed with Alexafluor
647 labelled bottom strand in the molar ratio of 1:1 respectively. For assessing the binding
affinity values, 5 nM AF647 (5’) labelled oxoG and undamaged 48 nt long substrates were
incubated with hOGG1 concentration starting from 8 uM hOGG1 and serially diluted to ~0
MM in hOGG1 gel filtration buffer. For protein-protein interaction studies, hOGG1 was
labelled with Ni-NTA dye with AlexaFluor 488 by incubating both in the molar ratio of 1:3
in the hOGGL1 gel filtration buffer for 30 min in the dark at ambient temperature. For
removing residual dye, a 10kDa MWCO filter was washed with buffer and centrifuged 10
min at 10,000xg at 4°C in the washed filter. The filter was set upside down on a new 1.5
ml tube and hOGG1 was eluted into this tube by centrifugation at 1,000xg for 3 min. This
process was repeated for three times. To check if the labelling was in the 1:1 ratio,
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nanodrop spectrophotometer was used. To calculate the ratio of hOGG1 and Alexafluor
488, Lambert Beer’s law was used (Eq. 5)-
c==2 (5)

exL

Where c is the concentration, A is the absorption, € is the molar attenuation coefficient
and L is the optical path length. Proteins have their maximal absorption at the 280 nm
wavelength. The ratio of concentration of hOGG1 to Alexafluor 488 gave a value of ~1
indicating all hOGG1 molecules were labelled. For assessing the binding affinity values
between proteins, 5 nM labelled hOGG1 was incubated with Myci-163 and LSD1 separately
with concentrations starting from 40 yM (Myc) and 60 yM (LSD1) and serially diluted both
proteins to ~0 uM in separate incubations with hOGG1 in the EMSA buffer. The basic
principle of fluorescence polarization is that the degree of polarization of a fluorophore is
inversely related to its molecular rotation?*. Fluorescence polarization is measured as the
difference of emitted parallel and perpendicular intensities to the excitation plane
normalized by the total fluorescence emission intensity. When two biomolecules interact,
the rotation of the fluorophore (attached to one of the molecules under study) diminishes
when compared to the free molecule. This gives rise to a change in parallel and
perpendicular emitted intensities. The polarization values are recorded from clariostar
(with gain= 1700; AF647- excitation: 650 nm, emission: 671 nm, AF488- excitation: 599
nm, emission: 520 nm, 120 cycles at 1s/ cycle) and plotted against the ligand (unlabelled
molecule) concentration (logarithmic scale) (Appendix, Fig. x5.5 and x5.10). The
individual polarization curves were fit by Hill equation using the non-linear fit (NL-Fit)
option in Origin Pro software. R? values were 20.95. The average binding affinities, Kp (+
SD) were calculated based on the triplicate values (Table. x5.1 and x5.2) for each sample.
p-values were calculated using a two-tailed student’s t-test.

Native agarose gel electrophoresis. For protein-protein interaction analysis, hOGG1,
Myci-163 and LSD1 were incubated in the molar ratio of 1:1:1 respectively in the buffer
containing 20 mM Tris-HCI pH 7.6, 200 mM NacCl for 30 min on ice. 1% agarose solution
was prepared in 0.5X TBE was casted, and electrophoresis was performed in Mini-Sub®
Cell GT System for 5 h at 4°C. Gel was stained overnight using Coomassie G 250 staining
solution (80 mg of Coomassie G 250 in 1 L of ddH20 acidified with 3 mL of 37% HCI).
Destaining was done in water for 12 h the next day and the gels were visualized using
Vilber imaging system to identify the interactions based on gel shifts. Experiments were
performed in duplicate (Fig. 5.12 and Appendix, Fig. x5.10).

In vitro pull-down assays. For visualizing direct protein-protein interactions, 20 ul of
Protino® Ni-IDA beads were washed three times with 100 ul buffer containing 20 mM Tris-
HCI, pH 7.6, 200 mM NaCl. 1.3 pM of the bait protein containing 6x-His tag was incubated
with the beads for 5 min to allow it to bind effectively. This mixture was incubated with a
30-fold excess prey protein (40 uM) without the 6x-His tag for 20 min at ambient
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temperature with constant mixing. As controls, beads without bait protein were incubated
with prey protein. Subsequently, three 30 pl washes were given to all the incubations
including controls. 10 pl of both the beads and washes were loaded onto a 15% SDS-
PAGE gel after adding 1x SDS sample buffer with B-mercaptoethanol. Samples were
denatured for 5 min at 95°C and then 5pl of the samples were run on a self-made 15%
SDS gel for ~50 min at 250 V at room temperature until the loading dye reached the
bottom of the gel. For protein detection, a Coomassie G 250 staining solution was used.
After repeated heating in ddH20 solution in a microwave at 800 W for 60 sec and a
subsequent 10-minute incubation in Coomassie G250, destaining was done in water with
an initial heating step in the microwave. After complete destaining procedure, protein
bands are visualized using Vilber imaging system. Experiments were performed in
triplicate (Fig. 5.11 and Appendix, Fig. x5.9).

2.2.5 In silico DNA curvature analysis

To obtain DNA bending of the 48 bp long undamaged substrate, the sequence (original
top, Table. 2.9) was uploaded to the online DNA Curvature Python Analysis tool
(https://www.Ifd.uci.edu/~gohlke/dnacurve/). The output file consisted of PDB
coordinates. PyMOL was used to visualize the DNA bending and to measure the DNA
bend angle at 50% DNA length.
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3. Investigating initial lesion detection strategies of DNA

glycosylases by automated AFM DNA bending analyses
3.1 Introduction

The genome is constantly under attack leading to spontaneous introduction of
modifications in its chemistry and structure. It is estimated that the human genome
undergoes up to 10*-10° lesions every day in a mammalian cell?>~2°, Base excision repair
is the predominant pathway to correct base lesions caused by oxidation, alkylation, and
deamination®*-3? (Fig. 3.1).
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Figure 3.1: Overview of common base lesions and abasic sites. Figure taken with permission from
Krokan and Bjgras, 2013.

Most of the base lesions hardly cause any strong distortion in the double helical structure
of DNA and are highly innocuous and unobtrusive. They mildly alter the hydrogen bonding
pattern with minor distortions in the geometry of the DNA backbone, which go unnoticed
by the replicating polymerases leading to transition or transversion mutations and causing
cytotoxic effects on the cell. An exemplary of a transversion mutation is shown in Fig. 3.2.
Hence, these base lesions with such high mutagenic and cytotoxic potential are a threat
to genomic integrity and need to be corrected.
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Figure 3.2: Schematic of G:C to T:A transversion mutation. 8-oxoguanine (8-0xoG) is the product of
guanine (G) oxidation. 8-oxoG differs from G by an oxo group at C8 position and an NH at N7 position. The
presence of an extra oxygen atom does not cause major alterations in the hydrogen bonding pattern of G
(anti) to cytosine (C). However, when 8-0xoG is present in the syn-conformation with Hoogsteen face
available for hydrogen bonding, it is mispaired with adenine (A) by polymerases because the Hoogsteen
face of 8-oxoG resembles Watson-Crick face of thymine (T). In the subsequent round of replication, T is
incorporated by polymerases opposite A leading to G:C to T:A transversion mutation.

Lesion detection and elimination of these lesions is performed by the initiating enzymes
of base excision repair (BER), the DNA glycosylases. They are highly accurate and
efficient in identifying and excising base lesions. Hereby, (almost) all glycosylases employ
a common mode of damage recognition: flipping the damaged base into its catalytic active
site pocket for sensitive recognition of these inconspicuous lesions and perform slow
hydrolysis of the N-glycosidic bond between the damaged base and the phosphate DNA
backbone. Action of monofunctional glycosylases on base lesions results in the formation
of an apurinic/apyrimidic site (AP-site), which further acts as a substrate for an AP-
endonuclease (APEL in humans) (Fig. 3.3). Activity of APE1 results in the forma