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Abstract

Flap endonuclease 1 (FEN1) member of the 5nuclease superfamily of DNA replicative and
repair proteins. It acts as a sequeroeependent nuclease whose divalent metal Hon
dependent phosphodiesterase activity specifically cleavddf@fcated nucleic acids at the first
nucleotideA y G KS RdzLJX SE NBIA2Yy O C9bmQa Ay {dS3aNI

upregulation in cancer cells, makes it an attractive chemotherapeutic target.

FEN1 has been proposed to select the correct phosphate diester for reaction by using a double
nucleotideupairing (DNU) mechanism. This precise reaction site selection is key to allowing DNA
repair and replication process to continue seamlessly. Evidence for this mechategtics
largely inferred fromstructural data. This thesis describes @uwerisation of mutations of
conserved residues that may be involviedthe FEN1 reaction mechanism. Combined kinetic
and biophysical data revealed that these residues were important to reaction but not substrate
binding. A spectroscopic study of the DNtdgess was undertaken using DNAs containing two
tandem 2APs, to directly observe the local conformation of DNA in solution using exicton
coupling CD. A clear change in signal was observed upon #E&nNinding to substrate and
product DNAs containing ith spectral probe. Grossonformational changes of nucleotides at

the site of incision were dependent on the presence of aesie divalent metal ions. Conserved
residues, Y40, K93, D181A and R100, were proposed to be important for DNU, their involvement
was assessed by creating alaniragiants, identifying them as important for product, but not
substrate, upairing. These catalytic residues reside at the base of the helical arch which
traverses the active site. The introduction of leucine to prolineatiahs at several intervals in

the arch sequence more distal frothe active site revealed that the structural integrity of the

top of the arch was crucial for DNU, suggesting proper ordering of the arch is essential to bring

about a DNA conformational chge.

Recent screening identifiedNthydroxy urea series whose FEN1 inhibitory activity is thought to
derive fromametaOK St I Ay 3 Wgl NKSIFRQd LaA20KSNNdited GAQ!
magnesium ion dependent nanwlar affinity of these inhiibors. Kinetic analyses permitted
discrimination between reversible inhibition models. It was found that a mixed inhibition model

fitted the data with overwhelming probability, indicating the formation of an enzygubstrate

inhibitor (ESI) complex. Uglrescence anisotropy and FRET experiments independently
confirmed that DNA andN-hydroxy urea inhibitors are bound to the same hFEN1 molecule,

consistent with the kinetic data that implies inhibitor bound in the acite only moderately



decreases the afiity of the substrate for hFEN1. Finally, ECCD of the ESI complex confirmed

that these inhibitors prevent reaction by sterically blocking the DNU step.



Publications arising from work covered in this thesis

Finger, L. D., Patel, N., Beddows, A., M&Xell, J. CJardine, E., Jones, A. C., Grashy, J. A.
(2013).0Observation of unpaired substrate DNA in the flap endonucldazetive site Nucleic
Acids Researchl, 98399847.

Patel, N., Exell, J. Gardine, E., Ombler, B., Finger, L. D., CiargrBsby, J. A. (2013) Proline
scanning mutagenesis reveals a role for the flap endonucigédssdical cap in substrate
unpairing. The Journal of Biological Chemig8§, 3423934248.



Contents

Declaration i
Acknowledgements ii
Abstract iii
Publications arising from work covered in this thesis Y
Contents Vi
Abbreviations Xi
Chapter 1: introduction 1
1.1: Phosphodiester hydrolysi 1
1.1.1 Chemistry of Phosphotyansfer reaction 1
1.1.2 Tools for Mechanistic Analysis 2
1.2: Metation catalysis 4
1.2.1. Nuclease catalysis 4
1.2.2 Chemical properties of divalent cations 5
1.2.3 A two metal ion phosphoryl transfer mechanism 6
1.2.4 Substrate dependent metal ion binding 7
1.2.5 Fla Endonuclease (FEN) Meiah requirement 8
1.3: Flap Endonucleask 10
1.3.1 FEN superfamily Fold 10
1.3.2 Human flap endonucleade 13
1.3.3 hFENL1 involvemein Lagging strand synthesis 14
1.3.4 Base excision repair 15
1.3.5 FEN substrate specificity 17
1.3.6 FEN Downstream duplex binding 18
1.3.7 FEN Upstreaduplex binding and the'3lap pocket 19
1.3.8 FEN Hydrophobic wedge 22
1.4 DNA unpairing 23
1.4.1 FENL1 active site residues involved in double nucleotide unpairing 24
1.4.2 Mus81/XPF are putative DNA unpairing enzymes 28
1.4.3 Mrel1 as a DNA unpairing enzyme 29
Mmonon < SE2ydzOfSFasS & | 5b! dzyLJ ANAYI yievs
1.4.5 DNA Polymerases 33
1.5 FEN Selectivity for freé-fermini 36
1.6 FEN1 Recognition of the{lsnction 39
1.7 Current cancer treatments: synthetic lethality 41
1.7.1 The role of base excision repair in tumour survival 42
1.8 Metatbinding Inhibitors 44
1.8.1 APEL1 inhibitors 44
1.8.2 Mrel1l Inhibitors 47
1.8.3 HIMN inhibitors 48
1.8.4 FENL1 Inhibition 51
1.9 Aims 52

Vi



Chapter 2: Materials and methods 53

2.1 Expression and purification of hFEN1 53
2.1.1 Media and buffers 53
2.1.2 Protein expression 54

HOM®o t NPGSAY LIZNAFAOIGA2Yy > GNHzyOF SR FT&BNa 2F
2.1.4 Protein purification, fulength forms of hFEN1 (hFEN1, hFEN1Y40A, hFEN1K93AR100A,
hFEN1R100A, hFEN1K93AR100A, hFEN1D181A, hFEN1L97P, hFEN1L111P, and hFENEBL130P)
2.1.5 Determination of protein concentration 57

Figure 2.1: SBBAGE to show purity of WThFENL1 after purification steps. Lane 1: protein
ladder (bands 1, 2, 3, 4, 5, 6 and 7 representing 250, 150, 100, 75, 50, 37 and 25 kDa
markers), lane 2: 1 pug/ yL, lane 3: 2 ug/ pané 4: 4 pg/ pL, and lane 5: 8 ug/ L. 58

2.2 Synthesis and purification of substrates for hFEN1 58
2.3 Characterising DNA binding affinities of FEN using fluorescence anisotropy 66
2.3.1 Measuring hFEMNsLibstrate binding by fluorescence anisotropy 66
2.3.2 Competition Experiments 68
2.4 Measurement of single turnover rates of FEMtalysed reactions 68
Hdndm KCO9bmZI KCO9bmpoocX | YR KC9bwm,  nanal! 68
2.4.2 hFENYariants 71
2.4.3 Measuring the decay of emag-substrateinhibitor complexes 71
2.4.5 Measuring the single turnover rate using fluorescence anisotropy 72
2.5 Electrophoretic Mobility Shift Assay (EMSA) 72
2.5.1 Determination of the hFEN1 binding constant by EMSA 72
2.5.2 EMSA Streptavidin Blocking/Trapping Experiments 73
2.6 Fluorescence resonance energy transfer 74
2.6.1 Characterising DNA binding affinities of FEN using an ensemble FRET assay 74
HPcdH aSladaNARy3a GKS [ FFAyAlGE 2F Yof201SR® Syl &
2.6.3 Substrate conformational changes as a function of KCI 76
2.6.4 Substrate conformational changes as a fiamcof MgGl 76
2.7: CD spectroscopy 76
2.7.1. 2aminopurine Excitortoupled Circular Dichroism (ECCD) Spectroscopy 76
2.7.2 Determining the affinity of hFEN1 and hFBIdants for ECCD oligonucleotides 77
2.73MeasuringuripA NAY 3 2F WGINIF LIISRQ yR Wof20]1S®Q Syl @
2.8 Isothermal Titration Calorimetry 77
2.9 Determining thesteadg G 4GS 1 AYSGAO LI NI YSGSNER 2F (KS
catalysed reaction of DB* 78
2.10 Steadystate Inhibition Studies 80
2.10.1: Estimation oflt i 80
2.10.2 Determiningthesteady G  §S ({ Ay SGAO LI NI YSGSNR 2F (KS KC
DF5* as a function of inhibitor 1 and 2 81
2.10.3 Secondary Inhibition plots 82
2.11 Expression and purification of TSFEN 82
2.12 Synthesis and purification of substrates for TSFEN 82

2.13 Determining the steadgtate kinetic parameters of the TS5FEN catalysed reaction of
pY-7 in the presence and absence of inhibitor_1 83

Vil



2.13.1 Determiningthesteady G 6 S {AYSGAO LI NI YSGSNR 2F ¢pC9b YR K

as a function of pH 84
2.14 Expression and purification of XRN1 84
2.15 Synthesis and purifation of substrates for XRN1 85
2.16 XRN1 activity assays 86

2.16.1 XRNL1 inhibition assay 87

2.16.2 Partial alkalineylrolysis of RNA1 87

Chapter 3: The effect of human flap endonuclease active site mutations upon
substrate binding and catalysis 88
3.1 Mutational Analyses 88

3.1.1 Production of mutated hFEN1 proteins 88
3.2 Substrée design 90
3.3 Studying FENubstrate interactions using fluorescence polarisation 91

3.3.1 The majority of the interface between hFEN1 and DNA is distant from the active site92

3.4 Investigating the effect of active site mutations on the hFEN1 mechanism using single

turnover kinetics 99

3.5 An alternative approach to measure substrate binding 103
3.5.1 Electromobily shift assays indicate the presence of higher order species. 103
3.5.2 Using hFENfiduced substrate conformin change to measure a true binding constant: A
fluorescence resonance energy transfer analysis 106
3.5.3 Unbound substrate FREiEasurements 111
3.5.4 hFENiInduced substrate conformational change 113
3.5.5 Mutated FENs bring about a substrate conformational change 116
3.5.6 Assay development 117

3.6 Summary and discussions 120

Chapter 4: Investigatindocal conformation changes of nucleotides in the human flap

endonuclease active site by low energy circular dichroism-ain@nopurine 122
4.1 5-structure specific nuclease mechanism 122
4.2 2aminopurine substitution in enzymology 123
4.3 Using Zaminopurine substitution to study hFEN1 126
4.4 Lowenergy CD spectra of unbound product and substrate constructs 129

4.4.1 CD Spectra of-@P} containing singlestrands 129
4.4.2 CD Spectra of (2ARpntaining duplexes in the context of FEN1 product and substrai®1
4.5 Lowenergy CD spectra of Wand mutatedFEN product complexes 133
4.5.1 Product unpairing is metal dependent 134
4.5.2 A 5terminal phosphate is required for unpairing 136
4.5.3 The behaviour of D181A.Pcomplexes does not mimic those of WT FEN1 137
4.5.4 Mutation of hFEN1 active site residues impairs catalysis and product unpairing 139
4.4.5 Summary and conclusions afzRlata 141
4.6 Lowenergy CD spectra of Wand mutatedFEN substrate complexes 142
4.6.1 DNA conformational in (242 brought about by WT and mutated FENs 142

viii



4.6.2Low energy CD of&P probes located in the doubtranded downstream region of
substrates 145

4.6 Investigating the unpairing siation at the +1 and1 positions using ZAaminopurinel46

4.7 Mismatches disrupt the unpairing mechanism 149
4.8 Summary and conclusions of ECCD data 151
Chapter 5: An Unexpected Role for the Helical Arch in FEN1 Substrate Unpairdy
5.1 The possible roles of the FEN1 helical arch 154
5.2 Streptavidin does not affect enzyme and substrate association 156
5.3 Flap accommodation is a pirequisite for unpairing 157

5.3 Investigating the effect of helical arch variambn catalysis and substrate binding161

5.4 Helical Arch variants can still accommodateflaps 165
5.5 Integrity of helical cap is crucial for substrate unpairing 168
5.6 Discussion and conclusions 170

Chapter 6: Investigating the inhibition of hFEN1 by cyblibydroxy urea compounds

172
6.1 Identification of hFEN1 inhibitors 172
6.2 Measuremenbf binding constants folN-hydroxy urea inhibitors using Isothermal
Titration Calorimetry 174
6.2.1N-hydroxy urea inhibitors bithto hFEN1 with nanomolar affinity 176
6.3 Kinetic Studies demonstrate hFEN1 inhibitors bind to DiMée and DNAbound hFEN1
181
6.3.1 Michaeligvienten kinetics 181
6.3.2 Reversible Inhibition 182
cPodo YAYSGAO OKINIOGSNAALFLGAZY 2F KC9bmMI8EYR KC
6.3.4 Estimation ot ‘for hFEN1 inhibitors 190
6.3.5Steady state evaluation of hFENL1 inhibitalemonstrate inhibitor 1 and inhibitor 2 binds to
DNAfree and DNAound hFEN1 191
6.4 Investigation of aran hFENgMg?*cInhibitor¢DNA complex using biophysical
approaches 200
6.4.1 C& ions in the active site do not support inhibitor binding 200
6.4.2 FuHength R10A is suitable for biophysical assays with inhibitors. 201

6.4.3 Fluorescent anisotropy experiments confirm the formation of a quaternary complex205
6.4.4 The substrate is in the same ammhiation when bound to R100A(MYgl and R100A(CYH

complexes 209
6.4.5 Active Site MetaéBinding NHydroxyurea Inhibitors of hiREL Block DNA Unpairing 210

6.5 Discussion: 211
6.6 Closely related family members are not inhibited byhydroxy Urea compounds 212
6.6.1 TS5FEN inhibition studies 212
6.6.2 XRN1 inhibitiortwdies 216

6.7 Summary and Conclusions 221
Chapter 7: Conclusions 222

iX



References 226

Appendices 242
Publications 258




Abbreviations

Q I}JD‘I.’O‘IC-C-C-C-G

L o>
v

AlC
Ala/A
Arg/R
Asp/D
BER
bp
BSA
CD
Cm
DDR
dHPLC
DMSO
DNAP
dNTP
double flap
DR
dRP

ds
DTT

E
ECCD
EDTA
EMSA
EP
ES
ESI
ETDM
FA
FAM
FRET
HEPES
His/H
HJ

HR

dissociation constant

Michaelis constant

inhibition constant

competitive inhibition constant
uncompetitive inhibition constant
singleturnover rate constant
catalytic rate constant
2-aminopurine

amino acid

1 FA1SQa Ltghign2 NI GA2Yy ONJ
alanine

arginine

aspartic acid

base excision repair

base pair

bovine serum albumin

circular dichroism

chloramphenicol

DNA damage repair

denaturing high pressure liquid chromatography
dimethyl sulfoxide

DNA polymerase

Deoxynucleoside triphosphate
double flap

direct repair

deoxyribose phosphate

double stranded

dithiothreitol

enzyme, macromolecule

exciton coupling circular dichroism
ethylenediaminetetraacetic acid
electrophoretic mobility shift assay
enzymeproduct

enzymesubstrate
enzymesubstrateinhibitor complex
electronic transition dipole moments
fluorescence anisotropy

fluorescein

fluorescence resonance energy transfer
hydroxyethylpiperazineethane sulphonic acid
histidine

Holliday junction

homologous recombination

Xi



I

IMAC
IPTG
ITC
Kan

LB
Leu/L
LFER
LpBER
Lys/K
MALDITOF
MMR
MWCO
n
NaOH
NER
nt(s)
oD
P,Q
PARP1
PCNA
Phe/F
Pro/P
pY

r

RRB
RT

SA
SAR
SDSPAGE
sm
SOC
SpBER
Ss

ST
TAMRA
TBE
TBSE
TOFESI
Tris
Tyr
TyrlY
WT

inhibitor

immobilised metal ion affinity chromatography
A a 2 LINRHth®ddaladtopybanoside
isothermal titration calorimetry

kanamycin

LuriaBertani broth

leucine

linear free energy relationship

long-patch base excision repair

lysine

matrix assisted las desorption ionisatiostime of flight
mismatch repair

molecular weight cut off

number of identical binding sites per macromolecule
sodium hydroxide

nucleotide excision repair

Nucleotide(s)

optical density

product

poly (ADFibose) polymerase 1

proliferating cell nuclear antigen
phenylalanine

proline

pseudo Y

anisotropy

reduced reaction buffer

room temperature

streptavidin

structure activity relationship

sodium dodecyl sulphatgolyacrylamide gel electrophoresis
Single molecule

super optimal broth with catabolite repression
short-patch base excision repair

single stranded

singleturnover

tetramethyl rhodamine

TridoorateEDTA

Tris borate saline EDTA

time of flight electrospray ionisation
tris(Hydroxymethylminomethane

tyrosine

tyrosine

wild-type

Xli



Chapter 1: introduction

1.1: Phosphodiestetydrolysis

The hydrolysis of phosptediester bonds contained within nucleic acids in processes such as
DNA replication, recombination and repair, RNA maturation and apoptosis is essential for all life.
Phosphodiesterases that catalyse phosphate diester bond cleavage in nucleic acid p@lener
generally referred to as nucleases but their sites of action or the specific cellular function of the
hydrolyase can vary. Thus, nucleases can be endonucleolytic or exonucleolytic, and they can be
DNases or RNAses, topoisomerases, recombinasesagedic ribozymes or RNA splicing
enzymes. Historically nucleases have been classified according to reaction mechanism, metal

ion dependence, topology or a combination of these categdfieston, 2008; Yang, 2011)

1.1.1 Chemistry of Phosphorytransfer reaction

In DNA and RNA stitures, there are two possible® bonds that can be cleaved. Hydrolysis of
one of the two bridging ¥ bonds dictates the specific products. Either gtwsphate
monoester and 3hydroxyl or a 3phosphate monoester and biydroxyl products are
generated The majority of nucleases that act on DNA cleave tHe-B'bond, resulting in a
deoxynucleoside &nonophosphate and a free 3' hydroxyl. The reason being is that the 5'
phosphate is an ideal substrate for DNA ligation which completes replication, rétatiob and

repair processes.

Phosphoous is able to exist in eithdri-coordinate, tetracoordirate or pentacoordinate
states.Phosphoryl transfer reactions are substitution reactions at phosphorus and can occur by
three mechanisms figure 19. One isa dissociative (@) mechanism, where there is first
elimination of a leaving group to form an unstabledoordinate metaphosphate intermediate
followed by rapid addition of a nucleophildigure 1a). The other two mechanisms are
associative (®). Both possibilities have been demonstrated occur in nonenzymatic
phosphoryitransfer reactiongKirby and Jencks, 1969)he associative (& mechanism can be
either a concerted or mulstep piocess. In a purely associative mechanism, usually involving
formation of a covalent enzymghosphate intermediate, a highly negatively charged
pentacovalent intermediate, called a phosphorane is formed, first through addition of a
nucleophile, followed bglimination of the leaving group; also known as an addigtmination
pathway. In the concerted mechanism bond formation and fission of the nucleophile and leaving
group respectively occur simultaneously in the transition state. The concerted mechanism i

1



O2YLIX AOFGSR FdzNIKSNJ RSLISYRAY3I 2y sKSGKSNI GKS GNIy
WaeYOKNRY2dzaQd ! (NryarAdAzy adrasS GKFG Aa Ofz2asS i
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transition state in the middle of loose and tight, shown graphically in a Mof2C S-Mickst f

diagram figure 1.Db) (Jencks, 1972; Oferrall, 1970)
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Figure 11. Transition state structures of phosphate diester hydrolysi) Associative,
dissociate and concerted phosphate diester hydrolysis reaction mechaBjdvtoré O'Ferrall
Jencksliagramwith phosphorudeaving group bond fission shown along tiwrizontal axis and
phosphorusucleophile bond formation along the vertical axis.

1.1.2 Tools forMechanistic Analysis

The experimental differentiation between a reaction pathway via metaphosphate
intermediate and a pent&oordinate transition state is extremely difficult. Gathering evidence
from several experimental techniques is therefore vital in order to elucidate the reaction
mechanism. Following the stereochemical course of atiea is one such technigue. Extensive
work using chiral phosphoryl compounds in conjunction WihNMR has been carried out to
characterise the reactions of phosphodiesteragésnnolly et al., 1984; Eckstein, 1989jhe
majority of nuclease catalysed reactions proceed with inversion at phosphate, ruling out the
formation of covalent enzymseubstrate intermediategGerlt et al., 1983)Specific examples
include P1 nucleaséPotter et al., 883) Klenow fragment oEscherichiaColi (E.colj DNA
Polymerase (Gupta and Benkovic, 19849nd Type Il restriction endonucleaggarasby and
Connolly, 1992)Although inversion of the steochemical centre is possible through gl S

mechanism since enzymes control the spatial arrangement of the substrate, formation of an



unstable metaphosphate interméate is unlikely. Additionally, the widespread presence of
metal ions in nuclease activ@tes(Steitz and Steitz, 1993)hich will be discussed in detail later
on (section 1.2, wouldfavour famation of a pentacoordinate transition state. Nucleases that
catalyse reactions with retention of configuration at phosphorus are generally are thought to
use a double & displacement mechanism by forming a covalentyme intermediate that is

subsequatly attacked by water.

Linear free energy relationships (LFER), in parti@ranstedplots is/are another technique of
physical organic chemistry which has been used to study phospinangfer reactions
(Williams, 1992)The rate limiting step in ayE mechanism is fission of the leaving group bond,
whereas in a concertedv® mechanism iis a combination of leaving group bond fission and
attacking group bond fusion. Studies suggest that enzyme catalyzed phosphoryl transfer
reactions generally proceed through transition states that are similar to their solution counter
parts(Zalatan and Herschlag, 2008he nonenzymatic reactions of a wide range of nucleophiles
with a series of aryl methyl phosphate diesters were found to show sensitivioth the
nucleophile and the leaving groyplengge, 2005; Liao et al., 2001; Williams et al., 1998
observation of a significant dependence of the rate on both leaving group and nucleophile
suggests a comected 2 mechanism for phosphate diester hydrolysis in solutidthen
compared with solution studies the phosphodiesterase activity of alkaline phosphatase and the
reaction catalysed byletrahymenaribozyme are predicted to go through a synchronous
enzymadic transition state, with bond breaking and forming occurring simultaneo{Zatan

and Herschlag, 2006)

Collectively these data allow for a gengsltosphodiester hydrolysis reaction mechanism to be
proposed for the majority of nucleases, whereby inversion is achieved through a conce2ted S
mechanism which involves formation of a synchronous transition state through dirdiciein
attack of the phospate by water, with no need to invoke an enzysgstrate covalent
intermediate. However, there is still uncertainty surrounding the timing of the proton transfer
in phosphodiester hydrolysi®cWhirter et al., 2008)It has been postulatechat protonation

of the leaving group accompanies deprotonation of the phosphoryl group because of the high

concentration of water molecules in the active gjkgrby and Varvogli.Ag, 1967)



1.2: Metal-ion catalysis

1.2.1. Nucleaseatalysis

Catalyss of phosphodiester hydrolysis can be achieved by deprotonation of the attacking group,
neutralisation of charge of the electrophilic phosphate diester and its corresponding transition
state or intermediate, and ultimately protonation dfi¢ leaving group. Considering the tools
enzymes have to their disposal this type of catalysis can be achieved in a number of ways. Rate
enhancement can be brought about by the direct participation of amino acid side chains acting
as general acid and genétaase catalysts. Metal ions also have the potential to participate in
enzymatic phosphodiester hydrolysis. They can also act as a general acid or general base by
providing metalbound water and metabound hydroxide, respectively. In addition, metal ions

are able to lower the activation energy of the reaction by acting as a Lewis acid catalyst or by
leaving group activation. In reality metal ion coordination to two or more of the reacting groups
usually means that they perform a combination of general #eigse catalysis, electrophilic

catalysis and leaving group activation.

There are a few examples of metah independent RNases and DNases. RNase T1 and T2 are
two large families along with RNase A which utilise His/Glu and two His residues respeatively t
perform general acidhase catalysi€Deshpande and Shankar, 20@2Nases found to be metal

ion independent are generally part of the phospholipid D (PLD) superfamily characterised by a
HKD motif. DNAse Il and Nuc $dimonella typhimuriumepresent two enzymes of the PLD
superfamily (Gottlin et al., 1998)Topoisomerases and s#pecific recombinases also fall into

this category. A larger proportion of nucleases display a one metalépandency, whereby

the metal ion acts as an electrophilic catalyst and stabilizeddaving group and the role of the
general base is still occupied by an amino acid side chain. Nucleases belonging to this category
tend to be DNA endonucleaséséang, 2011) arger still is the class of two metal idapendent
nucleases. There are over a dozen superfamilies whadihinto this category and they
encompass sequence specific and +apecific nucleases, endand exonucleases with either

3'-5' or 5-3' polarity.

One family of enzymes that have an absolute requirement for divalent metal ion cofactors are
the flap erdonucleases (FENgection 1.3. FENgatalyse the hydrolysis of nucleic acids at key
steps during DNA replication and repair, and are present in organisms as diverse as
bacteriophage and humans. Members of the FEN1 family havéoaB5exonuclease adatity in

addition to an endonuclease activifidarrington and Lieber, 1994; Lyamichev et al., 1998

4



not surprising that FENs are capable of this dual activity because of the similarity in chemistry of
exo-and ende phosphodiester fadrolysisThis review will concentrate largely on two metal-on

dependant DNA nucleases involved in replication and repair.

1.2.2 Chemical properties of divalent cations

Divalent cations exist in living organisms at differing concentrations. Howevét histg by far

the highest intracellular concentratiofLagomarsino et al., 2010ard is most frequently
associated with nucleic acid enzym€isneros et al., 2009; Yang, 2008)e preferred binding

of Mg?*is perhaps because of its solubility, redox stability, strict coordination geometntsand i

high charge density ratio in addition to its availability. In particulaf; &ad Z3* can have an
octahedral coordination but both have coordination freedom?2Za frequently found in a
tetrahedral geometry, and Csbound by 7, 8 or 9 ligands. Magra A dzy Qa O2 2 NRAY | (A
contrasts with this as it is almost always found to have six ispiere ligands arranged in an

octahedral geometry.

The fundamental property of divalent metal ions exploited by nucleases is their high charge
density makig them able to neutralize the highly negatively charged phosphodiester backbone.
The stringent coordination geometry and high charge to density ratio 8f Mgans that water
molecules preferential bind over larger bulkier ligands. Thus, water molec@edtan retained

upon complex formation with enzymes and provide the nucleophilic active site water/hydroxide
molecule required for phosphodiester hydrolysis. Direct binding of metal ions through protein
side chains, typically those containing carboxyl@geups is classed as inner sphere
coordination. Alternatively, amino acids residues are able to coordinaté thigugh hydrogen
bonding networks by indirect interactions with metal bound waters (owghere binding).
Similarly, activation of the nucleopé and stabilisation of the substrate can be mediated

through inner or outer-spherebinding igure 1.2)

OR

'
OR

Figure 1.2: Transition state stabilisation by outer sphere coordination shell of hydrated
magnesium ion R represents carboxylate residues of eregctive site.



1.2.3 A two metal ion phosphoryl transfer mechanism

The majority of metallonucleases are proposed to catalyze reactions using a twoiametal

mechanism analogous to that suggested for the Klenow fragment of DNA PolyméBzssé

and Steitz, 1991 plthough this is not universally accepted. DNA Polymerase | (Pol I) is a member

of the DNA replication and repair proteins catalysing templiitected DNA synthesis,-8'

proofreading @ RNRB f & 30 @ K MRNIHpIR aAad 0(GKNRddzAK GKNBS | OGAgBS
metal ions such as Mhand Md*for activity. Removal of the 8' nuclease domain corresponds

to the large proteolytic (Klenow) fragment of the enzy(Kéenow and Overgaar.K, 1970)

Several crystallographic studies of enzyme substrate complexes containing DNA bound at the
0 -P-8xonuclease site of the Klenow fragmnt of Pol | have provided insight into the divalent
metal cation dependent catalysis mechanism. The aditeis proposed to contain twmetal

ion binding sites whose occupancy is dependent on the presence of nucleoside mepiogibo
(NMP)(Derbyshire et al., 1988; Ollis et al., 198bhe two bound metal ions are separated by
3.9Ain the wildtype protein and nucleoside monophosphate crystal structures, central to the

proposed mechanisms of twmetalion catalis.

Beese and Steitz (1991) refined earlier proposed-tmatal ion mechanisms based on previous
structures using a high resolution crystal structure image of the Klenow fragment complexed
with product in the 3'5-exonucleasesite figure 1.3 (Beese and Steitz, 1991; Freemont et al.,
1988) The mechanism is essentially\@ 8rechanism whereby the attackiagd leaving groups

take up apical positions, implying an associativiine mechanism, resulting in inversiof
configuration at phosphorous. This is consistent with previous biochemical(Gatpta and
Benkovic, 1984)A pentacoordinate transition state can be inferred in which the one-non
bridging oxygen is contacted by both metal ions thereby stabilising the increasing negative
charge. One of the metal ions acts as a Lewis acid catalyst facilitating the formation of a putative
attacking hydroxide ion by lowering the pKa of bound water and als#skim one of the non
bridging oxygens acting as an electrophilic catglystbyshire et al., 1991The other metal ion,

in addition to acting asreelectrophilic catalyst, facilitates departure of thehydroxyl group.

QX
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Figure 1.3Active site of the3'-5' exonuclease domain of the Klenow fragmerdepicting the
essential active site residues and metal ions require@-foetalion mechanism of phosphate
diester hydrolysis. The high affinity metal ion site A &Jrand metal ion site B (Mf) are
coordinated by the carboxylate residues (Asp424/355/501) and the orientation of the attacking
hydroxyl is mediated by hydrogéonding to Glu357 and also Tyr497.

CKAA-Y®iUBR A2y YSOKIFIYAAYQ KIFa y2g 0S02YS | G
site metal cofactors are responsible for rate enhancembtechanistic proposals for two metal

ion catalysis are largely basetlaystallographic studies as described for the Klenow fragment
above and otheexamples include, EcCoORV endonucle@éestrewa and Winkler, 19993Nase

H (Nowotny et al., 2005)and the double strand break repair nuclease MrétHbpfner et al.,

2001) although in some cases variants of the two metal ion mechanism are invoked.

1.2.4 Substrate dependent metal ion binding

As mentioned earlier despite there being consit@e experimental support for the
aforementioned mechanism there is still considerable debate regarding whether one, two or
three metal ions are required, the apurinic/apyrimidinic endonuclease 1, APE1 exemplifies this
particular argumen{Tsutakawa et al., 2013 he one factor which there is agreement sithat
there is a complicated relationship between substrate binding and metal coordination. Several
crystal structures of Type Il endonucleases (MutH, BamHI and Bgll) in the presence of their
cognate substrates show that each enzyme binds two metal iorike active site that each
coordinate the scissile phosphatgrang et al., 2006)One theory in support of substrate
dependent binding nature of metal ions is that perhaps the ggimn coordination geometry and
charge requirements of Mgrequire the presence of DNA in the active site 2Mgs a very high
charge density therefore binding may only occur under physiological conditions if there is also a
negatively charggphosphate ster present within the active site. In addition, functional groups
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of the substrate involved in metal binding may fulfil coordination requirements. This concept is
supported by data that showed that Mgion binding to the Klenow fragment is impeded if
sdssile phosphate diester bridging oxygen is replaced by sulfBrautigam et al., 1999)
However, there is a fine balance between bindingNtyits preferred geometry in the enzyme
substrateMg complex because binding ktén a distorted octahedral geometry which switches
to a genuine octahedron upon the formation of pertaordinate transition state and this is
believed to contribute to lowering of the activation energy. This is presumatyopthe reason
why replacement of M§with C&* generally inhibitsiuclease reactions becau&z* does not
need to be in a specific coordinatigRosta et al., 2014)herefore, there is ngain in energy
upon switching between coordination states brought about by formation of the transition state.
There could also be other reasons for the inert cofactor status tt@ae.g. pKa of Cabound

to water, ionic radius etc.

1.2.5 Flap Endonwilease (FEN) Metalion requirement

Typifying the controversy that surrounds some nuclease mechanisms the flap endonuclease
family have been the topic of debate regarding the numbemetal ions needed for catalysis

The active site of FENs comprise déaie number of acidic amino acids, seven of which are
positionally conserved. The carboxylate groups of these residues coordinate two divalent metal
ions which have been crystallographically observed. The metal ions are designated as metal ion
1 (M1) andmetal ion 2 (M2), the position of M1 is conserved across the FEN family but the
position of M2varies figure 1.9.

“5\" > B

\{130

D155)L.D15 !,( %
Z D

* % :
Figure 1.4:The active site structure of TS5FEN Wlth the position of metal ions 1 and 2
superimposed from structures of T4AFEN, MjFEN andNBepicting the secondary structural
elements of the T5FEN active site (1Ujr8y with purplecarboxylate residues) including the
loop of the helixhree-turn-helix (H3TH) (teal) motif and seven active site carboxylates present
in similar positions inleBFENs and the eighth carboxylai2201) present in the active sites of
bacteriophage and bacterial enzymes. Two metal ions, M1 andpM®lé) are bound with a
separation of 8 A. Metal ions observed in structures of T4FEN (tyBR, MjFEN
(Methanococas jannaschiil A77,rose), hFEN (1UL1green), positioned by overlay, are shown.
Although all FENs conserve seven active site carboxylates, the position of M2 observed in each
structure is variable. Taken fro8yson, K. et al. JBC (2008) 283, 2&8V46
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Metal ions play a catalytic role in FEN reactions. Evidence suggesting this comes frat@ pH
profiles of TS Flap endonucleaf@ickering et al., 1999yvhich show that amino acid residues
contaned within the active site of FENs cannot account for thergdll profile of the enzyme.

The effect of varying the metal ion cofactor in TSFEN on the pH rate profiles supports a catalytic
role for metal ions in the reactiofiTock et al., 2003)s an increase in the Lewis acidity of the
metal cofactor causes an increase in the maximal single turnover rate under pH dependent
conditions. On this bas, a twoemetal ion mechanism analogous to that of theb3exonuclease
domain of the Klenow fragment has been proposed for FENdsvever,in all but one of the
active site structures (human FEN1) the distance between the two metal ions is greaterghan th

4 Arequired for a twemetal ion mechanisnfigure 1.5.

A study into the metal ion dependence of TSFEN cleavage suggests the participation of at least
three metal ions(Syson et al., 2008Yhe paper proposes a model, wherein the major rate
acceleration is achievedsing a twemetalion mechanism, and a third metal ion binds in a
substrate dependent manner and is involved in stabilizing various engubsrate
conformations. Superposition of hFEN1 and T5FEN structures demonstrate that the third metal
ion implicatedin this study could be accommodated in the TS5FEN active site bound ib3@sp

and in doing so becomes equivalent to M2 in hFENL, therefore supporting -enétal ion
mechanism. Mutation of Asfp30 and its equivalent in hFEN1 knocks out the catalytic yabilit

these enzymes demonstrating that these residues are vital for metal ion coordin#&gmy et

al., 2004; Shen et al., 1997)
a_ '\ T5FEN ¢ hFEN-1

\_ﬁ‘ﬁm %Aspﬁ»& Asp233 Glu158 » Asp86
Asp201 @ 8A .(./ @3'4‘A

fsp130 ; N-terminus 4 ’ f
\ & — \ N
Asp155 = Asp181 \
f U160 Asp34

~/ sp153 Asp26 f ’

~\ T4FEN | mjFEN-1
b Asp200 _— d Asp224 Giu152 lAspBO
L I g

Asp197 ,‘69_/3\__ _51.3‘.. ;
N-terminus
Aspi32 & ;‘ 9
ASp%Asé ». | g’ \z\spna* pr.-. S
Figure 1.5: The active sites of flap endonucleasréemparlson of active sites frombFEN (a;
1UT5), T4FEN (b; 1TFR), hFEN (c; 1UL1:X), and MJFEN (d; 1A77) illustrating the positional
conservation of active site carboxylates (black) and metal ions (1 & 2, grey).The spacing between
metal 1 and metal 2 in the structures are (a) TSFEN § RB4BEN 6.3 A, (c) hFEN 3.4 A ,(d) MjFEN

5 A. Taken frorfomlinson, C. G. et &iochem Soc Tran@010)38, 433437.




1.3: Flap Endonucleasel

1.3.1 FEN superfamily Fold

Ctl LI

SYR2ydzOf SI as$s

M O C 9ende/éxoniickase: StréctussiderOic dzNIS

phosphodiesterases are required in all areas of DNA metabolism. Nucleases belonging to the

FEN superfamily are specifically involved in DNA replication and negihways fable 1.1).

Their importance in these pathways is highlighted by the fact that mutations in their gene

sequence results in cellular stress and genome instability and, for FENkemoderma

pigmentosum complementation group (XPG), increased canceusceptibility(Zheng et al.,

2011) This is discussed in more detaikaction 1.8

Table 1.1: SAM/PINike fold, with correspondng structure and function®ismatch repair.

®Doublestrand break repairNucleotide excision repafHolliday junction

Superfamily Conserved Structure Biological Function Ref?
Fold motifs Pathway
SAM/PIN Rossman hFEN1 Laggig 5'-Endonucleoytic (Grasby et al.,
Domainlike 6 h ki 0 Strand cleavage of DNA 2012;
structure Replication, double flap Tsutakawa et
IpBER al., 2011)
EXO1 aMM/ PDSB 5'-Exonucleoytic  (Nimonkar et
repair cleavage of DNA al., 2008; Orans
nicks, gaps, blunt et al., 2011)
ends
GEN1 DSB repair “HJ resolvase (Rass et al.,
2010)
XPG ‘NER 5'-Endonucleoytic (Aboussekhra et

cleavage of DNA
bubble

al., 1995;
Schaerer, 2008)

FEN superfaily architecture has been conserved throughout evolution. A structural

comparison study between human flap endonucledséhFEN1) and two FENs from the

hyperthermophilic archaedyiethanococcus jannasclind Pyrococcus furiosushows that the

archaeal FHs have considerable sequence similarity to hFEN1. FENs from bacteriophage T4 and

T5, T4RNaseH and'-Exonuclease, and the prokaryotic paralogue of hFEN1, exonuelease
(EXO1) and XPG also exhibit a conserved sequence and structure to hFEN1. Althmasgnat p
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there is no crystastructures of gap endonucleade(GENL1) available it shows high sequence

homology to hFEN1 in the nuclease core domain.

To date thirteen crystal structures of FENs are available from a wide range of organisms including
bacterioprages(Ceska et al., 1996; Devos et al., 2007; Mueser et al., J@@dpeaHosfield et

al., 1998b; Hwang et al., 1998; Matsui et al., 2002; Shah et al., ,20E5nophilc bacteria
(Harrington and Lieber, 1994; Kim et al., 199%rast(Chapados et al., 2004and humans

(Orans et al., 2011; Sakurai et al., 2005; Tsutakawa et al.,.26FE)1 has a two domain saddle

like structure, formed form theN and C terminal regions of the protein that are connected
through an intermediate (lomain figure 1.6§. The nuclease comomain, which contains the

active site carboxylate residues that bind the divalent metal ions, is formed from the N and C
domains The nuclease core domain represents the minimal protein topology required to
perform FEN catalysed phosgtk diester hydrolysis of DNA intermediates found on the specific
replication and repair pathways. In addition to the nuclease core domain, EXOanHFRIEN1

contain large @erminal extensions which through protein:protein interactions tailor each
nuclease to theirspeci 6 A 2f 23A 0Lt FdzyOlA2y @ ¢tKS O2NB F
a0NHzOG dz2NBsx 6KSNBoeée | aSgSy adNl yRSR (6AaidSR
helical structure on both side¢. K S h KSf A0Sa | NS O2yySOGSR o8&
I KSf AOEMp dNOKK ot nd LI y & (figuked.6.ITAIGokfiguBatich foimSa 3 NP 2
K2tS Ay (KS WolO1Q 2F GKS LINRGSAYy 2dzail F0620S
recognition and catalysis has been a mattesaine debate from the stafSayers anddymiuk,

1998) and is discussed in detailsaction 15. More recently, to help clarify the role of the helical

arch, the | domain has been separated further into a gatewaycapdigure 1.7. The cap region

of GENL1 is considerably smaller than theandino acid (aa) of FEN1 and EXO1, whereas this
region in XPG is 600 aa in len¢@donovan et al., 1994Wnlike the capegion, the gateway at

the base of the helical arch is structurally conserved and also contains active site residues which

are positionally conserved across thigperfamily ¢ection 1.5.
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Figure 1.6: The overall structure of human flap endonucledgbFEN1)(A) Structural model

of hFEN1 depicting the helical arch (green) which bridges the active site. The nuclease core
domain comprises of the-t€rminal domain (red) and the -términal domain (blue), higher
organisms FENs possesstaitinal tail (gey) which interacts with other DNA binding proteins.

(B) Topology diagramshaded by common features shared within family (darkest=most
conserved, lightest=least conservetle positions of active site residues are shown as crosses.
Taken fromHorton, N.C. DNA nucleases, 2008

® il i im - Cap Outside
T4FEN [ ] |} | 305 Gateway Beta Pin nuclease core

i}
I
TSFEN "IN I 291 Wedge H2TH
hEXO1 DIVE RN
mi
i

hXPG
hGEN

(b)

Complementary

Cap [ FENDNA

3'—|laf)

S iia—>2
Complementary

Wedge

3'-flap

Vs

K+/H2TH Betapin /| QOutside

Active site
nuclease

carboxylates

core
Catalytic metals TAFEN:DNA T4FEN

hFEN1:DNA

Figure 1.7: FEN superfamily architectug®) The four major domains which interact with DNA

have a conserved architecture as determined by sequence alignment. Unlike these domains the
helical cap and @rminal domain are variablen length. B) Comparison of FEN superfamily
structures coloured as i) to highlight the conservation of the catalytic core and showing how

the superfamily recognises the substrates. The structures shown are: hFEN1 (resi®@@s 2

with DNA and activsite metals (PDB: 3Q8K), hEXO1 (residg@46) with DNA and active site

metals (PDB: 3QEB), T5FEN with active site metals (PDB: 1UT5), T4FEN with DNA and without
active site metals (PDB: 2INH) and T4FEN without active site metals (PDB: 3H8J). Enzyme
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interactions are mainly with the complementary DNA strand, coordinated through H2TH/K+ and
KSt AOFf-LIWYBRYISEATFAT GKAOK F2NOS GKS 5b! 02
superfamily02 y A SNIPSR 3+ 0S¢l & F2N¥a (GKS odtemhilda T (K¢
FENs and EXO1, a helical cap tops the gateway, partly disordered in T4AFEN with substrate. Taken
from Grasby, J. A. et al, TIBS, (2012) 37(23474

1.3.2 Human flap endonucleasé

hFEN1 is the archetypal-Buclease superfamily member arwhtalyses theendonucleolytic
removal of 50 million RNA/DNA primers during the Okazaki fragment maturation required to
replicate a single mammalian c@lebrauwere et al., 2001LhFEN1 has further responsibility in
genomic fidelity as it also removes-BNA flaps that are generated during lepgtch base
excision repair (IpBER) in an analogous st@isglacement mannersgéction 13.4). Birfuated
intermediates processed by hFEN1 comprise of a displaced single strandedlés)lanked

by upstream and downstream doub$granded (ds) DNA regions. hFEN1 selects, positions and
cleaves these types of structures with a high specificity at diiffusontrolled rate§Sengerova

et al., 2010; Tock et al., 2003)

The ability to remove'Slap structures was first identified as a¥-exonuclease domain &.coli

DNA Pol [Lyamichev et al., 1993Yhe eukaryotic counterpart, FEN1, an individual 43 kDa
protein was initially pufied from murine preB cell extract{Harrington and Lieber, 1994)
Originally, Harrington and Liebevere looking for a nuclease capable of removindldps
formed during norshomologous end joining (NHEJ). Although this was a reasonable proposal at
the time, no further evidence has emerged for the involvement of FEN1 in NHEJ. Soon after, the
true function of FEN became apparent when two previously characterised enzymes-galf 3
endo/exonucleasé€Siegal et al., 1992; Turchi et al., 1984 DNasel\(Robins et al., 1994)
which were found to cooperate with Polo complete lagging strand synthesis, were later re
identified as flap endonucleases. Moreover, FEN directly interacts with proliferating cell nuclear
antigen (PCNAXhapados et al., 2004; Craggs et al., 2014jr8get al., 2005; Wu et al., 1996)
whose function is to orchestrate protein interactions with DNA during replication in addition to
others. Since this point, FEN activity has been shown to be evolutionarily consacvess all
domains of lifgHabraken et al., 1993; Hosfield et al., 1998a; Ishikawa et al., 2004; Kaiser et al.,
1999; Sayers and Eckstein, 1990; Shen et al., 1888)has been shown to be essential to life
(Zheng et al., 2011)
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1.3.3 hFENL1 involvement in Lagging strand synthesis

Replication of double stranded DNA involves opening of the helix to form a replication fork
(figure 1.8. The replication fork is made up of two antiparallel single strands of DNA, and
because polymerase can only catalyse phosphodiester bond formation with ta 3
directionality only the leading strand can be replicated continuousty. DNA polymerse to be

able to replicate the lagging strand RNA primers are required. The lagging strand is synthesised
as short fragments (Okazaki fragments) idiscontinuous fashiofOgawa and Okazaki, 1980)
Synthesis of the lagging strand is completed when these fragments are joined together. In
eukaryotesthe length of these fragments varies from 1080 nucleotides(Anderson and
Depamphilis, 1979)

Figure 1.8: Model of proteins organised around the replication foReplication of the leading

0N YR OlFyYy LINROSSR O2ylAydz2dzate o0& t2f s d  wS LK
discontinuously and is coupled to movement of the replication fork by looping of the exposed
strand.Adapted from Burgers, P. M. J. 2082284, 4041-4045

Laggingd G N YR a@yiKSaArAa Aad AYyAGAIFIGSR o0& GKS LINRAYI &S
O2YLX SE o6Llt ho gKAOK &aeyidKSaAAdthEn lehdthh Bid NA 6 2 y dzOf S 3
polymerase then extends the primer by adding an additionah@€leotides. On completion of

LINAYSN) aeyiKSaAra GKS t/b! NBLXLFOSA -téarkius LI2f M | yR
of the primer (Garg and Burgers, 200BNCA is abletorecruit DN L2 f @ YSN}F &S + X YR AY
so it initiates DNA polymerisation of the full length Okazaki fragment in a highly processive
manner(Bambara et al., 1997When synthesis of one fragment encounters the next, the RNA

primer and adjuvant DNA are displaced by DRAfp8@ YS NI} aS + ONXBI dlagpy3 Iy dzyl y»
The 5flap must be removed in order for lagging strand synthesis to be completed. FEN1
endonucleolytically hyrolyses the displacédlp leaving a nicked DNA duplex which is ligated

by DNA ligase (LigTomkinson et al., 2006 his mechanism removes the need for additional
14



steps in replication. The length of the flap removed by FEN1 can either be s2anuleotides
(nt)) or longer (26 nt) depending on three distinct maturation pathways. Current opinion
suggests that the pathway taken is as a result of the equilibrium between the polymerase and

0 -@xonuclease activities of RalBurgers, 2009)laps longer than

1.3.4 Base excision repair

Base excision repair (BER) is the primary DNA repair pathway that removes modifies bases that
arise due to oxidative, alkylation, deamination and depurinatiation/depyrimidination damage.
Currently it is believed that BER facilitates the repair of damaged DNA via two general pathways;
short patch and longpatch figure 19) (Robertson et al., 2009BER is a multistep pathway
requiring the function of four protes, DNA glycosylases, an apurinic/apyrimidinic AP

endonuclease or AP lyase, DNA Polymerase and DNA(igassta et al., 1996)

The first step in BER is initiated by DNA glycosylase, which upon recognition of the appropriate
damaged base catalyses the cleavage of thglydosidic bondMcCullough et al., 1999Y his

action completely removes the damaged base and generates an AP site. DNA glycosylases are
able to recognize a multitude of damaged bases and many, but not all, belotig tlhH
superfamily; defined by the helixairpin-helix binding motifHardeland et al., 2007The reason

why BER is the most frequently used repair mode in nature is because of the vast number of
glycosylases, each specific for a type of DNA damagehbytall generate the same AP site

which can be process by a handful of downstream enzyDsiov and Huebscher, 2013)

The next step of the reaction pathway involves cleavage of the DNA backbone. AP endonuclease
or AP lyase, an awgity present in DNA Polymerase | sgnie glycosylases, cleave 5' or 3' to
the AP site, respectively, generating a single stranded (i4&Cullough et al., 1999)
Glycosylases with intrinsic AP lyase\afsticleave the phosphodiester bond 3' to the AP site,
thus generating a dinsdutated aldehydic sugar and a-phosphate end. The unsaturated
aldehydic sugar is then incised on theskle by AP endonuclease generating an appropriate
substrate for strandresynthesis. For monofunctional glycosylases not possessing AP lyase
activity, the glycosylase dissociates permitting AP endonuclease access to the AP site. Cleavage
by AP endonuclease-B the AP site, generating a-8eoxyribose phosphate (dRP) aneC8H.
The dRP is displaced by DNA Polymergsermitting subsequent gap filling. The displaced dRP
is cleaved by Piolon its 5-side allowing for efficient ligation by DNA ligase) Relcapable of
using its lyase activity to cleave the sugar phosphatéibae 3' to either an intact AP site or
one which has been previously incised by AP endonuclease. The mechanismyageohctivity
involves the of a schiff base intermedidteongley et al., 1998)quiring the AP site deoxyribose

15



to be in equilibrium between the open (aldehyde) form and the closed furanose form. The
electrophilic centre of the aldehyde form can be lost if the @R&xidised and the sugar is no
longer in equilibrium. This is believed to be a major factor in the switch between spBER and the

more energetically costly IDBER pathway.

During IpBER, PqlPol , PCNA, FEN1 and the replicative DNA ligase are sequestered to the AP

site, contrasting recruitment of only Polin spBER. In a PCidépendent manner Pblk 1

performs stranddisplacement polymerization of tracts of DNA longer than one nucleotid8 (2

nts) (Robertson et al., 2009pisplacement of not only the dRP but other nucleotides 5' to this

site generates a flap structure which cannot be cleaved by .Ptherefore, IpBER has an

absolute requirement FEN1 whichealies flap structures specifically creating a ligatable

nickKim et al., 1998)LpBER can also be divided into two -gobups, the first being the
YSOKFYA&aY RSAONAOGSR -anENA3/ O yYRS QUK A260%figid) A a4 | WKA
1.9) involving iterative rounds of Pola @ y i KS&A & | YR C9 bandNDA & g ISd ¢
mechanism leads to the replacement 6.2 nts (long patch) and is terminated upon ligation of

the newly synthesised sind and existing strand. Additional factors in the switch between sp

and IpBER mechanisms are scaffolding proteins initially recruited to the nick generated by AP
endonuclease. Xay crosscomplementary protein 1 (XRCC1) is one of the first proteins @ bin

the damaged site in spBER. XRCCL1 having no known enzyme activity is believed to coordinated
spBERCaldecott, 2003)0n the other hand PCNA, which plays no role in spBER, has been shown

to stimulate IpBERKIungland and Lindahl, 1997)
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(yellow) is recognised by the appropriate DNAa@gylase. Bifunctional glycosylases containing

't terasS OGA@GAGE OftSIF@®S o4 G2 GKS 't arxas a
in a process known as spBER. Monofunction glycosylase dissociate form the AP site and
depending on the oxidain state of the dRP (native=red and oxidised=green) the downstream

LI 6Kglt & Oly 0SS SAGKSNI aLl 9w 2N L) 9wd bSgf e
shown in orange. IpBER can be further divided into an iterative process (hit and run) or a more
stepwise process (IpBER) similar to Okazaki fragment maturation.

1.3.5 FEN substrate specificity

Unlike bacteriophage FENshich show a preference for single flap/pseudo Y substrates
(Bhagwat et al., 1997higrer organism FENs prefer substrates with duplex DNA upstream and
downstream relative to the cleavage site in order to perfaratalysisfigure 110a). Bifurcated

DNA structures make contact with hFEN1 through several positively charged residues that
extendacross the length of the enzyme. The specific nucleic acid side chain interactions made
by hFEN1 arshown infigure 110b. hFENIDNA binding is mediated by four separate regions

1) the Helix2-TurnHelix (H2TH) motif with bound K+ ion and charged shdens that bind
downstream dsDNA, 2) the'-Bap binding pocket interacting with upstream dsDNA, 3) the
hydrophobic wedge composed b2 and theh 2-" 3 loop at the junction between the upstream

and downstream dsDNA portions of the twa@y junction, and 4) the twanetal ion active site

that binds the 5flap strand; each binding site will be discussed in detail below.
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Figure 110: (A) FEN substrate topologyl he structural requirements of the substrates for each
FEN superfamily member is depicted also showing the major site of phosphate diester hydrolysis
(arrow) upon the reacting strand (yellow). Taken from Grasby, J. A. et al(Z0BB,37(2), 74

84. B) Schematic representation of FEN showing the specific interactions between the DNA
double flap substrate and residues contained within the four major binding regidtheste, FEN

is represented as a boxing glove, FEN makes contatttstive DNA through acidic residues
extending the length of the palm and the helical arch is symbolized by the thumb of the glove.
Taken from Tsutakawa, S.E., et al. (2011). Cell 1452188

1.3.6 FEN Downstream duplex binding

The H2TH:K ion motif-helices 10 and 11 in hFEN1, is a classic-Rihding motif found in a
large range of replication and repair enzymes. The K+ ion is coordinated23g lend 11241
backbone carbonyl oxygens and 287 hydroxyl; these residues reside on the loop between
h10 and 11(Tsutakawa et al., 2011)his motif in combination with four basic residue
protruding from the protein surface (Ly&67, Arg239, Arg245, Ly244) creates a furrow in
which the minor grove can slidato (figure 1.11) (Qiu et al., 2004)Contacts withthe H2TH
motif and a hydrophobic track formed I2/3 and ai -pin to the DNA strand are thought to
align the rest of the substrate with the active site. Beyond this pointDNA arcs away from
the protein surface only to rejoin at the activesite figure 1.11). The position of these two
binding sites,a helicalturn apart (Orans et al., 2011; Tsutakawa et al., 20i4onserved
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throughout evolution. The majority of enzynseibstrate interactions occur at these sites and

the majority are with the DNA strand cqiementary to the reaction site, enforcing specificity

for dsDNA substrates. This binding mode can also explain how FEN has the ability to cleave RNA
when it is contained within the'Slap but not when the complete reacting strand-{&ap and
connectingdownstream region) is RNAarrington and Lieberl994) The reason behind this is
presumably beause the shorter, Aonformer,RNA:DNA heteroduplex means that the duplex

cannot contact the HT2H and active site, simultaneously.

The importance of this motif towards the contribution to the bindingraffi of human and

phage FENs as well as being characterisgstalographicallyDevos et al., 200 Has also been
AK2gy O0OA2O0KSYAOlIffed S5AaNHAIIAZ2Y 2F v&idnt St SO
reduces activity by ha(Liu et al., 2006)Similarly, in TSFEN, were it is actually a H3TH motif and

no Kt ion has beemwbserved(Hosfield et al., 1998bmutation of theextended basic residues

(K215A and R216A) results in significantlydirgdl catalytic efficiency and bindir{fBervan et

al., 2002)

L]
Figure 1.1: H2TH forms the major downstream DNA binding site in hFESHacefilling
representation of hFEN1 bound to DNA (PDB: 3Q8K), the H2TH @mdearsidues contained
with on this motif, Lys267, Arg239, Arg245, Lys244 (orange) form rails which the minor groove
and fit into.

1.3.7 FEN Upstream duplex binding and the 'Sflap pocket

Early biochemical evidence highlighted the importance of dsiblff#e upstream binding site to
the ability of higher organism FENs perform efficient cata(y#asrington and Lieber, 19940he
length of ds DNA in the upstream region was found to be directly linked to the affinifyro
substrateqHarrington and Lieber, 1995jarrington and Lieber performed binding and cleavage
assays using double flapRPsubstrates, where the upstream and downstream regions both had

an adjuvant flap.These structures comprised af 19 nt ss Sflap and either a 1 or 10 nt
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extrahelical 3flap. These double flap substrates were cleaved in the same position to yield the
major product of cleavage upon singlé-flap structure. More importantly, the rate of
phosphodiester hydrolysis was much faster upon a double flap structure with the Hlap3
compared to the single'Slap structure. The '83' cleavage specificity oENs mean that'dlap

cannot be cleaved, but they do possess a role in binding although the significance was not
realised until much later. This same rate enhancement, in addition to an increased cleavage
spedficity, has been observed imacteria(Xu et al., 2001)archaeaKaiser et al., 1999)and
eukaryotegKao et al., 2002)

Figure 1.2Y { G NHzO G dzNJ £  ORlay BihdMd Rocket &f TSEENGBSEFEN proteins.

The residues of TSFEN and AfFEN are represented as blue and yellow chains respectively. TSFEN

lacks the extended loop and helical regionAi@9 b g KA OK F2N)XY (KS O0AYRAYy3 &A
(red) and associated upstream DNA duplex (gdrpbken fronR. Williams, R. et al. Mol. Biol

(2007)371, 3448.

The molecular basis for the preference fosflaps first was revealed by a crystal structure of
AfFEN, in complex with dsDNA with ao8erhang figure 1.2). Analysisof the structue
revealed a pocket neighbouring the upstream dsDNA binding site that contacted-ftzg 3
through van der Waals and hydrogen bonding interactions with the nucleotide r{&mmpados

et al., 2004) Sequence alignment analyses reveals that residues contained withirbinedihg
pocket are highly conserved in archaea and humairtsbt in phage. The'3lap is contacted

nine times through van der Waals and hydrogen bonding interactions and comprises 1/8 of the
hFEN1:DNA binding surfafesutakawa et al., 2011No other contacts are made to this strand,

but hFEN1 makes multiple contacts with the upstream template strand analogous to the binding
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mode in the downsteam region. The presence of affdp results in a significant increase in both
the single and multiple turnoverates of reactions catalysed by hFENHowever, the

mechanism by which the -8ap contributes to rate enhancement is not yet fullydenstood.

Equilibrating flap structures as shovim figure 1.13 resemble intermediates on the lagging

0N YR YR fLL 9w LI GKglLead C9b Aa o0StASGOS
endonucleolytically cleave one nucleotide into the downstream duplixled by, steric
constraints that are enforced on the substrate through interactions made with tHa3'
positioning the scissile phosphate in the active site gives the specific product regtdtimg

reaction 1nt into the downstream duplex. The corramientation of the DF substrate is
LINPLI2ASR G2 0SS aSftSOGSR T2 hjuré BLob)itkeXollédmeB ef Sy OS
negatively charged residues prevents thdl&b form being any longer than 1nt. With this the

3'-flap binding pocket canebviewed as an anchoring point for the whole DF structure.

5

NN\

Single nucleotide gap - longer 5'-flap Nicked DNA - single 5'-flap Nicked DNA - double 3'/5'-flap
‘optimal substrate'

Figure 1.B: Equilibrating forms of the FEN structuréhe ss Sflap is shown in red and thé-3

flap nucleotide in pink this base is complementary to the tetap#&rand (blue) as is the first
base of the 5flap. So, when the optimal substrate is cleaved one nucleotide into the downstream
region, the 3flap nucleotide base pairs with the template strand to leave a ligatable nick.

Bacteriophage FENs do not gess a 3flap binding pocket, and show no enhanced cleavage
site specificity on substrates containing a 1 nfl& compared to substrates without a-Bap
(Williams et al 2007a) Thus, the 3flap completely confers cleavage specificity in higher
organism FENSs; this is biologically important as it negates the need for DNA Polymerase after
cleavage of DNA by FEN. Thdél&® nucleotide is complementary to the templateaatd and
therefore yields a nicked DNA duplex, which is immediately ligatable. Mutation of conserved
residues in the 3flap binding pocket result in reduced substrate binding affinity and also loss of
cleavage site specificifrriedrichiHeineken and Hubscher, 200&garly studies showed that on
equilibrating flaps structures FEN1 selected for conformers with a Hig@B(Kao et al., 2002)

However in vitro studies hae predominantlyused double flap substrates that are not strictly
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speaking equilibrating as the-Bap nt is noacomplementary to the opposite strand. This is to

W3 dzl NI y i S Sent indd tie IddvhsHe@m gion making data analysis less complicated

Global conformational changes of FEN proteins on DNA binding are required to transmit binding

of the correct substrate into the catalytilty activeform of the enzyme. Small angleray

scattering studies suggest that there is a global conformatidmahge in a catalytically inactive

variant2 T KC9bm 2y O0AYRAY3I (2 WLINRPRAZOGQ 2KmI2ydzOf S20A
et al., 1999) Similarly, Fourier transform infred difference spectra show a conformational

change in hFEN1 on binding to a substrate oligonucle¢Kda et al., 2001)The 3flap binding

pocket is believed to undergo such a conformational change upon binding of the extrahelical nt.

Part of the @erminal region of h\FEN1 andaf@i A 2y 2F (GKS huko f22L) LI NIAO
of the 3-flap binding pocket, and ordering of this region has been proposed to cause a
RAAGIEKNBY230GS O2yF2NXIF A2yl f OKIFIy3Ss aLISOAFAOINTf @&
the correct positionig of key residues involved in cataly@{ém et al., 2001; Qiu et al., 2004)

a2NB2FSNE dzLl2y 2 NRS N y{fap bnding,0AKS, whichkisartfoltte L) RdzS (2
hyko 221 Aad LR admnickofi®@fKRviaitPpepiod PaikboDe] whilelibie SideJ

chain is positioned to-Ol LJ " v YR YIF 1S @Iy R3IINI 2aAIRISa OXKA Wiyl @lya h,
thereby supporting the idea that occupation of theflap site translates to ordering of the

helical ach. The hFEN1 R47A mutation affects the cleavage site specificity on substrates without

a 3-flap and the reaction rate on substrates with both'abd 3-flap (Qiu et al., 2002)

1.3.8 FEN Hydrophobic wedge

In an analogous manner to the-flap binding pocket, a comparison of crystructures of the

free enzyme and enzyme substrate complex showed the hydrophobic wédjd) (and
positively charged residues provided by thein ( 6/7) undergo a conformational change upon
substrate binding,. The combination of these motifs pinchHes duplex at the dsls or ssds
junction causing the defining0-1006 6 SY R A Yy (IK SipporotiyisRrecgriy dingle
molecule fluorescence resonance energy transfer-ER&ET) studies observed that substrates
LJ2 & 4 S & aA y-fiap Beyetbdundldss fightly(Craggs et al., 2014xnd also bent sub
optimally (Sobhy et al., 2013)hese studiesonfirmed fndings from previous ensemble FRET
experimentssuggesting that the kinked conformation of DF structures is stabilised by hFEN1

binding(Chapados et al., 2004)

In the most recent crystal structure of hFEN1:DNA it can be seen how this distortion of the
duplex is achieved. The hydrophobic wedge is parallel to the downstream bases and butts up
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against the terminal bp diverting theé-8ap strand towards the active site. The interaction with
the upstream region is different,2/3 and connecting loop are end evith the upstream dsDNA

and sit within the dimensions of the dsDNA against the first bp after the'#fta8 This binding
interaction is thought to be a major recognition element as only junctions capable of undergoing
such a large conformational changell be able to bind in all four binding sites. Moreover,
complementary strand binding and bending, forces the trajectory of tH&ap'strand toward

the superfamilyconserved active sitéGrasby et al., 2012However, although all substrates of
FEN superfamily members are manipulated in the same manner, DNA bubble and Holliday
junction (HJ structures do not have a free-8hd and yet are still endonuceolytically cleaved by
.tD YR D9bmI NBalLISOGAGSteod I -fladpanyddoRipgiz$oy” O S
point towards the active site is that the hydrophobic wedge prises apemluplex between the
5'-flap strand and complementary strand causing-syitimal basepairing of the nts either side

of the scissile phosphate. This unigue confatibn has been proposed to b&tabilised by
interactions with PCNACraggs et al., 2014his distortion of the duplex and its importance will

be described below

1.4 DNA unpairing

Structurespecific nucleases are involved in nearly every nucleic acid replication, recombination
and repair pathway. The ability of these multifunctional enzymes to recognise and process
replication and repair intermediates is essehtia the cell. Although the substrates, binding
modes, and mechanistic details vary, it is becoming more apparent that these
phosphodiesterases shaeecommon mechanism for scissile phosphate diester selection. Upon
selecting the correct structure, they ethen tasked with the responsibility of strictly assuring
hydrolysis occurs at the correct position so that the product can be used for downstream
processes. As discussedsaction 1.2 most nucleases achieve catalysis through metal ion
coordination. Theeneral consensus is that for a two metal ion mechanism there must be direct
(inner sphere) coordination of the scissile phosphate nonbridging oxygen to both metal ions
(Yang, 2011)t has been postulated that nucleotides intended for cleavage are transferred from
an initial binding site to adistal metal occupied active site when specific aspects of the nucleic

acid substate have been verifie@able 1.2).

Table 1.2: Structure specific nucleases proposed to utilise DNA unpairtttR = homologous
recombination.

Nuclease DNA Substrate Substrate Activity | RNA  vs| Reviewed
metabolic | structure DNA in
pathway nomenclature
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FEN1 BER, 7 Double Flap | 5'-endo | RNA/DNA| (Grasby
Replication # v [ exo et al.,
ﬁ\ 2012)
Mus81- HR, i Double Flap | 3'-endo | DNA (Ciccia et
Emel/Mms4 PR al., 2008)
and XPF | Replication ﬁ\
ERCC1 s
MRE11 HR o0 -Qverhang, | 3'-5' DNA (Shibata
s— = | Bluntend exo, et al.,
I 2014)
3'-endo
< HR Blunt end 3.5 RNA/DNA| (Zhang et
exonuclease Exo al., 2011)
/ RecE s———— 3
¥ i 3'-Endo

1.4.1 FENL1 active site residues involved in doubhucleotide unpairing

In the absence of divalent metal ions, the phosphate diester corresponding to the major site of
FEN reaction in the TAFEN:DNA complex is stacked in the duplex at a distaAdeoaf the
closest metal ion sit€Devos et al., 2007)n other words, the binding motifs of FEN described
above position the targeted phosphodiester, one nt into the downstream duplex, near the active
site but not quite closenough for hydrolysis to occur. Therefoaehase unpairing mechanism
had been proposed, wherein the bases flanking the scissile phosphate (+1,atfefined in
reference to thescissile phosphate) must unpair from the template strand to place the
phosplate diester bond between the metal ion sitdigy(re 1.4) (Syson et al., 2008; Tomlinson

et al., 2010) More recently, crystal structures of EXO1 and hFEN1 enzyme substrate (ES) and
product (EP) complexes suppedt a double nucleotide unpairing (DNU) mechan({&rans et

al., 2011; Tsutakawa et al., 201fiyure 1.4). The cofactor occupying both metal ion sites in
the hFEN1 crystal structure was 8nwhich supportsinding but inhibits cleavage. Even with
the negative charge of the active site neutralised, the +1 -dndt of the uncleaved substrate
was >6A form either metal ion. In the product structures, however, thent that processed a
terminal 5-phospahte monoestr, was contacting the two Strions. The gap had been bridged
because the terminal nucleotide had unpaired. For this to have happened during the reaction,
there was likely some enzynsibstrate intermediate in which the two nts were unpaired to

place thescissile phosphate on the metal ions. Consistent with the pregastermediate,
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prevention ofdouble nucleotide unpairing using interstrand DNA cilogss severely decreased

the hFEN1 reaction rate and abolished cleavage site spec{Batidows et al., 2012)

Figure 1.4: Double Nucleotide Unpairing mechanism conserved across the FEN superfamily.

(Top panel) Schematic representation of DNU illustrating how DNU positions the target
phosphate in the active site alow thescissilgphosphate diesteto interactwith the requisite

divalent metal ions. (Bottom panel) hFEN1: subst(@@B: 3Q8Land hFEN1: produ¢PDB:
3Q8K),crystal structures provide support for this mechanismthim ES structure the two
nucleotides flanking the scissile phosphate, +1 (green) -an¢ted), are paired with the
complementary strand. Thet ¢ A-phésphpt@monoester is unpaired in the EP structure. Thus,

a putative ES intermediate has been proposedvhich both the-1 and +1 nucleotides are

dzy LI ANBR® ¢KS KStAOFtT 3IFLGSégle 6o6lasS 2F hn |y
YR hpoX O2f2d2NBR YIF3ASYyidl o

From crystallographic data a model of the unpairing process has been proposed, m whic
formation of the unpaired state is thought to be facilitated in part through residues provided by
the helical gatewaycomprised of the bottom portion df4 andh2 (figure 1.5). Although the

helical cap is not conserved, the helical gateway is founasadhe FEN superfamilyys93 and
Agmnn OKC9bwm ydzYoSNAy3Ivz t20FGSR i GKS ol a

whole FEN superfamilfigure 1.5). Mutational analyses demonstrated the importance of these

'dal

two residues(Sengerova et al., 2010; Storici et al., 2002; Tsutakawa et al.,.Zl¥d3e two
residues extend into the active sitéigure 1.%), and in the enzymeroduct (EP) complex
contact the 5-phosphate monoester of the terminal unpairedaieotide. It has been suggested
that K93 acts as an electrostatic catalyst by stabilizing the negatiialged pentecoordinate
transition state, not as a general acid which was initially suspeg@edgrova et al., 2010)A
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similar role for R100 was also hypothesized. The position of K93 and R100A suggests that these
residues may also be involved in stabilization of an unpaired state, as they would be able to
neutralise the negatively charged phospéaliester moving closer to the protein surface during

unpairing.

The other helixof th& I G SgF &% hu KI 02 dzNEO. Howévériniké¢ lysgaH NB a A RdzS =

and Argl100, Tyf40 is not conserved across the superfamiigure 1.5). Notably, Y40 stackle
against the 5face of the +1 nt in the enzyme substrate complex and tHa@& of thelnt in
the enzyme product complefigure 1.I7). To have achieved these two states, in total-4gr
must have undergone a g%otation during the reaction mechanisnthe importance of Ty0
was further emphasised by a 20ld reduction in the multiple turnoverate (Tsutakawa et al.,
2011) In the crystal structure of Exol complex with product, the termindlBe was involved
in the same” -stacking interactions with Ty82. However mutation of His36 had a more
detrimental effect on the reaction rate. Therefore, 38 and not Ty82 was suspected to be
involved in a DNU mechanism. XPG and GENL1 contain, asjgaaadi cysteingrespectivelyin
the equivalent positionsvhich couldboth potentially interact with an unpaired bastabilising

an intermediate state in the same way.

Figure 1.BY / 2 YLI NAaz2zy 2F NB&AARdAzZSSa 2y GKS 3 0Ségl @
nuclease superfamilyFor structures with DNA, the terminal basesiok Sstrgndare shown

(outlines) to indicate that the target phosphate diester must enter the active site for the divalent

metal ions and catalytic basic residues to be within the correct distance of the target phosphate
diester. Key conserved catalyside chains are shown as sticks and divalent metal ions as cyan
ALKSNBae® ¢KS 3IlLiaSsle FT2N¥VSR o6& Ggz2 h KSt AO0Sa
association of catalytic metal ions and residues with dsDNA. A residue with a side chain that can
stackwith the terminal base is always present. In hEXO1, two different residues, His36 and Tyr32,

stack with terminal nucleotide in the substrate and product complexes, respecliakén from

Grasby, J. A. et al, TIBS, (2012) 37(2B474
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Figure 1.5: (A) Rear view of the active siteThe helical gateway (blue) forms a hole to allow

i K Sflappsfand to exit the active site. The product DNA and key catalytic residues are shown
as sticksK93 and R100 are oriented towards the scissile phospBafednt view of the active

site. The 5flap strand approaches the active site and its trajectory suggests passage through
the helical arch. Taken from Tsutakawa, S.E., et al. (2011). Cell 1451198

Figure 1.7: Stacking of the Tyrosine 40 residue with mplg nucleotides during catalysis in
hFEN1 Tyr40 (orange) stacks against thé-face of the +1 nt (green) relative to the sciscle
phosphate in the hFEN1: substrdRDB: 3Q8L), crystal structure. In tifeEN1: produdPDB:
3Q8K),crystal structure Ty#0 is stacked against the'-Bace of the-1 (red) nucleotide with
terminal monophosphate ester, stabilizing the unpaired state of this nucleotide.
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1.4.2 Mus81/XPF are putative DNA unpairing enzymes

Mus81 and XPF, members of the MUS/XPF endonuclease {&diilwartz and Heyer, 2011)
and associate with noncatalytric partners, Emel/Mms4 and ERCC1, iigepecthe resultant
heterodimers (Mus8Emel/Mms4 and XPERCC1) display structure specific endonuclease
activity and target similar branched structures but in different DNA metabolic pathways. Mus81
Emel/Mms4 acts on'3lap structures formed during stald replication forks and HJ resolution
(Schwartz and Heyer, 201 Bnd XPfERCC1 is the-8ndonuckase cutting the bubble structure

on 5-side of lesion during nucleotide excision refddie Laat et al., 1998)

FEN1 and Mus81/XR#ind at the ssds junction but cleave flaps with opposite polarity. The
binding mode of FEN1 bears strikisignilarities with Mus81 and XPF (figurd8a and b) Like
FEN1, structural data indicate that XPF family members also display substantial aiitfiorm
changes between unbourahd DNA bound form&won et al., 2014; Newman et al., 2008%

well as protein restructuring, DNA conformational changes were also shown to be important for
substrate discriminationFlap structures were observed to be sharply bent in Mugdion et

al., 2014) and XPRHutton et al., 2010yomplexesfigure 1.8b). Unlike FEN1, XPRoberts and
White, 2005) and Mus81(BastinShanower et al., 200®)Jeaved further into the duplex region
adjacent to the flapfigure 1.8c). However, like FEN, it was argued that bending alone could
not account completely for the substrate rearrangements requitedplace the scissile
phosphate in the active site. From crystallographic data it was shown that the two bent duplex
regions are connected by a short stretch of sSDNA on thereacting strandfigure 1.8c). As

a result, nucleotides adjacent to the flap the incision strand were proposed to be unpaired in

agreement with footprinting datéNishino et al., 2005)
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A hMus81-Eme1-DNA hFEN1-DNA ApeXPF-DNA

Figure 1.B: Comparison of the binding modes &f- and 3-endonucleasegA) From left to

right,l NOKAGSOGdzNE 2F KadZAywmnm9YSwmM ontntos KC9bwm
topologies shown below each structure coloured to represent secondary structure simBarity. (
{OKSYIFGAO Y2RSta 2F GKS KadzZywmm9 ESWBE@Rzy R (2
flap DNA (right) are shown to highlight the common structural featur€s.Schematic
representation of Mus8Eme1l unpairing mechanism. The nucleotides (yellow) adjacent to the
branch point/ssds junction (marked with arrow) are proposed to -hasepair with
complementary strand (green) placing the scissile phosphatd® of red nucleotide) next to
Mg?*ion (yellow) and putative Mgion (dotted circle). Adapted fro@won, G., H. et al. (2014)
EMBOJ. 33, 1064072

1.4.3 Mrell as a DNA unpairing enzyme

Mrell functions as homodimer {igure 1.10a) at a variety of forks and breaks that materialize
due to DSBs and stalled replication fogggshlacher et al., 2011; Williams et al., 200%bYitro,
Mrell possess both dsxonuclease ad ssendonuclease activitiegPaull and Gellert, 1998;
Trujillo and Sung, 2001An unpairingike mechanism was suggested to be responsfble

linking the two activities.
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The structure of Mrell bound to branchdalNA eluded to the ds exonuclease mechanism
(Williams et al., 2008Protein conformational changes have been linked to DNA melting at the
terminus of the substrate figure 1.1d). The precise mechanism is unknown, but these
architectural rearrangements in combination with a wedge that penetratés the minor
groove figure 1.Bb) causedisruption of terminal base pairing interactiofé/illiams et al.,
2008) The next step in the mechanism is proposed to involve a His redependent
phosphate rotation two nucleotides into the duplex region tilting the adjuvantl&p of the
incisedstrand toward the active site and is only permitted on dsDNA in which the terminus is

positioned close enough, mediated by unpairing.

Much less is known about mechanism of ss endonuclease activity. It has been argued that the
ssDNA is able to access tt@mmon active site by binding to a channel only wide enough for
ssDNA(Hopfner et al., 2001)This alternative binding mode negated the need for a substrate
conformational rearrangement and was consistent with data suggesting mutation of the His
responsible for theghosphate rotation of one of the dsDNA strands abolishes exo activity, but
only had a moderate effect on endo activiti/illiams et al., 2008)'aken together, these models
suggested that dsDNA cannot access the active site, but Mrell used the malleability of a duplex
terminus to facilitate unpaing, making the substrate essentially singteanded. Mrell does

not possess dsndonuclease activity because theds junction acts as a roauock determining

K2¢g YdzOK 2F GKS WNBIFOGAY3a aidNIXyRQ OFy SyidSNI KS

30



Capping domain

Core domain

Cc

Capping domain ) Phosphate Rotation
Rotation: Duplex Melting and Cleavage

Nuclease 8
domain Nuclease
X % domain

Nuclease
domain

Figure 1.D: Exonucleotytianechanism of Mrel1, involves DNA conformational changes at the
DNA terminus.(A) Mrell dimer bound to branched DNA (3DSB))Magnified view of active

site with ssds junction of bound DNA shown, uncleaved strand (brown) and incised strand
(orange). The Iposphate rotation, and inferred unpairing on bases required to associate with
bound Mrf*ions (purple) depicted by red arrow. The helical wedge (blue) sits in the minor grove
of substrate. Also shown is the ssDNA binding site (green) proposed to beaimhfortds
endonuceoytic activity of Mrel11C(Schematic representation substrate sculpting mechanism
placing the scissile phosphate (red star) in the active site. Taken from Tsutakawa, S. E. et al.
(2014) DNA Repair 19, 997. O) Overall view of mechgstic steps involved to afford
exonucleoytic catalysis of blunt DNA by (MreX3PSD). Adapted from Williams, S. R. et al.
(2008) Cell 135, @109.

1.4.4 o exonuclease as a DNA wunpairing enzyr
¢tKS < SE2ydzOf SI as NB OataydiofblBni endl PNR inkhg Gsedtira 2 v
process of bacteriophagg€arter and Radding, 1971)NA bound and free structures have

show/ GKI G < SE2y dzOth@rotiirler flg@eNI2@a) (Kovalli shdBRaktHews,

1997; Zhang et al., 2011)he three active sites are equidistantly positioned around a central
channel, but only one is used ahy one time figure 120a). In the substrate bound crystal
structure, the terminus is approximately 15 A away from twa*Mgns bound in the active site

(Zhang et al., 2011Yhe ds DNA binds to the central channel, but access to active site is only
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wide enough for ssWA. Therefore, the authors argue that the two terminal nucleotides must

unpair to allow placement of the reacting strand in the acsite figure 120c). Thisprocess is

driven by the attraction between the negatively chadgehosphate and the metal iondn

agreement with the structure of a néd-phosphorylated substrate not in the unpaired form,

the scissilgphosphate is not fully inserted in the active s{#hang et al., 2011Jvidence also

suggests that Arg8 at the back of the active site pocket contacts the phosphate helping to drive

this DNA conformatioal changef{gure 1.20b), consistent with data showing that mutation of

this residue disrupts activityZzhang et al., 201® [ A1 S aNBmmI < SE2ydzOf St & ¢
hydrophobic wedge (four apolar residues been called DE loop) to aid strand separation and Lue

78 of the wedges inserted between bases at the-ds junction figure 120c).

Unlike other structure specific nucleas®@ A & Odza 8 SR Ay (i KAiedspapsdta 2y > < SE2)
be processivéSubramanian et al., 2003}lowever, there is no evidence to suggest that large

protein structural changes are responsible for driving movement along DNA. Therefore, a

WNIF §OKSGQ YSOKFIYyAaY KFra 0SSy LINRLRAaASRgAy©@2f @Ay 3
events to propel the enzyme forwarégure 120c). This is in agreeent with biochemical data

reporting a direct link between the rate of digestion and stability of the terminal baseyzair

Oijen et al., 2003)The electrostatic attraction between the terminus and active site is predicted

to help pul the enzyme along the DNA, whereas the {Z8eresidue prevents backward

movement and slippage off the substrate. A similar active site topology is observed for RecE

(Zhang et al., 2009nd Xrnl(Jinek et al., 2011}hese two enzymes are aldmlieved to be

processive. XRNL1 is believed to be a member of theseRbrfamily. XRNL1 is a exoribonuclease.

Investigating the mechanism of how these enzymes deal with both DNA and RNA may shed light

how substrate specificity is mediated by distortion.
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Initial,nonproductive Productive complex Intermediate
complex

Figure 120 ¢ KS < SE2ydzOf SI &S Y $h&&-land B-Htvands of Bitht &S &
DNA to place the Sterminal phosphate in positively charge active sitéd) Surface view of
homotrimer, depicting the DE loop, V8, Ala75, Ala77, andLeu78 which is predicted to split
the two strands. Also shown is a possible exit tunnel for the cleaved mononucleof8jes. (
Magnified view of active site highlighting important residues and catalyti¢’ Mgs (magenta
spheres). The arrow indicates tlegle attack of hydrolytic water molecule on the scissile
phosphate. © Proposed ratchet mechanism and requirement for double nucleotide unpairing
FT2N) < SE2ydzOf S| HpBosphaeRyOup DritthedNA epresehit&dSas an thsterisk
(*). The positively charged pocket at the end of the active site cleft contains iometal+) and
arginine residue. Step 1: initial capture of substrate. Step-@hdsphate attracted to metal
ions, simultaneous insertion of hydrophobic wedge into fses. Step 3: hydrolysis. Step 4:
release of single nucleotide. Step 5: Electrostatiéractions pull the enzyme along the DNA and
in combination with the wedge force twaucleotides to unpair. Lb#8 hydrophobic wedge,
inserts inbetween second and third bases of duplex. R28 contacts the terminal phosphate. Arg
45 has a central role iminor groove binding. Taken frafihang, J. et al. PNAS (2011) 108, 11872
11877.

1.4.5 DNA Polymerases

The highly fidelity of DNA polymerases (DNAP) is not only a consequence of their ability to select
the correct deoxynucleoside triphosphate (ANTP), Hebalue to removal of misincorporated
nucleotides by an internal'®' exonuclease activitgKunkel, 2004)Structural studies of the

DNAPs revealed that the polymeragmlf and 3-5' exonucleasegxg domains are spatially in
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different enzyme domains raising the question of how these activities work together to provide
a proofreading function. The special separation of these two catalytic centres is maintained in
other bacterial homologues, like the pol | family (also known as famiR@blie ¢ al., 1998)
B-family polymerases despite significant structural differen@®samoo and Steitz, 1999; Swan

et al., 2009) and Gfamily polymerasegEvans et al., 2008)

5b!ta KIFI®S 0SSy ONRadlffAaSR Ay 020K GKS
(Beese et al., 1993; Freemont et al., 1988etLal., 1998) Comparison of these structures
revealed that in thepol conformation basepairing was maintained at the priméemplate
junction, but in theexoconformation the 3terminus primertemplate was unpaired. Thus, it
has been proposed that othe rare occasion in which DNAPs incorporate a mismatched
nucleotide, primestemplate strand unpairing transfers the-&rminus of the primer strand to

the exonuclease site allowing the proofreading activity to excise the incorrect nucleotide.
Spectroscoj studies have revealed that both sites can be sampled by the same substrate, but
partitioning between the two sites is dependent on the state of the priteeminus. A
completely complementary primgemplate junction is bound predominantly at the potesi
observed by sAFRETTsoi et al., 2003)The introdiction of mismatches at the primg¢emplate

junction results in a faster rate of transfer from tpel to exosite (Lamichhane eal., 2013)

Many steadystate and timeresolved fluorescent measurements have been carried out with
bacteriophage polymerases usingA®containing DNAFidalgo da Silva et al., 2002; Frey et al.,
1995; Hariharan red RehaKrantz, 2005; Subuddhi et al., 2008he fluorescent analogue of
adenine, 2aminopurine (2AP) has long been used as a probe of DNA structure, distortion and
dynamics owing to its emission properties being dictated by its environ(@Gunst et al., 1991;

Jean and Hall, 20013-AP has reasonable fluorescence signal in sSSDNA but is strongly quenched
by basestacking interactions when it is present in dousteanded DNA. In general, binding of
DNAPs enhanesethe steadystate fluorescence of -AP primeftemplates, and timeesolved
experiments demonstrate a reduction in the population of shotifstime components.
Furthermore, both phenomena are exaggerated by presence of a mismatch. These results were
interpreted as evidence for increased strand separation on formation of exonuelease

competent complexes.

Connolly and cevorkers have used similar approach to study the uracil and hypoxanthine
recognition capabilities of archaeal familypBlymerasegRichardson etlg 2013) The results
showed increased primagemplate separation upon encountering DNA containing deaminated

base in the template strand a mechanism to prevent replication past the deaminated base. In
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support of this, a crystal structure dfhermococcugjorgonarius(TgoPol) bound to DNA

containing hypoxanthine showed unpairng at the prirtemplatejunction figure 1.21).

Figure 1.24: Structure of the DNA separation region @fjo-Pol bound to a primetemplate

mimic containing hypoxanthine at the +2qsition. Thei 62 ol aSa i GKS SEGN
primer, C28 and T27, are single stranded and not base paired with their template partners, G5
YR !'c3X NBaALISOGAGSted ¢Kdzax GKS ol A&7 &dd A NA
T25A8 (shown with hatchednles indicating WatsarCrick hydrogen bonds rather than being
individually labelled). The position of hypoxanthine (H), which is buried in the deaminated base
OAYRAY 3 LI O S i =haikpia mdtifisESHwninicyad Jyd261tardArg247 are shown

in red. Bken from Richardson, T. T. et al. (201:3)3L

Von Hippel and cavorkers developed a related approach termed excitmupled circular
dichroism (ECCD), that involves monitoring of changes in theet@rgy CD spectrum of two

tandem 2APs substiited in the primer strand, to characterize the solution conformations of

DNA when bound to polymerasé3atta et al., 2009; Johnson et al., 2004, 2008liheoretical
description regarding the background of thischnique is described igection 4.2 The
advantage of this technique over fluorescence measurements was that it is alolieettly

report on the relative conformations of the DNA at the position of thkeR2probe. In fluorescent
experiments, the 2AP hadto be placed in the template strand, and thus, the position of the
primer 3-terminus was ultimately being indirectly reported on. Therefore, ECCD complimented
steadystate and timeresolved fluorescence measurements because it was able to report on

DNA onformation of the primer strand and did not have to rely on structural information to

interpret the results.
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The major findings were consistent with previous studies suggestaighe terminal bases of

the primer strand bind in an extended conformationthe exosite, while remaining stacked

when bound at thepol site of DNAP@atta et al., 2009 Specifically, spectroscopic studies of 2

AP dimers in the context of sSSDNA suggeédtet thefour 3-terminal bases of the ssDNA are

significantly unstackedonsistent with the crystallographic studies of a DMAPNA complex

(Freemontetal., 1988 [ A1S < SE2ydzOft SI 4S5 RAGIESyd YSGLIf A2
DNA conformational change, suggesting ther®d of the DNA does not interactitiv the exo

site when no metals are present. Collectively, these studies and previous studies suggest that

stabilisation of an unpaired state may have been a way of halting replication in the presence of

errors that may have evolved in exonucleasediatedproofreading capabilities.

This technigue has been extended to study RNA Polymerases and other components of the
transcription complexXDatta et al., 2006; Datta and von Hippel, 2008; Johnson et al., 20A5b)
addition to DNA helicaseflose et al., 2012)t has been postulated that dsDNA bindigg
unpairingg sSDNA incision may be the hallmark of the FEN superfamily and even structurally
unrelated nucleases discussed aboMost of the evidence for DNA unpaigrby structure
specific nucleases is derived from structural data. Therefore, there is a need to observe these
possible mechanistic steps in solution. Central to understanding of the unpairing mechanism is
to determine what is necessary for these enzymesdanse DNA structures able to unpair, and

then be able to promote/capture the unpaired state.

1.5 FEN Selectivity for free 5termini

Initially the 5-flap of FEN substrates was believed to play an important role in binding, however,
this conclusion wabased on experiments conducted without knowledge of the importance of
0 K Sflap IGater reports have demonstrated that thefBap length does not affect the binding
affinity when there is a 1nt'lap is presen{Patel et al., 2012Moreover, total removal of the
5'-flap to create a nicked DNA substrate with 'dl&p has very little effect on the binding of
these substrates to FENWilliams et al., 2007a)

Other earlyreports concentrated on the importance of a freeffap terminus. The cap region

of the Fdomain determines the dimensions of the haliarch of FEN superfamily members.
When structured, the helical arch of hFEN1 bridging the active site is only large enough to
accommodate ssDNA and not dsDNigufe 1.2). Bulky additions (cisdiamminedichloroplatin
(CDDP) and streptavidin (SA)) to ti@#&p prevented FEN reacti¢Barnes et al., 1996; Murante

et al., 1995) A subsequent tracking model was proposed, in which, FEN inigathgnises the

5'-end of the flap and tracks down the-BNA pulling itsk towards the ds/ss junction using the
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structured helical arch as a win¢iurante et al., 1995)In total there have been three major

models of FEN recognition proposed. A clamping modelhiich the 5flap does not pass
OKNRdAK G§KS KStAOFf | NOK 0dzi 'Hapalovlrg Rtimatk S K S
association with the catalytic residues contained on the gatef@napados et al., 2004jinally,

a third model proposing binding of the upstream and downstream ds regions first, followed by

flap threadng (threading modeljCeska et al., 1996)

Figure 1.2: Spacdfilling models showing that single stranded DNA is able to pass under the
ordered helical arch(A) Free enzyme complex, the helical dncldges the active site groove

(red). B) Enzyme substrate complex, DNA (gold) bound to T4FEN (J. M. Devos, Journal of
Biological Chemistry, 200282, 3171331724) with the Xay structure of TSFEN with no
substrate boundTaken fromCeska, T. A. et dllature (1996)382, 90-93.

FEN activity on'Hlaps containing regions of duplex, so called GAPBstrates figure 1.23)
typifies the uncertainty surrounding correct model selection. FEN has robuse@fgdPuclease
(GEN) activity with similar rates tesa 5-flap (Liu et al., 2006)Relating thisn vitro GEN activity

to a biologically relevann vivoactivity, FEN1 may be important in resolution of trinucleotide
repeat (TNR) secondary structurdSingh et al.,, 2007)FEN1 has been proposed to
endonucleolytically cleave the felahck hairpin structures formed by (CT&)d (GAA)repeats
(Zheng et al., 201 1yith FEN1 deletion causing TNR expansions and contrgblimarro et al.,
2007) Although it may turrout to be the case that FEN1 is not involved in TNR resolution,

mechanistically knowing FEN can cleave a hairpin in the flap is important.

Two independent studies have shown th&f&d-back hairfn flaps (known as gapped flaps) are

excisedin vitro as a duplex DNA products and exclusively by direct endonucleoytic cleavage,

disfavouring a trackinmodel figure 1.23) (Patel et al., 2012Bulky adducts camn fit through

a structured or unstructured arch. However, theoretically the dsDNA contained within'the 5

flap of GAPsubstrates coulghass through a disordered helical arch, which then reorders after
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threading around the single stranded region of thepfldhe disordered helical arch is ~34
residues in the DN#xee structures, and assuming disordered residues may stretch ~3.8 A each,
the unfolded arch could have three ~42 A sides, which is sufficient to accommodate ds DNA
flaps. The arch could then reondaround the ssegion (gap) of the Eportion of the substrate,

which is in agreement with data showing that FENs cannot process dupiBbYunctions but

their activity increases with increasing length of the ssDa&bfion before thehairpin figure

1.24).
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Figure 1.3: DoubleT f | LJ & dzo & U NJ &didzback Maipiidiin theyflapystEandp(GAP

ENDO substrate) and the products of reaction with hFEN1 shown on SDS Padbaeg. two

substrates are identical in sequence but differ in the placemettieoFAM label (star). One
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flap strand (right). Analysis of the hFEN1 cleavage products of these substrates shows that the

DNA is incised at the same bas®licated by an arrow) ruling out progressive EXO cleavage at

0 K Stermpifus of the flap. Taken from D. Finger, L. D. et al. JBC (2288) 2218422194,

/1 /1 /! /! /.

DNA Junctions

FEN activity ‘
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Equally, the GABndonuclease activity of FEN1 can be explained by invoking the clamping
model. The helical arch could fold over theregion of the 5flap, placing the key residues near

the target phosphodiester, and simphy-LJr a aAy 3 GKS ySSR (2 (NI yagds
flap. However, the previous data presented whereby blocking then8 prevents cleavage
suggests that this model is not the major mechanism of endonucleoytic cleavage. Additionally,
there is data tesuggest that the Sflap can be trapped threaded through the helical a(Platel

et al., 2012) Preincubation of the enzyme and alBotinylated substrate in the presence of
catalytically inert divalent metal ions then addition of streptavidin allows capture of the flap in

a threaded position. Moreover, Blap containing hairpin substrates can also be trapped using
the same techniquéPatel et al., 2012)n this state, the substrate cannot be competed out of
the complex. In support of this, the dissociation rate of DF substrates was slow after substantial
substrate conformational changes upon FEN bindirg (hreading)(Craggs et al., 2014)
Furthermore, the dissociation ratwas shown to significantly decrease in relation to increasing
5'-flap length(Gloor et al., 2010; Sobhy et al., 2018)esumably because substrate release is
Y2 NB RATTA Otlap was thriéetlgtl. HoweSea yanation of the clamping model has
been proposed to explain hEXO1 activity on DNA nicks; highlighting the controversy of this
particular topic. This alternative model suggests that thdldp passes either side of the

gateway and not through4 andh 2 (Orans efl., 2011)

1.6 FEN1 Recognition of the dgunction

The majority of the contacts made in the FEN1 enzgnigstrate and product complexes are
with the dsDNA either side of the junction. There are very little contacts made with'titegp5
supported by dta showing that FEN can bind blockédl&p substrates with a similar affinity to
the analogous unmodifiedubstrate(Gloor et al., 2010; Hohl et al., 200Therate of substrate
conformational rearrangements sower than the diffusion limited association predicted for
FEN1(Cragg et al., 2014)This suggests that a step after initial substrate binding is occurring,
possibly accommodation of thé-and/or 5-flap (Craggs et al., 2014 ollectively these suggest
that FEN1 targets the ds junction in DF substrates.

The importance of the H2TH andt8nding pocket with regards to both binding andtigity

have been discussed. The idea that FENs initially recognise the ds junction unifies the mechanism
of all the family members as they do not all catalyse the phosphate diester hydrolysis of

& dzo a G NI ( S aflaps (Ginsby € &I52812)ppacifically, Okazaki maturation and IpBER
intermediates, whose ability to bend upon hFEN1 biidint y R G KS O2 Y-biddyig G A 2y

pocket, double nucleotide unpairing, helical gateway and cap select for the ‘fteenfinus.
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The requirement for the helical arch to disorder to accommodate certaflap structures and

then restructure positionig essential catalytic residuéad led to a proposed disord¢o-order
mechanism(Grasby et al., 2012; Tsutakawa et al., 2Qfigure 1.25). Bindingof FENs to the
dsDNA tweway junction, and subsequent bendingtitought to position the 3flap in the
hydrophobic pocket and direct thé-Bap towards the active site. The helical gateway has been
proposed to act to ensure that the'-8ap is threaded through the disordered helical arch. As
previously described, biling of the 3flap and ordering of the pocket causes an allosteric
ordering of the helical cap. Double nucleotide unpairing is then thought to occur, positioning the
target phosphate diester bond between the two metal ions. The reverse conformationagehan
of the helical cap is thought to cause product release, and studies which have deliberately
disrupted the proper formational of the helical arch have shown this to severely retard the

activity of FEN(Hwang et al 1998; Storici et al., 2002)

This disordetto-order model is proposed not only to explain how dsDNA within tH&p can

be accommodated but also is part of a seljulation mechanism of hFEN1. Unlike EXO1, where

the Gterminal domain contains potgial inhibitory domains that could prevemtrdering of the

helical cap, hFEN1 must internally regulate its activitiie efficient 5structure-specific

endonuclease activity of hFEN1 is dependent on all of the structural elements of the bifurcated

DNA bd y3 LINB & S y-NiBbdzyf RFQi SNF wQtySI g 3S C9b g2dzAZ R y2i
cleavage since the doubfap structure is unable to form. Cleavage one nt into the downstream

duplex would yield a one nt gap product after theflap had bound to the amplementary

template strand. This gap structure would be unable to form a double equilibrating flap

structure required for endonucleoytic by hFEN1.
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A 3'-flap bound Template & 3'-flap
order wedge &rcap Proper
incision
of flap

Two
base ‘palrs
unpair

5'-flap

g°";("$ 1‘ pushed into Scissile
Hy2TH ateway under phosphate
\ lsordered cap pulled into

active site

dsDNA 3'-flap bound )disorder- [ svfjap pulled ssDNA
binding 5'-flap pushed ) to-order -base unpairing incision

FHgure 1.5: Cartoon representation of the disordeo-order mechanism employed by FENSs to

LJ2 & A G A Fap in th&dstivesite and stimulate product releadeEN1 recognises the dsDNA
flanking the ss/dsDNA junction interacting through the K+:H2TH and Hydropvexdgex {pin.

The relative position of these two binding motifs sharply ben@*t®@ DNA. Consequently, the
5+ss flap is directed under the disordered cap domain and through the helical gateway selecting
for ssDNA nearing the active site. Assembly of thigaf site, and subsequent cap ordering
positions residues which promote did&l base unpairing positioning the scissile bond and two
metal ion catalysed hydrolysis reaction of the spepliicsphatediester one nucleotide into the
downstream dsDNA. Taken from Tsutakawa, S.E., et al. (2011). Cell 12291198

1.7 Current cancer reatments: synthetic lethality

Normally hereditary mutations are prevented as cell cycle progression is tightly coupled to DNA
damage response (DDR) pathways. DNA repair pathways including direct repair (DRERBER,
mismatch repair (MMR), the fanconiamia (FA) pathway and homologous recombination (HR)
are encompassed under the umbrella of DDR. The pathways are redundant for certain types of
DNA damage, and interact with each other@gulateDNA repaif{Sancar et al., 2004 owever,

failure to repair DNA damage by any of these pathways can result in cell cycle arrest, cell death,
or cell senescencén contrast, activated oncogenes alloancer cells to circumvent these cell

cycle checkpoints inducing replicative stress generating highly proliferating, highly unstable

cells.

Alkylationrinduced DNA damage is one of the most efficacious@aritcer therapeutic strategies
(Zhang et al., 2012Chemotherapeutic agents exploit tiheherent weakness of most tumour
types to perform all DDR functions to the same level as normaicaocerous cells. However,
cancer cells are normally very good at recognizing damage and upregulating the relevant DNA
repair pathways to compensate for thenpairment of other DDR pathways which is an
important mechanism for therapeutic resistan@iengley and Johnston, 200%) an attempt to
combat the adaptability of cancer cells, drug target strategies have been designed based on the

concept of synthetic lethalityWright and Dobzhansky, 1946These approaches do not
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specifically target the oncogene per se, but rather exploit theedeby targeting a second
unlinked gene partnefKaelin, 2005)Thus, a cancer cell harbouring an oncogenic mutation may
be susceptible to loss of function of another gene that is not esseiaiahormal cells For
example, if the two gene products lie on parbffathways dealing with DNA alkylation damage
then in principle, only cancer cells harbouring defects in one pathway will be susceptible to
targeted inhibition of the alternative pathway, and thus all normal cells will remain largely
unaffectedby chemotheapeutic exposureThe challenge is to identify which pathways to target
(Sajesh et al., 2013)

Knowledge of the genetic differences between normal and cancerous cells paves the way for
personalized cancer therapy treatments based on distifgogsbetween which DDR pathways

are activated and targeting them using a synthetically lethal stra{€gygason and Bahassi,
2013) Invariably the situation is complicated by intratumor heterogeneity and developed
resistance(Gerlinger et al., 2012)Therefore, targeting of single ongogenes is often not
sufficient, and combinatorial anticaer strategies are realistically required for lei@gm

disease control, and potentially even cuf@snedos et al., 2014)

1.7.1 The role of base excision repair in tumour survival

Biochemical, preclinical and clinical studies havelsistaed that the BER pathway is a promising
target in anticancer treatment(llluzzi and Wilson, 2012)The most wetknown and
characterised example of a synthetically lethal strategy at work, exploiting the DNA repair
capabilities of the BER pathway, is the interaction observed between BRCAL (or BRCA2) and
PARP1 (poly ABibose polymerase 1). Mutations BBRCAlor BRCAZive predisposal to
developing breast and ovarian cangbfiki et al., 1994)BRCA1 and BRCAZ2 both function in HR
mediated repair of doublstrand breakgMoynahan et al., 1999PARP1 is ceptiveto ssSDNA

and functions in one of the sutlasses of BE[EHHKhamisy et al., 2003)he crossover point of

the two pathways occurs because ssDNAaks(efficienty repaired by BER) can be converted

to dsDNA breaks during replicatigkiuzminov, 2001)Therefore, PARP1hibition results in an
accumulation oflouble-strand break$n BRCAAnd BRCAZ®efective cells, ultimately leading to

cell death(Farmer et al., 2005T here are various inhibitors of PARP1 at various stages of clinical

trials (Papeo et al., 2013and similar strategies are now being applied to other BER proteins.

The efficacy of the most widely used methylating agéremozolomide (TMZ&)assically has

been attributed to the formatiorof the highly toxic ®methylguanine (GMeG) lesior(Wedge

et al., 1996a; Wedge et al., 1996bjowever, &MeG only accounts for approximately 20 % of

the DNA damage induced by TMZ, and the majority of Nkhmethylated base adducts are
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processed efficiently bBERf{gure 1.8) (Liu and Gerson, 2004; Samson et al., 19Bgéfause

MMR deficient cells, which is common in some cancers, can replicate in the presence of high
levels of G-MeG (igure 126). MMR deficient cells are especially sensitive to methylating agents

in combination will PARPL1 inhibitofisiu et al., 1999; Tentori et al., 200Another example of

a synthetically lgtal interaction; thus, other proteins involved in BER potential therapeutic

targets.
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Figure 1.3: The interplay between DR, BER, and MMR Predicting the cellular survival after
TMZ exposureTaken from Zhang, J. et al Current Molecular Pharmacol@gy)%, 102114.

As discussed isection 1.3.4AP endonuclease activity sits at the braipchint between sp and
IpBER pathways. APEL is the major human AP endonuclease, andésqressed in several
types oftumours (Kakolyris et al., 1998; Moore et al., 2000; Silber et al., 2008)s, APE1 has
been targeted based on chemosentizati¢8ilber et al., 2002; Walker et al., 1994nd
synthetically lethal interactiongFung and Demple, 2005; Lau et al., 20@mall molecule
inhibitors of APE1 with chemotherapeutic potential have been published, and their mode of

action are discussed section 1.8.below.

FENIactivity is essendil for IpBERsection 1.3.3and FEN1 knockdown or inhibition has been
demonstrated to increase sensitivity to TMZ in glioblasto(hgkolova et al., 2009)and
colorectal(McManus et al., 2009; van Pel et al., 20da)cer cell lines. Altholig=FEN1 is involved

in only one of the sultlasses of BER, it remains a broad target for therapeutics due to its role in
DNA replication. Furthermore, FEN1 is proposed to be involved in the alternative lengthening of
telomeres pathway (ALTPpaharia and Stewart, 200itilised by some cance(Purant, 2012)

In established tumours FEN1 overexpression has been characterized in (Beagt et al.,

2008) prostate(Lam et al., 2006)and brain(Nikolova et al.2009)cancer types. Importantly,
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preclinical evidence suggests that increased FEN1 expressiondestsicancer survival and
aggressiveneg®\bdelFatah et al., 2013; Kim et al., 2005; Krause et al., 2005eBatg 2003)
Proofof-concept, exploiting FEN1 as in a synthetically lethal approach was sho@bDGd4
deficient cellgvanPel et al., 2013)Mutations inCDC4re commonly associated with certain
cancer types; complete or partial loss 6GDC4in model organisms sensitizes cells to FEN1
inhibition. In summary, published data in pcknical studies suggests that FEN1 expogss
levels and activity are significant in cancers; thus blocking FEN1 activity with small molecule

inhibitors would be predicted to potentiate the cytotoxicity of therapeutic ageséstion 1.8
1.8 Metal-binding Inhibitors

1.8.1 APEL1 inhibitors

APE katalyses the hydrolysis of the DNA backbone on tsde of AP sites in a Mglependent
manner(Boiteux and Guillet, 2004; Dianov et al., 20@®E1 has been successfully crystallised
in its apo form and comnpxed with either substrate or product DNA. The protein has a two
layered beta sheet core surrounded by helices, and binds to both major and minor grooves of
DNA figure 1.Za) (Mol et al., 2000h) The majorityof the protein:DNA surface is mediated
through the damaged DNA strand and the AlPBaNnd substrate is distorted 3%0 a regular B
DNA helix. Specificity is afforded by the protein surface adjacent to the aiteszdorming
shallow DNA grooves stericafiglecting DNA lacking a bulkgise. The DNA backbone is flipped
~180 at the AP site positioning the scissile phosphate appropriately ftinénnucleophilic
attack by an activated water moleculiglire 1.27a) (Mol et al., 2000h)The flipped out abasic
deoxyribose is stabilised in a hydrophobic poci®brman et al., 1997; Mol et al., 2000a)
Initially, APE1 was proposed to utilise a two mébal mechanism(Beernink et al., 2001)
However, more recent crystallographic data of fi@éanvilla et al., 2013)and product bound
(Tsutakawa et al., 20133tructures predict the presence of only one ¥@n (figure 1.2Z7b),

consistent with recently published mutational studig&nazhevskaya et al., 2014)

Several compound library screens have identified potent inhibitors of A®&dat et al., 2010;
Madhusudan et al., 2005; Seiple et al., 2008; Simeonov et al.,, ZzAgahir et al., 2009A
selection of the most potent is shown figure 1.28, and most share an aromatic hydrophobic
core with ionisable substituents, frequently a carboxylate. The first small molecule inhibitor of
wasCRT0044876 {Nitro-indole-2 carloxylic acidfigure 1.38B), reported to have an kgvalue
of 3uM (Madhusudan et al., 2005More recently, improved lead compounds were identified
in a screen of weltharacterized drudike molecules, which identified-leydroxy-dl-DOPA and
myricetin figure 1.8) as direct inhibitors of APE1 activiiimeonov et al., 2009)n silico
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modelling of éhydroxydl-DOPA and CRT004483%uggested that they bind in a very similar
manner igure 1.27¢c). The carboxylate group is predicted to bind to the sequesterett Mg

and the aromatic groups sit in the hydrophobic abasic pocket. DNA binding causes very little
activesite conformatiorl changgGorman et al., 1997and these types of inhibitor have been
proposed to prevent reaction by occupying the hydrophobic pocket preventing flipping of the
abasic nucleotide. Other APEL1 inhibitors that have been identified whose activities are believed
to be partly due to DNAnimetic properties are aurintricaroxylic aci8imeonov et al., 2009)
(figure 1.8), and aseries of arylstibonic acidéSeiple et al., 2008yesembling phosphonate

derivatives; as a result these may haignificant offtarget effects.
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Figure 1.Z7: APE1 structure and docking of inhibitors into the active sif8) The atomic
structure of human APE1 (PDB: 1DEW) containingaet®NA duplewith 2-AP residue flipped

out into the active site (red sticksaken from Kanazhevskaya, L. Y., et al. (2014). DNA Repair 21,
4354. B) Closeup view of the active site (PDB: 41ND), showing k¢geen sphere) and several
ordered water molecules (red spheres) Also shown are the important catalytic res@ues. (

panel: ribbon representation of APE1 structure with DNA bound (PDB: 1DE9); the active site is
marked within the box. Upper right panel: docking poselojdroxydl-DOPA in APE1 active site
(PDB: 1DE9); potential hydrogbands are labelled in yellownés with distances, Mg
(magenta sphere) selected active site amino acid residues are indicated. Taken from Simeonov,
A., et al. (2009). PLoS ONE 4(6): e5740. Lower right panel: docking pose of CRT0044876 in APE1
active site (PDB: 1DE9); CRT0044876 wasdfto dock on to the active site of APEL in two
different low energy conformations, (yellow and blue sticksY; kfgagenta sphere). Taken from
Madhusudan. S., et al. (2005). NAR 33, 4124.
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CRTO0044876 (3.0 pM)  6-hydroxy-DL DOPA (0.11 uM) Myricetin (0.32 pM)

NSC-13793 (0.017 pM) Aurintricaroxylic Acid (0.055 yM)
Figure 1.8: Identified inhibitors of APE1 endonuclease muy. Shown are the chemical
structures and concentrations of compound reported to inhibit 50% of APE1 incision activity in
vitro (inparenthesekl

1.8.2 Mrell Inhibitors

As discusseth section 1.4.3Mrellis reported to have both ss exand ds endenuclease
activities; their roles in resection are unclear. However, both activities are proposed to be
important for the regulation of pathway choice during the repair of DSBs (i.e switching from
NHEJ to HRphibata et al., 2014The separate activities can be individually inhibited by the use

of related compounds: mirin and PFM39 primarily block exonuclease ai@3&nd PFMO1

inhibit endonucleasactivity figure 1.Da) (Dupre et al., 2008)These inhibitors can be used as
G22fta G2 LINRPG6S aNBwmellEmploy istidgeh mieehanisyisfor éedef 3 S a
endoy dzOSt 28 GA0 Oft SI @1 3Sd !'a LINBGA2dzate YSyidaAz,
to allow access to the active site is crucial for its exonuclease activity. The crystal structure of
DNA free Mrell aataining two Mrf* ions in its active site complexed with each of these
inhibitors shows that exonuclease and endonuclemgbitors bind at distinct sites. Neither are
proposed to interact directly with the catalytic divalent metal ions but prevent reacby

blocking access to them. Thadonuclease inhibitor sits in a previously proposed ssDNA binding
channel figure 1.8b). Incontrast, the exonuclease inhibitor sits in a pocket between this ssSDNA
channel and the essential Higsidue éection 1.4.3(figure 1.28b). Therefore, mirin and PFM39
presumably block dsDNA unpairing, a requisite for association of the scissile phosphate?and Mn

ions.
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Figure 1.3®: Exoe and endonuclease inhibitors of MrellA) Functlonallsatlon strategy from
known exonucleasehibitor mirin, to novel exonuclease inhibitor PFM39 and endonuclease
inhibitors PFM01 and PFMO®) (The top left panel shows an overlay of cocrystal structures of
Mrell (cartoon, coloured brown) in complex with the exonuclease inhibitors, mirin (sticks,
carbon atoms colored brown), and PFM39 (green). The bottom left panel shows an overlay of
the cocrystal structures of Mrell (cyan) in complex with the endonuclease inhibitors PFMO01
(purple) and PFMO03 (dark green). The right hand panel shows an ovetlag oifiliganded
Mrell (cartoon, colored pink) with mirin (brown) and PFMO03 (cyan). Structures are of
Themotoga maritima Mrelll (TmMrell), unliganemimplex (PDB 3T1I). The relative position
of each inhibitor is highlighted by a dotted representation ofviaa der Waals surface. The
proposed routes for ss and ds DNA into the active site have been modelled into the structures.
The exonuclease inhibitor blocks dsDNA (light green) unpairing, the route for ssDNA (purple) to
the metal ions is blocked by the emdzlease inhibitor. Nitrogen, oxygen, and sulphur atoms are
coloured blue, red, and yellow, respectively. Active site metal ions are shown as magenta
spheres. Taken from Shibata, A. et al. Mol Cell (2014)83, 7

1.8.3 HIV-IN inhibitors

Integrase (INjs one of three enzymes which are essential for the replication ofllléfemina
et al., 1992) the other two being reverse transcriptase and protease, but until only relatively

recently HIVL IN has been an unexploited target for antiretroviral therapy

IN catalyses two reactions that are required for insertion of the revaeescribed viral genome
into the host DNA: 'Jrocessing and strand transf@ksanteAppiah and Skalka, 1999; Delelis et

al., 2008) INis a 32 kDa protein (288 aa) that contains three domains, the catalytic core; the N
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terminal domain and the @®rminal domain. The catalytic core @12) has a RNade like
topology and contains the conserved DDE motif (BSpAspl16, Glul52) that coodinates the
divalent metal cofactor(s) required for phosphodiester bond cleavage/formation. Apart from
the substrates being unique to each reaction the actual chemistry in both steps is very similar
and the same catalytic residues are utilised. The twetieas are thought to be distinguished

by the oligomerization state of the prote{lian et al., 2009)

The development o& virologically relevant assay turned out to be the breakthrough in the
discovery of IN inhibitors for clinical ug¢azuda et al., 2000\ screen was conducted using this
assay and themost potent and active compounds proved to badl-2,4-diketones containing

a distinct 1,2diketo acid (DKA), such as pyrrole derivativ&31L,988) figure 130a) (Hazuda et

al., 2000) The subsequent design of DKAs isosters that include the diketo acid pharmacophore
within a heterocyclic rings have led to the first commercially available antiretroviral agent to
target HIV IN, Raltegraviigure 130b) (Anker and Corales, 2008; Summa et al., 2008)

O

A B ro
M OYZN%N/H 260- 280/ Weam
(o) NH
N
g g

N R 4.50-5.50 A
F L-731,988 F Raltegravir \<

Figure 130: The structure of DKA pharmacophore based HIV integrase inhibitors and proposed
minimal pharmacophore for inhibitors of integras€A) L-731,918 was the first pubhed HIV

IN inhibitor, B) Raltegravir. ) Minimal pharmacophore, defined by spacing of three oxygen
atoms. On or two oxygen atoms may be ionizdg). Qverlay of Mhydroxyimide and DKA
compounds Taken from Parkes, K. E. B. et al. Journal of Medicinab®Bhéa0i03) 46, 1153
1164.

The mechanism of inhibition is proposed to be derived from the ability of DKAs to coordinate
the essential divalent cofacto(Marchand et al., 2003supported by evidence suggesting that
mutation of two aspartate residues of the catalytic DDE motif prevent&@1,988 binding
(Espeseth et al., 2000)nfluenza endonuclease can also be targeted by DKAs based on the
positionally conserved divalent cofactor(§)oan et al., 1999Parket al, proposed a minimal
pharmacaphore for inhibitors of influeneamdonucleasefigure 130c) (Parkes et al., 2003DKAs
satisfy this specific spatial arrangement of oxygen atoms and a screen identified a range of
metaktbinding influenza endonuclease inhibitors among which weMehydroxyimide

compounds which also displayed the requirachimal pharmacophore. An overlay of the DKA
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andN-hydroxyimide pharmacophore highlights the similarity of the specific spatial arrangement

of oxygenatoms €igure 130d). Furthermore, if the distances between the oxygen atoms are

disrupted by changing théng size of theN-hydroxyimide pharmacophore this also weakens the

activity of the inhibitor figure 1.3L).These studies imply that successful inhibition requires the
LINBEASYOSKE@FRR INMB ML) 6 KAOK O22NRAYIl GSégravirz GKS YSal
was modelled into the active site of tipeototype foamy virusRFV) IN:DNA complex (a suitable

model of HIMN) (Krishnan et al., 2010Yhe results predicted that the wdead of raltegravir

was able to coordinate the metal ions whel@ocessing product was present, and as proposed

for Mrell (above), it was this association that blocks the acceptance of host DNA, preventing

strand transfer reactionfigure 1.2).

0 o O
N-OH N N-OH
“OH
O 0 o
>500 pM 15 uM >1000 pM

Figure 1.3: (A) NHydroxyimide inhibitors of influenza endonucleas€he presence of the
hydroxyimine is key for activity. The pharmacophore needs to comply with the spatial
arrangement of the oxygen atoms in order to be able to directly contact the divalent cofactors.
The numbers below each compound denote thev&@ue Taken from Parkes, K. E. B. et al. J.
Med. Chem. (2003) 46, 114364.

Figure 1.2: PFV IN active site with cognate DNA, Mipns (A) free and (B) raltegravir bound.

Protein (green) and DNA (purple) are cartoons, DNA bases and the side chainstetliadnao

FOARa&a a adA0lad® 5NHA d2Yya NBE O2f 2dA0BRY &Sff263
of the terminal adenosine is labelled. Red spheres, Mg ions. Takeifigimna, L. et al. PNAS

(2010) 107, 1591:05915.
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1.8.4 FENL1 Inhibition

Paentially, small compounds containing a DKANshydroxyimide pharmacophore could be
used to inhibit any Znetal ion dependent endonuclease. Therefore, this inhibition of influenza
endonuclease biN-hydroxyimide compounds has been extended to hFENL1. Tetay2005)
designed a structure activity relationship (SAR) strategy to develop potent and selective
inhibitors of hFEN1 and the final series of compounds had an aromatic cors4witiroxy urea
functionalisation figure 1.3) (Tumey et al., 20055ince then two sepate large screens have
identified inhibitors of hFEN@AbdelFatah et al., 2014; van Pel et al., 2013)me of the most
potent inhibitors identified were alstl-hydroxy urea compoundsigure 1.3) and this clasef
inhibitors are approximately 10fbld more potent than any endonuclease inhibitor reported to
date. The problem with specificity is highlighted by the fact that the two most recent screens
also established that APEL inhibitors myricetin and aurintoigic acidfigure 1.8) also act on
hFEN1. Although no direct evidence has been reportédhydroxy urea compoundsre
proposed to interact with activsite metal ions, therefore they too could potentially inhibit
other metal dependent nucleases. Seleitti for FEN1 over XPG was reported but the reason
for this bias was not investigateqTumey et al., 2005)In summary, metal binding
pharamcophores have emerged as an effective way of targeting metal dependent
phosphodiesterases, and represent a good starting strategyirtd potential inhibitors of

nucleases. However, there remains a question over their selectivity.

QH
0 NYO
< ‘: N%/NH
N=

050 uM) |0

ﬂ\fo (0.08 pM)
Neg

CI)H
o] N 0]
on T
O N @] g s j%
0"
OO @/O

(0.35 pM) (0.01 uM)
Figure 1.3: NHydroxyurea inhibitors of flap endonucleaseProposed minimal
pharmacophore. (boxed). Left hand side the most potent inhibitors discofrerada large
screen were NHydroxyurea compounds, taken from AbBatah, T. M. A., Molecular Oncology
(2014) 8, 1324.338. Right hand side most portent hFEN1 inhibitors reported to date, taken from
Tumey, L. N. et al. Bioorg. Med. Chem. Lett. (2005) 71%&,281. The numbers below each
compound denote the dgvalue.
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1.9 Aims

The task of DNA structwgpecific nucleases to manipulate their substrates to bring about
efficient and at the same time specific catalysis is a challenging feat. This isqudposcur in

FEN1 using a doublaucleotide unpairing mechanisnthe work detailed in this thesis aims to
better clarify this mechanism using solution studies to directly observe this process. The
technique adopted has previously been used to successfullyrdéte the dynamics of
nucleotides within larger structures and proteémgaged complexes. The role of hFEN1 active
site and helicaarch in this potential requiste reaction step will be investigated. To understand
their effect on DNU it will be necessarydharacterise the binding and catalytic activity of these
variantss. hFENL1 is a potential chemotherapeutic target, and inhibitors have been published but
how they prevent hFEN1 from performing catalysis is unknown. Therefore, this work aims to
determine their mode of inhibition and appreciation of the FEN molecular mechanism will aid

this process.
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Chapter 2: Materials and methods

2.1 Expression and purification of hFEN1

2.1.1 Media and buffers

LB (1L)
TB (1)

SOB media (1L)

SOC media:

IMAC FF Buffer A:

IMAC FF Buffer B:

IMAC FF Buffer C:

Hitrap Heparin HP

Buffer A:

Hitrap Heparin HP
Buffer B:

HiTrap Phenyl
Sepharose HP Buffel
A:
HiTrap Phenyl
Sepharose HP Buffel
B:
TBSE
Anion Exchange

Buffer A:

Anion Exchange
Buffer B:

Sephacryl GF Buffer /

10 g tryptone, 5 g yeast extract, 10 g NaCl
12 g tryptone, 24 g yeast extract, glycerol 4ml (v/v)

20 g tryptone, 5 g yeast extract, 0.5 g NaCl, 10mL 250 mM K
10mL 1M MgGJ 10 mL 1M MgSP

SOB media supplemented with 20 mMdlucose

20 mM Tis pH = 7.8°¢, 1M NacCl, 0.02% NaN mM Imidazole, 5
mM 2-mercaptoethanol

20 mM Tris pH = 720°¢, 500 mM NacCl, 0.02% NaMOmM
Imidazole, 0.1% Tween20, 5 mMrizrcaptoethanol

250 mM Imidazole pH = 7%, 500 mM NaCl, 0.02% NaNo mM
2-mercaptoethanol

50 mM MES pH = 63, 1 mM EDTA, 0.02% NaI20 mM 2
mercaptoethanol

50 mM MES pH = 63, 1 mM EDTA, 0.02% NaliM NaCl, 20
mM 2-mercaptoethand

20 mM Tris pH = 724€, 1.5 M (NH).SQ, 1 mM EDTA, 0.02% NaN
20 mM 2mercaptoethanol

20 mM Tris pH = 724 1 mM EDTA, 0.02% Nal¥0 mM 2
mercaptoethanol

20 mMTris pH = 738, 150 mM NaCl, 1 mM EDTA, 20 mM 2
mercaptoethanol

20 mM Tris pH = 828, 1 mM EDTA, 0.02% Nal#0 mM 2
mercaptoethanol

20 mM Tris pH = 828, 1M NaCl, 1 mM EDTA, 0.02% N&9 mM
2-mercaptoethanol

100 mM HEPES, pH =%7'% 200 mM KClI, 0.04%aN;, 20 mM 2
mercaptoethanol
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Storage Buffer: 50% glycerol, 1 mM CaC0 mM HEPESaOH pH=7.5, 100 mM
KCI, 0.02% NaNLO mM dithiothreitol

2.1.2 Protein expession

This stage is analogous for fldhgth and truncated forms of hFEN1, with the exception that for

full-length forms of hFENL1 the expression vector-gBFFhFENYKar®) was used. For clarity this

LINEOSaa Kra 2yteé 6SSy RSAONAOGSR F2NJ KC9bmkooc®

The expression vector p2Bb-hFENk336 (Kaf), from which the truncated form of human

FEN1 can be produced, was transformed into chemically competent (Method of Inoue)

Rosetta(DB) (F ompT hsd&rB°mB*) gal dcm lacY1(DE3) pRAREnT)) according to protocol.

.NASTFE e LIWNREAYLFGStEE pn y3I 2F (KS @SOG2NI 61 a | F
thawed on ice. After incubating on ice for 45 minutes, the cells were heatksldoat 422C for

90 seconds, and then, placed on ice for 5 minutes. The transformed cells were rescued by
FRRAGAZ2Y 2F ynn >f { h/ ¢%Rdné hour. yie call<n@ng gpready Odzo | G SR
2y [ . F3IFNI LXFGSa adzZl) SYSYP@SROSNODKI iR HPK ¥FOKITKE 2
(Kan). The plates were incubated at37or 1416 hours. Transformants, which were designated

Rosetta29b-hFENk 336, were observed on plates as single colonies.

A single colony of Roset20b-hFENk336 was inoculated in2ml of LB media supplemented

GAGK on >3kYEt /Y FYR Hp >3kl6hour¥odvemightytRBaCl f t 26 SR (2
C2dzNJ H[ Odzf GdzZNB Ftl ai SFOK O2yGFrAYyAy3a pnnanY[ ¢. YS
>3AKkYE YIYy 6SNB SI OK Aoyen@oizRosétRdhFENIIcKturg YHe 2 F G KS
cultures were grown at grown at 3C until an OB 0f 0.6 was achieved, at which point protein

expression was induced by adding IPTG to a final concentration of 0.5 mM to each of the

cultures. The cultures werdén incubated overnight at 1&.

In the morning, the cells were pelleted by centrifugation (6000 x g, 30 mi@) 4n two 1L

centrifuge bottles, and the supernatant was removed. Each cell pellet waisspended in 40

mL of icecold 1X PBS. The cells were pelleted again by centtiding@000 x g, 20 minutes, 4

&C), and the supernatant was removed. The cell pellets were weighed. Two litres of TB media

resulted in ~8g of wet cell paste. The two cell pellets (4 g per 50mL Falcon tube) were each

suspended in 40mL of IMAC FFBuffer SToOK & dza LISy aA 2y wnn >[ 2F LINRGS
+LL 6{A3AYIO oO0pn > AYKAOAG2NI O2010lFAtk3 2F 4SiG OS

added. Cells were incubated on ice for three hours, and then frozetDact.
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To prepare the cell lysa for protein purification, the suspensions were incubated in cold tap
water until they were almost completely thawed, at which time the viscous suspensions were
placed in ice. The suspensions were sonicated on ice 10 times at 50% power with 10 second
bursts with at least 30 seconds between each burst. To each lysate, 5mL of IMAC FF Buffer A
containing 1% Tween20 was added. Insoluble cell debris was removed by centrifugation (30,000

x g, 4C). The presence of the target protein in the cleared lysate was confirmed Hy/ASEES

2.1.3 Protein purification, truncated for ms

All protein purification steps were conducted in the cold room using an AktaPURE (GE
Lifesciences). Bhelating Sepharose Fast Flow (GE Lifesciences) column (1.6cm ID, 10cm length)
was charged with RiA 2y ad I OO02NRAyYy3 (2 GKS YI ydzFl O dzNg
equilibrated with 5 column volume (CV) of IMAC FF Buffer A. The clarified lysate (~108smL) w
then applied to column using a 50mL superloop (GE Lifesciences) and subsequently, washed
with 7 CV of IMAC FF Buffer A and 5 CV of IMAC FF Buffer B. The target protein was eluted as a
single fraction with 5CV of IMAC FF Buffer C. The eluted fractiothea diluted with an equal

volume of ice cold water, and then, it was applied directly to HiTrap Heparin HP (3X 5mL in
tandem) using HiTrap Heparin Buffer A. The protein was eluted using a 50 CV linear NaCl gradient
(0 to 1 M NaCl) using HiTrap Heparuff@&s A and B and collected as 2.5 mL fractions. Protein
containing fractions were pooled, and the ionic strength of the solution was increased by the
slow addition of finehground solid (NE.SQ on ice with stirring to approximately 38%
saturation (~15 M). The amount of (N§#SQ necessary for this was calculated using the ENCor

Biotechnolgy Inc. Ammonium Sulfate Calculatbttp://www.encorbio.com/protocols/AM

SO4.htn), which takes into acemt initial percentage saturation of ammonium sulphate, initial
volume of the sample, the partial specific volume of the solid ammonium sulphate added, and
temperature at which the procedure is conducted to calculate the mass of ammonium sulfate
necessaryi 2 NBIF OK (GKS RSAANBR &l GdzNI GA2yd ¢KS TFAY
filter and then applied to a HiTrap Phenyl Sepharose HP column (5X 5mL in tandem) using HiTrap
Phenyl Sepharose HP Buffer A. The protein was eluted from the coluamibyerse linear salt
gradient generated using HiTrap Phenyl Sepharose HP Buffers A and B and collected in 10mL
fractions. Protein containing fractions were pooled and concentrated by ultrafiltration using a
50mL Amicon Ultrafiltration cell with 10,000 MY PES membrane (Millipore) pressurized with
N> (40 PSI). Once the volume of pooled fractions was reduced to less than 10mL, the retentate
was applied directly to desalting column (4X 5ml in tandem) using TBSE buffer. The protein was
eluted isocratically sing 20CV of TBSE buffer and collected as 1.5 mL fractions. The fractions
were pooled, and the protein concentration was determined by absorbance at 280 nm using a
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Nanoview spectrophotometer and the calculated extinction coefficient (22,92@rkt). 1 urit

of precision protease (PP) was then added for every mg of protein and left overnight.at 4
Complete cleavage of the precision protease tag was confirmed by SDS page. Removal of the PP
was performed using 200l of GST beads, which were repeatedly washed and aspirated in 1X
PBS and then applied to the truncated protein. The GST beads wermvednfrom the
hFENkooc &a2fdziAz2y o0& FAEOGUNI GA2Y GKNBAZAAK | nadHH >
chromatography to be performed, the salt concentration of the TBSE buffer (125 mM NacCl) was
reduced (<25 mM NacCl) by appropriate dilution of the truncatemtgin using MilliQ FD. The

protein was then applied to HiTrap Q HP column (2X 5ml in tandem) using Anion exchange Buffer
A and eluted using a 20CV linear gradient using Anion exchange Buffers A and B. Protein
containing fractions were pooled and conceattrd by ultrafiltration using a 250mL Amicon
Ultrafiltration cell with 10,000 MWCO PES membrane (Millipore) pressurized w{itONPSI).

Once the volume of pooled fractions was reduce to less than 20mL, the retentate was equally
transferred to two 15 mL Vaspin (10,000 MWCO) spin columns (4000 x g, 30 mag) 4o

further reduce the combined volume of the sample to less than 1mL. The retentate from the
spin columns was then applied to a Sephacf$D8 (1.6c m ID x 60 cm) size exclusion column

(GE Lifesences), isocratically eluted using Sephacryl GF buffer and collected in 1.5mL fractions.
Protein containing fractions were pooled and concentrated using a Vivaspin (10,000 MWCO)
spin columns (4000 x g, 30 ming2).

2.1.4 Protein purification, full-length forms of hFEN1 (hFEN1, hFEN1Y40A,
hFEN1K93AR100A, hFEN1R100A, hFEN1K93AR100A, hFEN1D181A, hFEN1L97P,
hFEN1L111P, and hFEN1L130P)

All protein purification steps were conducted in the cold room using an AktaFPLC (GE
Lifesciences). A Chelating Sepharos¢ Hasv (GE Lifesciences) column (1.6 cm ID, 10 cm length)
was charged with RiA2ya | OO0O2NRAy3 G2 GKS YIydzZFlI Ol dzNBENRA
equilibrated with 5 column volume (CV) of IMAC FF Buffer A. The clarified lysate (~100 mL) was
then applied to calmn using a 50mL superloop (GE Lifesciences) and subsequently, washed
with 7 CV of IMAC FF Buffer A and 5 CV of IMAC FF Buffer B. The target protein was eluted as a
single fraction with 5CV of IMAC FF Buffer C. The eluted fraction was then diluted egbadn

volume of ice cold water and then it was applied directly to HiTrap Heparin HP (3X 5mL in
tandem) using HiTrap Heparin Buffer A. The protein was eluted using a 50 CV linear NaCl gradient
(0 to 1 M NaCl) using HiTrap Heparin Buffers A and B amdteallas 2.5 mL fractions. Protein
containing fractions were pooled, and the ionic strength of the solution was increased by the
slow addition of finelyground solid (NE.SQ on ice with stirring to approximately 38%
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saturation (~1.5 M). The amount of (}$$5Q necessary for this was calculated using the ENCor

Biotechnolgy Inc. Ammonium Sulfate Calculatbttp://www.encorbio.com/protocols/AM

SO4.htm), which takes into account initial percentag@turation of ammonium sulphate, initial

volume of the sample, the partial specific volume of the solid ammonium sulphate added, and
temperature at which the procedure is conducted to calculated the mass of ammonium sulfate
necessary to reach the desirealtsration. The final solution was filtered usinga 02 & & NA y 3 S
filter and then applied to a HiTrap Phenyl Sepharose HP column (5X 5mL in tandem) using HiTrap
Phenyl Sepharose HP Buffer A. The protein was eluted from the column by an inverse linear salt
gradient generated using HiTrap Phenyl Sepharose Her8uf and B and collected in 10mL
fractions. Protein containing fractions were pooled and concentrated by ultrafiltration using a
50mL Amicon Ultrafiltration cell with 10,000 MWCO PES membrane (Millipore) pressurized with

N2 (40 PSI). The retentate frorhé spin columns was then applied to a Sephacy0@G(1.6cm

ID x 60cm) size exclusion column (GE Lifesciences) and isocratically eluted using Sephacryl GF
buffer and collected in 1.5mL fractions. Protein containing fractions were pooled and

concentrated ging a Vivaspin (10,000 MWCO) spin columns (4000 x g, 30 @@in, 4

2.1.5 Determination of protein concentration

Protein concentration was determined by absorbance at 280 nm using a Nanoview
spectrophotometer and the calculated extinction coefficient (NEE22,920 M cml). The

volume of the sample was adjusted with the appropriate volume of glycerol, 1 M dithiothreitol
05¢¢0X FYR {SLKIONERBf DC 0dzFFSNJ adzl) SYSyidSR
the glycerol concentration to 50% (v/v), tBS T concentration to 10 mM, and the Sephacryl GF
buffer components to 50 mM HEPES pH=7.5, 100 mM KCI, 0.02% (whA/)idaNstorage

buffer). The concentration of enzyme in storage solution (~4mg/mL) was confirmed using the
Bradford microtiter plate assaysing bovine serum albumin (BSA) as a standard curve according

2 GKS YIydzZFl OGdzNBNDRE LINRG202¢ 3 | (ijure®®.S LINE
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Lane 2 . . .

4 =150

E— - 100

Std

Figure2.1: SDSAGE to show purity of WThFEN1 after purification stepane 1: protein
ladder(bands 1, 2, 3, 4, 5, 6 and 7 representing 250, 150, 100, 75, 50, 37 and 25 kDa markers),
lane 2: 1 ugfiL, lane 3: 2 pgiL, lane 4: 4 pgiL, and lane 5: 8 pgil.

2.2 Synthesis and purification of substrates for hFEN1

All oligonucleotide substrates we ordered purified using revergghase HPLC and synthesised

by DNA Technology (Risskov, Denmark) using standard phosphoramidites chemistry.
Oligonucleotides used in either kinetic or FA, FRET, EMSA, and ECCD assays ardaiiiewn in
2.1, table 2.2 table 2.3, andtable 2.4respectively.

Ctd2NBaoOSyid 2tA3A2ydzO0f S2GARSAa dza SR -térmdinusioi dzR &
internallydza A yildorepcdinCEphosphoramidite figure 22a), p -tetramethylrhodamineCE
phosphoramidite figure 22b), CeédT-fluoresceinphosphoramidite figure 23a), or CedT-
tetramethylrhodamine-phosphoramidite figure 23b). Oligonucleotides biotinylated on the-5'
terminus of the 5flap were synthesised using the biofimecursor shown infigure 24.
Oligonucleotides camining 2aminopurine substitution were synthesised usingrainopurine

CE phosphoramiditdigure 25).
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Figure 22Y Cf dz2 N2 LIK2 NB LINB OdzNB RNMNE Yy A S & -fludesc@i® fy 8§ R S«
l Y R detramethythodamine oligonucleotides.
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Figure 24: Biotin-linker-phosphoramidite used in oligonucleotide synthesis
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Figure 25: 2-aminopurineCE phosphoramidite used in oligonucleotide synthesis
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Stability prediction software (MFold, Zuker 2003) was used to predict the overall folded

structure of all bimolecular and trimolecular constructs used. Sequences of the individual

strands are showim table 2.5 Purified oligonucleotides were desalted using®L0 columns

and subject to MALBIOF or TOESI mass spectrometry. Residual divalent metal ion

contaminants were removed by treatment with Chelex resin. Experimental MWs were all within

5 Da of calculatedtgble 2.9. The concentration of the purified igbnucleotides were

determined by measuring the absorbance on the Nanoview spectrophotometer until it entered

the linear range and using Bekambert law with calculated extinction coefficients. Teg

value of the individual oligonucleotidesable 2.6 was O f Odzf F 6 SR 2y GKS WLy ({dS3ar
¢ SOKy2t23ASatQ 5S04aAn

(http://eu.idtdna.com/Analyzer/Applications/Instructionsiault.aspx?AnalyzerDefinitions=tr

ue#ExtinctionCoefficieffrom the following equation (equation 2.1):

- C - 3 - - QN 6 @ ¢
where- 5 is the nearest neighbour coefficient for a pair of bases, is the

coefficient for an individual base, and N is the length of the oligonucleotide (Cantor,C.R. et

al. Biopolymers9, 10591077., Cavaluzzi,M.J. and Borer,mMNcleic Acids Re82, e13).
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Table 2.1: Flap substratetructure, sequence and modification positions used in hFENL1 kinetic
FA assays'FAM coupled through C6 linker to the terminal phosphate. Melting temperatlifeg4re
for the heteroduplex portion of the substrate and are calculated (M. Zucker, BI0BNA at a final
concentration of 2.5 nM at 100 mM KCI. Sequences of the individual strands are shown in table

Modification

X

Y Z

Individual

oligonucleotides used

to form construct

¢Y ¢

3¢ TITTT-Z S
3' GAG GTG TCG GGT CCA GCG CTG CCAA

¢ A

5' CTC CAC AGC CCA GGT CGC GAC GGT

DF-5

- 5'FAM?

F1+T1

56.2

3'C TTTTT-Z 5'
3'CAC AGC TCG TCA GGA ACA CTGCTG A

VA

5'GTG TCG AGC AGT CCT TGT GACGAC 4

DF-5*

- 5FAM?

F1* + T1*

UDF-5*

UFL* + T1*

51.5

Table 2.2: Flap substrate structure, sequence and modification positions used in HHERT assays
2Coupled to the terminal phosphate. Melting temperatur&sn)are for the heteroduplex portion d
the substrate and are are calculated (M. Zucker, 2003) for DNA at a final concentration of 10
100 mM KCPTm for 5tflap (5 ') and templae strand.°Tm for 3'flap 3 © &nd template strandTm
for 3flap 6= Fany template strand*Tm for 3flap 3 = Fanyl template strand. Sequences of t
individual strands are shown in table 2.5.
Modification X Y Z Individual ¢Y o
oligonucleotides used
to form construct
3G TITT-Z9
3'AC CTG CCC ACC GCA ATT CCAATC CGA-X &'
5 Y-TG GAC GGG TGG CGT TAA GGT TAG GCT 3
DF-4 - - 3F+5F+T3
(unlabelled)
DF-4 5'FAM?2 - - 3'Fd + 5'F + T3
(donor-only- 38.2°
labelled) and
DF-4 5'TAMRA? - 3IF+5F+T3a 42.4¢
(acceptor-
only-
labelled)
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DF-4 5'FAM?2 5'TAMRA? - 3'Fd +5'F + T3a
(donor-
acceptor-
labelled)
3G TITTITTITTITT-Z 5'
3'AC CTG CCC ACC GCA ATT CCA ATC CGA-X &'
5'Y-TG GAC GGG TGG CGT TAA GGT TAG GCT 3'
DF-B4 5'Biotin? 3F+5F2+T3
(unlabelled)
DF-B4 5'FAM?2 5'Biotin? 3'Fd +5'F2 + T3
(donor-only-
labelled)
DF-B4 5'TAMRA? 5'Biotin® 3'F+5'F2 +T3a 38.2°
(acceptor- and
only- 42.4°
labelled)
DF-B4 5'FAM? 5'TAMRA? 5'Biotin? 3'Fd +5'F2 + T3a
(donor-
acceptor-
labelled)
3C TTTTTT-Z 5'
3'CCA GGA TGA GAC GGA GTTCTG CCA GAC GAC GXG AcC %'
5' GGT CCY ACT CTG CCT CAA GAC GGT CTG CTG CAC TGG 3
DF-B6 5" Bi%t 3"F2 + 57 F3
(unlabelled)
DF-B6 C6-dT- 5" Bi%t 3"F2d + 57 F
(donor-only- FAM
labelled)
DF-B6 C6-dT- 5" Bi%t 3" F2 + 57 F3 50.0¢
(acceptor- TAMRA and
only- 56.4¢
labelled)
DF-B6 C6-dT- C6-dT- 5" Bi%t 3"F2 + 57 F3
(donor- FAM TAMRA
acceptor-
labelled)

62



Table 2.3: Flap substrate structure, sequence and modification positions used in hFEN1 EMSA
2Coupled to the terminal phosphate. Melting temperaturésn))are for the heteroduplex portion d
the substrate and are calculat€il. Zucker, 2003) for DNA at a final concentration of 1 nM, at 100
KCI. Sequences of the individual strands are shown in table 2.5.

Modification X Y Z Individual ¢Y O
oligonucleotides used

to form construct

3¢ TITTTTTTTT-ZS'

3'CT ACT GCT CGT CAG GAT TGA CCT TTA GAT CGA GAC ACC TG A
'

5' GA TGA CGA GCA GTC CTA ACT GGA AAT CTA GCT CTG TGG AC g

DF-B10 - - 5'Biotin® F2+T2

DF-10 _ _ i F3+ T2 50.1

Table 2.4: Flap substrate structure, sequence and modification positions used in hFEN1 ECCD
Tm stated are calculated (M. Zucker, 2003) for DNA at a final concentration of 10 uM, at 100 m
Squences of the individual strands are shown in table 2.5.
Construct Oligonucleotide ¢Y 66/ 0
composition
P.1 CF.12+T5 48.6
HO-P.1.» HO-CF.1o + T5 48.6
S F.i2+T5 49.6
Sh. Fb.io+T5 49.6
MM.1S.12 MM.1F.12 + TS5 48.9
Si11 Fi11 +T6 525
Ss9 Feo+T7 53.6
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Table 2.5: Sequences of oligonucleotides used in this wdfRM = fluorescein, TAMRA
tetramethylrhodamine,
aminopurine. Calculated and experimental masses, along with calculated extinction coefficient

shown in table 2.6.

B=BA20AY Y2ASOETapKI & $hydiotylpand 2AP = 7

Oligonucleotide
Code

Seqguence

F1 5-FAM TTT TTG CGA CCT GGG CTG TGG AG-3'

T1 5-CTC CAC AGC CCA GGT CGC GAC GGT GAA ACC GTC C-3'

F1* 5 FAM-TTT TTA CAA GGA CTG CTC GAC AC-3 ©

T1* 5 “GTG TCG AGC CCT TGT GAC GAC GAA GTC GTC C-3 ©

UE1* 5 XTTT TTA CAA GGA CTG CTC GAC AC-3"

=) 5-B-TTT TTT TTT TAG TTA GGA CTG CTC GTC ATC-3'

T2 5-GAT GAC GAG CAG TCC TAA CTG GAA ATC TAG CTC TGT GGA
CGA AGT CCA CAG AGC TAG ATT TCC C-3

F3 E-TTT TTT TTT TAG TTA GGA CTC GTC ATC-3

37 F 5-AGC CTAACC TTAACG G -3

“EFd 5-FAM-AGC CTA ACC TTAACG G -3

5% F 5-TTT TCC ACC CGT CCA -3'

5% F2 5-B-TTT TTT TTT TCC ACC CGT CCA -3

T3 5'-TGG ACG GGT GGC GTT AAG GTT AGG CT -3

T3a 5-TAMRA-TGG ACG GGT GGC GTT AAG GTT AGG CT -3'

3% F2 5-CCA GTG CAG CAG ACC GTC C -3

3" F2d 5'-CCA GIFAM-dT/G CAG CAG ACC GTC C -3

5% F 3 5-B-TTT TTT TTG AGG CAG AGT AGG ACC -3

T4 5-GGT CCT ACT CTG CCT CAA GAC GGT CTG CTG CAC TGG-3

T4a 5-GGT CCITAMRA-dT/ ACT CTG CCT CAA GAC GGT CTG CTG
CAC TGG-3

CF.1. 5'-/5PHOS//2AP//2AP/A GGC AGA GTG -3'

HO-CE..» 5'-HO-/2AP//2AP/A GGC AGA GTG -3

F.i, 5-TTT TTG /2AP//2AP/A GGC AGA GTG-3'

Eb.1o 5-B-TTT TTT TTT TG/2AP/ I2AP/AG GCA GAG TG-3'
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MMz1F-1-2 5-TTT TTC /2AP/[2AP/A GGC AGA GTG -3'
T5 5-CAC TCT GCC TTT CGA CAG CGA AGC TGT CC -3
Fi1a 5-TTT TT/2AP/ [2AP/GA GGC AGA GTG -3'
T6 5'-CAC TCT GCC TCT TGA CAG CGA AGC TGT CC -3'
F.s9 5-TTT TTA AGA GGC G/2AP/[12AP/ GTG -3'
T7 5-CACTTC GCC TCT TGA CAG CGA AGC TGT CC -3'

Table 2.6:Details of all the oligonucleotides synthesised and purified for workhAiFEN1.
Oligonucleotide | Calculated Mass | Actual Mass (gmol) | £  (Lmolcm?)
Code (gmol?)
F1 7651.64 7651 230460
T1 10358.73 10353 313700
F1* 7536.1 7536 236760
T1* 10474.8 10475 323200
UF1* 6988.6 6999 215800
F2 9719.6 9720 271200
T2 19728.9 19730 620200
F3 9150.0 9150 271200
3" F 4850.2 4850 154900
3" Fd 5387.7 5388 175860
5" F 4438.9 4439 129300
5" F2 6833.7 6833 183500
T3 8138.3 8138 252900
T3a 8712.3 8714 283200
3" F2 5758.8 5759 176300
3" F2d 6271.3 6271 190000
5" F3 7819.3 7807 231500
T4 11004.1 11004 322900
T4a 11570.8 11571 352000
CF--2 3823.5 3845 108700
HO-CF-1-2 3743.5 3743 108700
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Fi-2 5593.7 5593 158400
Fb-1-2 7684.3 7684 198900
MM+1F-1-2 5553.7 5554 155700
T5 8789.7 8788 258100
Fr11 5593.7 5594 158400
T6 8789.7 8788 257500
F-s-9 5593.7 5593 158400
T7 8789.7 8788 258100

2.3 Characterising DNA binding affinities of FEN using fluorescence anisotropy

Three compounds provided by AstraZeneca were denoted inhibjgrand3 (figure 26). The
compounds were mvided as a solid and dissolved in diethyl sulfoxide (DMSO) to make 100 mM
stocks and stored a0 °C. All dilutions required were made from these stocks. The appropriate

dilutions were made so that the final buffer composition contairied DMSO (v/v) taid

T A UL
@O 2 3

1

Figure 26: Structure of inhibitors used in this study.

solubility.

2.3.1 Measuring hFENZ2substrate binding by fluorescence anisotropy

Dissociation constants for free enzyme and the enzyme:inhibitor complex for the DNA substrate
(DF5/DF5%) underequilibrium conditions were measured by fluorescence anisotropy using a
Horiba Jobin Yvon FluoroM&® fluorometer with automatic polarizers. The program
Fluoresence (Horiba Scientific, Middlesex, UK) was used to control the spectrometer. The
excitation warelength was 490 nm (excitiation slit width 5 nm) with emission detected at 510

nm (emission slit width 5 nm).
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Samples contained 10 mM Ca&l 8 mM MgCGlor 2 mM EDTA and 10 nM BDF5*, 110 mM

KCI, 55 mM HEPEB®OH, pH 7.5, 0.1 mg/ml BSA, 1mM DTT&@uM inhibitorl/2/3 or 1 %

DMSO. Reaction mixtures were placed in a 0.5 mL quartz cuvette and kept at a constant
GSYLISNI GdzNE 2F o7 e/ ® ¢KS adzoaidNIGS g1 a AyOdz
the first measurement at 0 nM protein with baequent readings taken on the cumulative

addition of enzyme in a matched buffer, with corrections made for dilution.

Prior to each experiment, B&DF5* stock solution was prepared in 100 mM KCI, 50 mM
HEPESIaOH pH=7.5, and made to a final concentsito 2 F pn >a | YR dza SF
experimental repeats (containing a ratio of 1:1.1 of flap: template strands). The substrate was
preT2f RSR 4 dp e/ F2NI H YAydziSas IyR Fff26SR
mixture. Before each conditiolested, 1 uM and 10 uM enzyme solutions were made and kept

on ice until required. Enzyme dilutions were performed using a buffer composition identical to

that of the initial reaction mixture (including inhibitors where appropriate), so that, the buffer

concentration remained constant throughout the titration.

Six measurements o HO RO hk ¢ @ were recorded over 1 minute with the first
measurement being taken prior to the addition of enzyme. Subsequent readings were taken on
the cumulative addition of the appropriate enzyme. Calculated molar etprita of enzyme
were added in 0.20 ul quantities (0., 3000 nM of appropriate enzyme). The measurements
were used to calculate anisotrops) (o equation 2.2below:

‘0 00

| O <00 00 nowaE ¢

, Wherer is anisotropy;0 and”O are the intensities of the vertical and horizontal components
of the emitted light using vertically polarised excitation. G is a correction factor for the difference
in response of the detector to verticalind horizontal polarized light, and it is given Ty

‘O j0 ,where'O and"O are the intensities of the vertical and horizontal components of
the light emitted using horizontally polarised excitatidn. addition to measurig the signal
through polarisers, the total fluorescenc€ (without polarisers) was measured after each

addition.

Data were modelled by nonlinear least squares regression in KaleidaGraph 4.0 (Kaleidagraph,

Synergy Software, Reading, PA, USApesjnation 2.3
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, Wherer is the measured anisotropy at a particular total concentration of enzymg &hd
fluorescentsubstrate (§), with i giving the minimum anisotropy, (the anisotropy of free
oligonucleotide in the absence of any enzyme) and the maximum anisotropy, (the
anisotropy of the saturated substrate). The dissociation constant is dgbyen . Each
measurement was independently repeated in triplicate, and samples were taken after
completion of the titration and analysed by dHPLC to determine the amount of product

produced.

2.3.2 Competition Experiments

Samples were prepared and iaatropy readings taken as described for the protBINA
equilibrium binding measurements above. 10 nMBiR buffer containing 110 mM KCI, 55 mM
HEPESIaOH pH=7.5, 8 mM MgCI2, 0.1 mg/mI BSA, 1 mM DTT, 100 uM inhibésrincubated

Fd ot e/ urfd Nd ninut¥sitlfeR MFEN1R100A was added in a cumulatively up to ~
80 % saturation of the substrate (13F). At this point unlabelled DNA (UBF) was added in a
stepwise manor with readings taken after each addition of the competitor until the anisptr

value reached that of oligonucleotide in the absence of any protein.
2.4 Measurement of single turnover rates of FEMNatalysed reactions

2.4.1 hFEN1, hFEN1®p336, and hFEN1Y40A

wk LIAR 1jdzSy OK SELISNAYSy(ia ¢-83Ng8Bendd Howbdvi&Rieghdzii |
Sci Ltd, Sailsbury, UK). An 80 pl aliquot of enzymedimcedreactionbuffer RRB8 mM MgGl

110 mM KCI, 55 mM HERE&H pH=7.5, 0.1 mg/ml BSA and 1 mM DTT) was mixed with an
equal volume of oligonucleotide substrate (annealed as describeddtion 2.3.1in the same

buffer conditions. Enzyme was used at a final concentration of 10 ;and FAMlabelled
oligonucledide substrates were used at a final concentration of 1/40 % down to a minimum

of 2.5 nM to avoid signaetection limits table 2.7). The singléurnover reaction of hFEN1Y40A

was conducted at a final enzyme concentration of 1) x becausehe steadystate catalytic
parameters of Y40A had yet to be determined. WThFEN1 was also repeated at its respective
dissociation constant valudtable 2.7. Coincidentally, thev and U j values were

FLILINEEAYF St e SIjdz f offubstdie adymeandgoench wéreheldid & 2 v &

temperature controlled water bath setto 37/ @A GKAY GKS Ay aidNHzySyld RdzNAy3

following timepoints were taken from the initiation of the reaction: 4.5ms, 9ms, 12ms, 19ms,
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31ms, 42ms, 59msddns, 126ms, 142ms, 0.24s, 0.44s, 0.84s, 1.64s, 3.2s, 6.4s, 12.8s, 25s, and
52s.

The reaction was stopped by addition of 80 ul of quench (1.5 M NaOH and 80 mM EDTA). The
quench reaction mixtures were recovered and then analysed using dHPLC (Wave® fragment
analysis dHPLC fitted with a fluorescence detector; Transgenomic, Glasggradliéht figure

2.7) made using WAVE buffers A anddble 2.8 was used to separate product from starting
material on a DNAsep® (Transgenomic, Glasgow) column using the ueddédénttag for
detection (excitation wavelength 494 nm, emission, 525 nm). All reactions were independently
repeated three times. The firgirder rate of reaction was determined by plotting the

appearance of product against time and by Horear regression fitting toequation 2.4below:

0 0 p Qon QN o6 wa&é ¢

where0 is the amount of product at time f) is the amount of product at timeb, and’Q is

the single turnover rate of reaction. The percentage prctduas constrained to zero att =0 s.
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Table 2.7: Final enzyme and substrate concentratiosed to determine the singternover
rate (Q)F2NJ 2 ¢KC9bmX K C 9\mnakioaatalysed yeRctioRs9 dynihet
substrates (section 2.2) ihé absence and presence of inhibitdPerformed with inhibitod

and 2. "Performed with inhibitod.. ‘Performed with inhibitod, 2, and3. Inhibitor structures
are shown in figure B.

Enzyme Construct name Substrate (nM)  Enzyme (nM) Inhibitor
1/2/3 (uM)
hFEN1 DF5 2.5 1000 -
DF5* 2.5 1000 -
DF5* 2.5 200 -
DF5* 25 1000 10¢?
KC9bmkooc DF5* 3.78 1500 -
hFEN1Y40A DF5 5 1000 -
hFEN1K93A DF5 5 1000 -
hFEN1K93A DF5 5 1000 100°
hFEN1K93AR100A DF5 5 1000 -
hFEN1R100A DF5 5 1000 -
hFEN1R100A DF5* 5 1000 -
hFEN1R100A DF5* 5 1000 10C°
hFEN1D181A DF5* 5 1000 -

Tabk 2.8: WAVE buffers used to generate oligonucleotide separation gradient on dHP!I

Buffer A 0.1% Acetonitrile, 1 mM EDTA,, 2.5 mM tetrabutyl ammonium bromic

dissolved in water

Buffer B 85% Acetonitrile, 1 mM EDTA,, 2.5 mM tetrabutyl ammonium bromngic

dissolved in water
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Figure 27: Denaturing HPLC gradient used to separate the reaction products from substrate.
The specific gradient switch points are as follows: Omin 5%B 95%A, 1min 30%B 70% A, 5.5min
56%B 44% A, 7.1min 100%B, 8.4min 100%B, 8.6mif%H/& 11min 5%B 95%B.

2.4.2 hFENZvariants

Due to the slow reaction experiments involving hFEEfiants (K93A, R100A, K93AR100A, and
D181A), the maximal single turnover rates of reaction for these were performed on the-bench
top. The singlaéurnover rae for the hydrolysis of DB/DFR5* was measured by mixing enzyme

and substrate diluted in RRB, greubai SR 4 o1 6/ AY | mMYmM @2f dzyS
of 100 pl reaction samples in 100 pl quench (1.5 M NaOH and 80 mM EDTA). ThesstEady
catalytic parameters of any of theariants have yet to be determined with either substrate.
Therefore, thdinal enzyme and substrate concentration was set to 1 uM and 5 nM, respectively
(table 2.7. This was to ensure that the maximal single turnover rate was being measured. The
following time-points were taken from the initiation of the reaction: 0.5min, 1piirtbmin, 2min,
2.5min, 3min, 4min, 5min 6min, 8min, 10min, 12min, 15min, 20min, 25min, 30min, 45min,
60min. As a consequence of the R100A, K93AR100A, and D181A mutations being more
detrimental to reaction rate than the K93A mutation, extra time points ttale taken: 90min,

120min, 180min, 300min, 360min.

2.4.3 Measuring the decay of enzymsubstrate-inhibitor complexes

For the singld@urnover rates of Df* hydrolysis in the presence of inhibitors, reactions were
performed analogously to that describatiove, with substrate and enzyme dilutions performed
in 8 mM MgG, 110 mM KCI, 55 mM HEPRE&OH pH=7.5, 0.1 mg/ml BSA 1 mM DTT, and 100
UM of the appropriaténhibitor (table 2.7.
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Specifically, to sample the entirety of the for WThFEN1 reactions witbitots 1 and2 , time-
course reactions had to be performed in part on the quefiolw apparatus and in part on the
bench top. On the quench flow, the following timeints were taken from the initiation of the
reaction: 4.5ms, 9ms, 12ms, 19ms, 31ms,45ds)s, 82ms, 124ms, 140ms , 440ms, 1.6s, 3.2s,
6.4s, 12.8s. On the bench top, the following tip@nts were taken from the initiation of the
reaction: 0.5min, 1min, 2min, 3min, 5min, 8min, 10min, 20min, 30min, 60min, 120min, and

180min

As a consequence tlfie slower reaction rates for K93A and R100A \withibitors (able 2.7,
reactions were performed exclusively on the bench top. The following-tiaiets were taken
from the initiation of the reaction: 0.5min, 1min, 1.5min, 2min, 2.5min, 3min, 4min, nmim,

8min, 10min, 12min, 15min, 20min, 25min, 30min, 45min, 60min.

2.4.5 Measuring the single turnover rate using fluorescence anisotropy

The singldgurnover rate of DF5 hydrolysis of hFEN1R100A was measured by monitoring the
anisotropy change from retse of the s&'-flap (for which hFEN1 has no affinity) from a
saturated ds substrate. The substrate (annealed as descritsstiion 2.3.1was used at a final
O2yOSyiNYGA2Y 2F wmn ya IYyR AyOdzolGSR & ot e/
enzyme to a final concentration of 1000 nM. Enzyme dilutions were made from a 100 uM stock

(in storage buffersection 1.2, in RRB. Anisotropy values were measured, as descrilsedtion

2.3.1, and data points were collected every 12.5 s for a tof&@ minutes. The data were fit

to a singleexponential decay to determine the rate constant.

2.5 Electrophoretic Mobility Shift Assay (EMSA)

2.5.1 Determination of the hFEN1 binding constant by EMSA

The assay is based on that Dptein complexes migite slower than doubletranded

Ay

2f A32ydzOf S2G0ARSa Ay | ylFLGA@GS Lk2ftel ONEBfI YARS 3Sf =z

DNA band. The detection of bands was by chemiluminescent nucleic acid detection module kit

(Thermo Scientific) that usesrmn-isotopic method to detect DNArotein interactions. 5'

Biotin-labelled DNA substrate (BB0,table 2.3 ' m ya 2NJ mn ya ¢l a AyOdzol

10 minutes with 0.82500 nM hFENL1 in buffer containing 10 mM gaCl0 mM KCI, 55 mM
HEPESIaOH, pH 7.5, 0.1 mg/ml BSA, and 1mM DTT.

After the equilibration period, the DNprotein complexes were electrophased on 6 %
polyacrylamide gels (29:1) containing 0.5 x-baeateEDTA (TBE). Moreover, the gels were

loaded while running at 200 V at RT and then further electrophoresed at 200 V until the
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bromphenol blue indicator in a separate well reached the bottorthefgel. The gels were then
electroblotted onto Biodyne B nylon membranes (Thermo Scientific) at 4 °C in O-berhtis

EDTA at 380 mA for 30 min using a Mini THBlm®module (Bi&kad). The membranes were
removed from the blot sandwich and were expodade-down to a transilluminator equipped

with 312-nm bulbs for 10 minutes to crodimk all complexes. The blots were then incubated in
nucleic acid blocking buffer (ThermoScientific) for 30 minutes, and subsequently, incubated in
1:300 dilution of stabited streptavidiFhorseradish peroxidase (SAHRP) in nucleic acid blocking
buffer for 30 minutes. The blots were washed five times in 20 mL of 1xwash buffer and once in
20 mL of substrate equilibration buffer (Thermo Scientific). Enhanced chemilumine4&«Tice
detection was accomplished using chemiluminescence substrate (Thermo Scientific) and a
ChemiDoc XRS system (Biad). The percentage of unbound and bound biotinylayted substrate
was measured using ImagelLab 5.0 software. The dissociation constardetaamined by
modelling of the data using nonlinear least squares regression in GraphPad Prism (version 6.00
for Windows, GraphPad Software, San Diego California U&4uation 2.5

Po6e&E Oni € 0Q0Qe

P6éEodeEQ - QN o Oadné ¢
) Nl €0 QQe d @

2.5.2 EMSA Streptavidin Blocking/Trapping Experiments

All FEN3substrate binding reactions were prepared with 1 nM of the biotinylatedstalbe DF

B10 in 50 mM HEPHE®H, pH 7.5, 100 mM KCI, 8 mMgaC25 mg/ml BSA, 2 mM DTT, and 5

% glycerol. Where appropriate, the indicated protein (50 nM final concentration), SA (Roche
Diagnostics; 0.2 pg), and/or the nonbiotinylated competitor DNA-@F250 nM final
concentration) were added in specific orders to create blocked or trapped conditions. Blocked
complexes refer to binding reactions that were prepared by incubating the substrate with SA (5
molar excess) for 10 min at RT prior to the aidditof the indicated hFEN1 protein. Trapped
complexes refer to binding reactions that were prepared by incubating the substrate with the
indicated hFEN1 protein for 10 min at RT before the addition of SA (5 molar excess) to binding
reactions. After the adtion of the second component in both blocked and trapped binding
reactions, the reactions were incubated for a further 10 min. For reactions where-FEN1
substrate binding was challenged with DNA substrate lacking biotidQlWas added after the
second icubation (5fold excess with respect to enzyme concentration), and the mixture was
allowed to incubate for 10 min at 37 °C. Samples were then loaded onto a 6 % polyacrylamide
gels (29:1) containing 0.5 x TBE while running at 200 V, and the resultansspertevisualised

analogously to that described above.
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2.6 Fluorescence resonance energy transfer

2.6.1 Characterising DNA binding affinities of FEN using an ensemble FRET assay

FRET energy transfer efficiencies (kRREWere determined using the (raja method (Clegg,

1992) by measuring the enhanced acceptor fluorescence. The steady state fluorescent spectra
of 10 nM aubly-labelled, donotonly labelled and notebelled trimolecular DNA substrates
were recorded using a Horiba Jobin Yvon FluoroB@xluorometer. For direct excitation of the
donor (fluorescein) or acceptor (rhodamine), the sample was excited at 490 @®0onm (2

nm slit width) and the emission signal collected form §¥650 nm or 575, 650 nm (5 nm slit
width). The emission spectra were corrected for buffer and enzyme background signal by
subtracting the signal form the neiabelled DNA sample. In tdtdhe emission spectra of three
separate samples were collected for each RRE&AIculation. As stated, ndiabelled and doner

only- and donoracceptorlabelled DNA constructs were consecutively titrated with protein at
the indicated concentrations. Reian mixtures were placed in a 0.5 mL quartz cuvette and kept
FaG 1 O2yaidlyld ot e/ ® ¢KS &adzoadNriS g+ a AyOdzml GSR
the first measurement. In addition to 10 nM of the appropriate DNA construct, samples
contained 10 M CaGlor 8 mM MgGlor 2 mM EDTA and 110 mM KCI, 55 mM HEBNRESH pH

7.5, 0.1 mg/ml BSA, 1mM DTT and 100 pM inhilit@or 1 % DMSO. The first measurement
was taken prior to the addition of protein with subsequent readings taken on the cumulative

addition of enzyme, with corrections made for dilution.

The (ratio) value at each protein concentration was calculated using the following equation
(equation 2.9,

i ©oQE0 _ R 600 _ K O _ L QRO Ga@mE:

where baand b is the fluorescent signal of the douHBbelled DNA and donarnly labelled
DNA athe given wavelengths, respectively. The fluorescence intensity was an average, taken 5
nm either side of the emission maximum wavelength. The valu&l oépresents a donor
emission normalization factor and can be calculated usiggation 2.7 which isthe donor
emission when excited at the donor excitation wavelength of the dewmeptorlabelled

sample divided by the donarnly-labelled sample.

6 0 _ h jOo_ R QR 6 OaiE &

The energy transfer efficiencies (FRigTcan then be calculated using the (rati®plue and

experimentally determined molar absorption coeféiots fromequation 2.8
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0|y Raresthe molar absorption coefficients of donor and acceptor at the given wavelengths.

oYy

i 0o MPe

- T WM

- T WM

- LY

- veTm

Qn o wade &

¥0(490)E% p ¢ n VA h PRAGM are determined from the absorbance spectra of doubly

labelled molecules and the excitation spectra of rhodarng-labelled molecules,

respectivelytable 2.9.

Table 2.9: Molar absorption coefficients ratios calculated frahe absorption spectra of the differen
oligonucleotides used in the FRET studies.
Substrate DF4 DFB4 DFB6
- TOWM 0.55 0.52 0.79
- Luem (+0.01) (+0.01) (+0.01)
- TWM 0.08 0.07 0.06
L (+0.01) (+0.01) (+0.09

Data were modelled by nonlinear least squares regression in KaleidaGraph 4.0 (Kaleidagraph,

Synergy Software, Reading, PA, USA) esjngtion 2.9

"0YO0"Y "OYO'Y

, WhereFREd: is the calculated energy transfer efficiency at a particular total concentration of

enzyme (g) and fluorescent substrate §), with "‘OYO"Y

transfer efficiency (i.e., the energy transfer efficiency of free oligonucleotide in the absence of

‘0YOo'Y

any enzyme) andOYO"Y

Y O 0 Y

‘0YOo'Y

T°YO

QN o6 Kedé ¢

givingthe minimum energy

the maximum energy transfer efficiency (i.e., the energy

transfer efficiency of the saturated ssipate). The dissociation constant is giverbby In some

situations, it was necessary to normalize the data to globally determine the dissociation constant

of replicates. This was performed by fitting each replicateeqoiation 2.9to determine the

"0OYO"Y

value and then dividing through by that value. The separate replicates were then

plotted on the same graph and & to the same equationgquation 2.9.

2. 6.

FRET geriments of substrate bound to streptavidin and then bound to enzyme were measured

2

Measuri

ng the

affinity

of

6bl ockedd

by incubating 5 molar equivalents of streptavidin and biotinylated substrate (10 RBUR&ble

2.2) in buffer containing 10 mM CaCb5 mM HEPESaOH pH 7.5, 110 mM KCImg/ml BSA

and 1 mM DTT for 10 minutes at RT. This was procedure was performed for all three FRET DF

constructs (non donoronly- and donoracceptorlabelled). Samples were then incubated at 37
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e/ F2NJ I FdzZNILKSNJ mn YAy dzand avereoré&dr@edldnd andy8ed T A NBR G Y S|
analogously to experiments describedgaction 2.6.1above. SA (same stock usedsgction
2.5.2 was diluted in 50 mM HERESOH pH 7.5, 100 mM KCI, the same stock was used for all

experiments.

2.6.3 Substrate conformationachanges as a function of KCI

The FRET change of the substrate-{Diable 2.2 was measured at a range of KCI

concentrations (160500 mM) in a continuous titration. Samples containing 10 nM of either non

, donoronly-, or donoracceptorlabelled DF4 wnstructs, 10 mM KCI, and 50 mM HERBSH

LI Tdp>X 6SNB LINBLI NBR $AGK &dzo0aSljdzSyd | OljdAaaridrzy
The fluorescence intensity of the three samples, at the indicated KCI concentrations were then

processed analogously experiments described isection 2.6.Jabove.

2.6.4 Substrate conformational changes as a function of MgCl

Samples containing various concentrations of MgLIL¢ 100 mM) were prepared in 100 mM
KCl, and 50 mM HERBSOH pH 7.5, and 10 nM of eithean-, donoronly-, or donoracceptor
labelledDFn O2y aidNHzOGad ¢KS Ffdz2NBaOSyid SyYrAaarzy aLSOoil

and analysed analogously to experiments describexkation 2.6.-above.
2.7: CD spectroscopy

2.7.1. 2aminopurine Exciton-coupled Circular Dichroism (ECCD) Spectroscopy

Samples containing 10 uM of the indicated DNA construct, 55 mM HERES pH 7.5, 110 mM

KCI, 1 mM DTT and, where appropriate, 12.5 pM protein and either 10 mly] @a&inM MgCl

+ 100 uM inhibitorl/ 2 were prepared with subsequent acquisition of CD spectra¢380 nm)

Fd wn e/ dBLGGD3pettropnttomeétdr. Lashergy CD spectra were collected using

a quartz cuvette with a 5 mm pathlength. In samples containing either inhibitor 2, the
enzyme was prencubated with the inhibitor before addition of the substrate. After acquisition

of the spectra, EDTA was added to a final concentration of 23.8 mM and CD spectra-were re
collected. Dilutions of the appropriate proteins were made from 100 Lddlst in storage buffer

(section 2.1.1

CD spectra are an average of five scans recorded in 0.5 nm steps (0.5 s response time) that were
baseline corrected using spectra recorded on samples containing the same components, but
lacking DNA. The baselisabtracted spectra were then corrected by smoothing using the

Meang;Movement option with a convolution width of five in the JASCO Spectra Analysis
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software (version 1.53.07). The signal was normalized to account for-linasshift. To
normalize for baselinehsfts, the signal was averaged between 48D nm, a region in which-2
aminopuirine has no absorban¢&ohnson et al., 2004and was subtracted from the associated
ALISOGNHzY® ¢KS /5 &LJSO0 NIAP eSiNdvertuit Rairefetgih. Bach p ©

measurement was independently repeated (typigafi triplicate) and gave identical results

2.7.2 Determining the affinity of hFEN1 and hFENZ%variants for ECCD oligonucleotides

Samples containing 10 uM ofi.5or Pi (table 2.9, were incubated with 12.5 uM of the
indicated protein at 20 °C for 10inutes. The buffer conditions were identical to that used in

the collection of lowenergy CD spectradction 2.7.); therefore, samples were either fdmM
CaClalone or 10mM Cagand 40mM EDTA in addition to 110 mM KCI, 55 mM, HEPES pH=7.5,
and 1 mM DT. The samples (20 pl) were electrophoresedod¥b polyacrylamide gels (29:1)
containing 0.5 x TBE and 5 % glycerol. The gels were loaded while running at 200 V at 4 °C and
then further electrophoresed at 200 V until the bromphenol blue indicator in arsepavell

reached the bottom of the gelDNA was visualized using SYBR® Green according to

manufactures protocol and a ChemiD¥¢maging System (BioRad).

273Measuring unpairing of o6trappedd and O6bl oc

Lowenergy CDspeitl 2F Wot 201 SRQ SyieyvyS &adzonadiNraGsS Oz
10 uM biotinylated substrate (Sb, table 2.4 with 2 molar equivalents of streptavidin in buffer
containing 10 mM Ca£b5 mM HEPESaOH pH 7.5, 110 mM KCI, 1 mg/ml BSAand 1 MM DT

for 10 mins at RT. 12.5 uM of protein (in storage buffection 2.1.1was added to the sample,

and spectra were collected analogously to that describeskirtion 2.7.1

We NF LILISRQ Syl éyS &domaid NI dS O02YLX SESmylae$ NB ¥ 7
construct (Sh.,, table 2.4 with 12.5 uM of protein for 10 minutes at RT in buffer containing 10

mM CaCl 55 mM HEPHESaOH pH 7.5, 110 mM KCI, 1 mg/ml BSA and 1 mM DTT. 2 molar
equivalents of streptavidin were added to the sample, and speceeewollected analogously

to that described irsection 2.7.1Dilutions of the appropriate proteins were made from 100 pM

stocks in storage buffeséction 2.1.1 The same streptavidin stock used for FRET experiments

(section2.6.8 ¢ & dza SRO fG2OIFNRY HyKRE Wi NI LILISRQ & LISOA S
2.8 Isothermal Titration Calorimetry

ITC was employed to measure the binding affinities of wildtype, truncatedzandnthFEN1
for inhibitor 1, inhibitor 2 and inhibitor 3 using a NAN@TC machine (TA dttuments). The

protein was exchanged from storage buffer into buffer containing 8 mM MgQl0 mM Cagl
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and 100 mM KCI, 50 mM HEPES (pH 7.5), 1ImM DTT using a desalting column. Subsequently, the
LINEGSAY ¢l a RAFE@T SR 2@SNYyAIKG Fd n -mbe 3IFAyad
5AFLf&T SNJ aARA 6o0o®dp {15F a2/ ho FOO2NRAay@E@sedi2 (GKS YIy
the dialysate was used to make the final protein concentration 18 uM and the final inhibitor
concentration 200 pM both with 1 % DMSO. Twenty five injections were performed with 180 s

aLI OAYy 3 GAYS |G Hp o/ dateddy NITRIKelieNat ai. ;2017pndithel OS & &
resultant data wee globally fit by SEDFIT to a single site binding m@gtieitman et al., @07)

w
p
&

The figures were prepared using GUSSI (http://biophysics.swmed.edu/MBR/software.html).

2.9 Determining the steadystate kinetic parameters of the WThFEN1 and
hFEN1&2&336 cataly$®$*d reaction of DF

Reaction mixtures containing a range of concentrations of figkdlled DF5* substrate were

LINBLJI NBR Ay ww. | yR Ay Odbstis®dk soluiion @mnealed/as T2 NJ mn Y
described irsection 2.3.1was prepared in 100 mM KCI, 55 mM HEPES pH=7.5, made to a final
O2yOSyidN)r GA2Y 2F pn >a |yR dASR FT2NJ Ittt GKS SELISN
flap: template strands). Reactisrwere initiated by the addition of enzyme in RRB. The final

substrate and enzyme concentrations used are showalite 2.10 Reactions were sampled, at

eight time intervals between 0 and 20 min and quenched with excess EDTA (250 mM). Reaction

progress beng determined as aboveéction 2.4.1
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Table 2.10: Final enzyme and substrate concentration rangged to determine the stead)
state kinetic parameters@ @& @ )forDFpf K@ RNRBf &aAa o0& 2¢

DR5* WThFEN1 KC9bmkooc
(nM) (PM) (PM)
5000 300 350
2500 250 250
1000 150 100
750 65 65
500 65 50
250 30 40
100 15 15
75 15 15
50 5 15
25 5 10
10 3 10
5 3 5

All reactons were independently repeated at least three times. Initial rabes fM.mint) were
determined by linear regression of plots of the concentration prodgsustime for the first

10% of product formed during the reaction. Normalized initial raiegg ‘O , min') were
obtained from the quotient of initial rate and enzyme concentration used. Kinetic parameters
"Q and0 were determined by generalized nonlinear least squares using a Michetigen

model (MM,equation 2.1Q, from which plots of normalized initial rate as a function of substrate
concentration were generated. The error distribution was assumed to be normal, but to account
for the increasing variances as a function of substrate concentration the data were aabight

1/Y2. All graph fitting and statistics analyses were conducted using GraphPad Prism (version 6.00

for Windows, GraphPad Software, San Diego California USA).

l‘) T
O 0

Qn o wa@a e
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2.10 Steadystate Inhibition Studies

2.10.1: Estimation of IL%%

To determine the concentration range of each inhibitor required to perform a complete kinetic
analyses, an estimatn of their inhibition constant(( ) was determined. The initial rate of
reaction was determined at various concentrations of inhibitp2, or 3 (table 2.13 and 150

nM substrate (D5*, table 2.7, the approximated @I f dzS T2 NJ KhalbMPd oc ® ¢ KS
concentration was kept constant (1 % (v/v) across the range of inhibitor concentrations [I] tested
by creating appropriate 100 X stocks. The reaction mixture at 0 nM inhibitor also contained 1 %
DMSO (v/v). Reaction mixtures were fimeubated before initiation by the addition of

K C9 b m Almwots df each reaction mixture were removed and quenched with 250 mm EDTA
at eight time intervals between 0 and 20 min. The quenched reaction mixtures were analyzed
as described above for steadjate andyses gection 2.9. The normalized initial ratgso/[E]o
(min?)) in the absence dhhibitor (Q ) andat each inhibitorconcentration Q) werefit to

equation 2.11using KaleidaGraph 4.0 (Kaleidagraph, Synergy Software, Reading, PA, USA).

™ 0 ) Qn o O adp ¢

¢ ofS HOMMY CAYlIf AYKAOAG2NI YR KC9bw
rate at 150 nM DF5*. Inhibitor structures shown in figure 2.6.

1 2 3
Inhibitor (NM)
Enzyme (pM)
5000 2000 2500 1250
1000 750 500 250
500 400 300 150
100 150 100 50
50 100 40 40
10 40 30 30
0 15 15 15
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2.10.2 Determining the steadyg t at e kinetic par ameters of t

reaction of DF-5* as a function of inhibitor 1 and 2

The steady@ G I GS 1 AYSGAO LI NI YS &S deefmindd Gvariatis o o ¢
concentrations of either inhibitod or inhibitor 2 (0, 5, 10, 50, 100, 500, 1000 nM). For each
inhibitor concentration, normalized initial rates of reactig\/[Eo, min*) were measured in
triplicate at six different concentrations of E¥ (10, 50, 100, 500, 1000, 5000 nM) using
KC9bmpooc O2yOSYiNIGA2y&a NIy3aIAYy3I FNBY un (2
exceeded more than 1 % of the total subse&r@oncentration, but was varied to achieve 10 %
product in approximately 10 minutes across the inhibitor concentration range. The final
concentrations of all buffer components were 8 mM MgCLO mM KCI, 55 mM HEPESOH
pH=7.5, 0.1 mg/ml BSA and 1 mM Dith 1 % DMSO (v/v). All reactions were independently
repeated at least three times. Reactions were assayed and normalized initial rates were
determined as described for steadyate analysessgction 2.9. KineticpparametersQ andv

were determined globally for the for simplest types of reversible linear inhibition (mixed, non
competitive, competitive and uncompetitiveqquations 2.12; 2.15 by nonlinear regression

plots of normalized initial rates\/ [Ho, min) versus the substrate concentration (nM) for each
concentration of inhibitor. The same weighting (3/Yvas applied in each case due to the
heteroskedastic nature of the data. Akaike information criteria (AIC) was employed as statistical
tests to aidmodel selection (e.g. neoompetitive versus competitive); statistical analyses were
done using GraphPad Software Inc. Unless the more complicated model gave a difference in AIC
of more than-6 (95 % probability), the less complicated model was choseneasgpropriated

model (i.e. law of parsimony). This type of analyses penalises the more parameterized model
unless the surof-squares is significantly reduced. As an additional check that the correct model

was selected, the residuals from both the roompetitive and mixed inhibition models were

inspected.
SV "ooaA 2 N QY o~ s s e s ez s
5|A||D&OEOE%A o) Qn 6 & e ¢
0 P o Y
e e e Ao \ T Y
#IIDAQEOEO%— 5 QN6 das ¢
0 p o Y
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2.10.3 Secondary Inhibition plots

Normalized initial rates A/[Elo, mint) were calculated at each substrate and inhibition
concentration tested by inputting the catalytiparameters Q0 and 0 ) and infibition
constants § and U0 ) determinedby nortliner regression fitting to the relevant inhibition
models §ection 2.10.2 into a competitive, nortompetitive and mixed inhibition model
(equation 2.12.15). These calculated rates were usedplot a best fit line on a graph of
S/(n/[Elo) against inhibition concentration. The experimentally determined normalized initial
rates (u/[Elo, min) at the same substrate and inhibitor concentrations were then plotted on

the same graph to assess thgoodness of fit and aid in modsélection.

2.11 Expression and purification of TSFEN

WT T5FEN was overexpressed and purified to homogeneity according to the protocol described
in Sengerova, 2010.

2.12 Synthesis and purification of substrates for TSFEN

The oligonucleotide used for experiments with TSFEN is detailtabla 2.12below. Stability
prediction software (MFold, Zuker 2003) was used to predict the overall folded structure.
Oligonucleotides were synthesised and purified according to the pobtdescribed in Patel,

2012. Characterisation of oligonucleotides was carried out using parametetsén?.13
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Table 2.12:Sequences of each oligonucleotide used for TSHENEAM. Calculated an
experimental masses along with calculated extinctionftment values shown in table 2.1

Oligonucleotide Sequence
Code
pY-7 p -FAMCGC TGT CGA ACA CAC ACC GCT TGC GGT GTG TGT
AGo \

Table 2.13Details of all the oligonucleotides synthesised and purified for work with T5F
Naming system of the oligonucleotides pY = pseuda ¥taled are calculated (M. Zucke
2003 for DNA at a final concentration of 10 nM, at 50 mM KCI for pseudo Y subs
designed for TS5FEN.

Oligonucleotide Calculated Mass Actual Mass  ¥zs0 (Lmoticm?) Tm
Code (gmof?) (gmof?)
pY-7 13059.6 13059 374900 73.3

2.13 Determining the steadystate kinetic parameters of the TSFEN catalysed

reaction of pY-7 in the presence and absence of inhibitor 1

The normalized initial rate of reactiomo([Ep, min?) of TSFEN with p¥ was measured at a
substrate concentration equal to a previously reported value (35 nM) and at an appropriate

Syi eavysS 02y OSyidNI (GdA2Y 6p Llal0 G2 2 &stocksblutdm s L.
was prepared in 50 mM KCI and 25 mM potassium glycinate pH=9.3. This stock was then used
for all the experimental regats. The unimolecular TSFEN substrate was annealed by heating to

95 °C for 2 minutes and cooled on ice for 5 minutes. Reactions concerning TSFEN were treated
identically to that describe for hFENL1; however, final solution concentrations were 27.5 mM
potassium glycinate pH=9.3, 55 mM KCI, 0.01 mg/mI BSA, 1 mM DTT, 10 mMavig@nOo uM

inhibitor 1 or 1 % DMSO (v/v). In addition, a different gradient using WAVE butiéite .9

was used to separate the substrate and proddicjuie 28).
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Figure 28: Denaturing HPLC gradient used to separate the reaction products from substrate.
The specific gradient switch points are as follows: Omin 5%B 95%A, 5min 30%B 70% A, 9 min
56%B 44% A, 12 min 70%B, 13.5 min 100%B, 14.5 min 100% B, 14.6 min, 5%B 95%A, 17min 5%B
95%B.

2.13.1 Determining the steadysst at e ki netic parameters of T5FEN a

inhibitor 1 as a function of pH

To rule out the prospect of pH affecting the ability of inhibitao inhibit the TSFEN catalysed

hydrolysis of p¥/, reactions were perfored analogously to those described above but at

LI TFTtTopd ''a | O2yGNRBf X (KS KEWab perfoonedat gH=9i3- f e &SR NBI
and at its respectiveé (150 nM). The steadstate catalytic parameters were determined as

described above, expenow the final TSFEN solution concentrations were 110 mM KCI, 55 mM

HEPES pH=7.5, 8 mM MgOI1 mg/ml BSA, 1 mM DTT, and 100 uM inhikitor 1 % DMSO

OPKQDBULD ¢KS FAYlIf KCO9bmkooc az2fdziAzy O2yOSydaN) GAZ2Y
55 mM KCI0.01 mg/ml BSA, 1 mM DTT, 10 mM Mg&id 100 uM inhibitod or 1 % DMSO

(v/v). All reactions were independently repeated at least three times. To account for the non

ideal reaction conditions, the enzyme concentrations were altered to obtain ~10% girioc20

YAydziSad ¢KS FAylIf SyievyS O02yOSydiNIdGA2ya 6SNB pn

respectively.

2.14 Expression and purification of XRN1

The sequence corresponding to residues2i5 ofKluyveromyces lactérnl (K.lactisXrnl) was
amplifiedfrom a fulllength cDNA clone (courtesy of Chang, &tldl Nat Struct Mol Biol (2011)
18, 270276) and subcloned in frame with at€@minal hexahistidine tag into the expression
vector pET26b-XRN1 (Kdi. Plasmids were isolated using a Qiagen mimigie, and verified
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using DNA sequencing (GABiGtech) and the visualisation software Serial Cloner 2.1 (Serial
Basics, Freewarejiata can be found ithe Appendicesfigure ALO. Successful sutlones were
transformed into Rosetta (DE3) BL21(Ka&nt) EColicells according to the protocol described

in section 2.1® ¢KSasS OStfa ¢SNB LI G§SR 3Pyandsingled YI y
colonies were used for overexpression and purification. The expression and purification
methodology was identical tthat described for hFENL1 gection 2.1.2except when an Ol

of 0.6 was achieved, protein expression was induced by adding IPTG to a final concentration of
0.4mM to each of the cultures. Then, the cultures were then incubated overnight &€.2i0

addition, the storage buffer differed to that of hFEN1, 20 mM Tris pH = 7.5, 200 mM NaCl, 2 mM
DTT and 50 % glycerol.

2.15 Synthesis and purification of substrates for XRN1

RNA and DNA oligonucleotides used in XRN1 assays were ordered jsiifigdeverseghase
HPLC and synthesised by DNA Technology (Risskov, Denmark), using standard
phosphoramidites. Reactions were performed with both sirgifanded and doublstranded
constructs. The composition of the-tmolecular construct is shown irtable 2.14with the

sequence of all oligonucleotides showrtable 2.15

Table 2.14: RNA:DNA constructs used in XRN1 kinetic assSkystated are calculated (M. Zucke
2003) for RNA at a final concentration of 500 nM at 100 mM KCI. Sequences of the individual
are shown in table 2.15.
Construct Oligonucleotide ¢Y 66/ 0
composition
RNA1/DNA1 RNA1 + DNA1 554
RNA1/DNA2 RNAL1 + DNA2 81.3
RNA1/DNA3 RNAL1 + DNA3 77.8
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Table 2.15: Sequences of oligonucleotides for work with XRRAM = fluorescein, TAMRA

G§SGNF YSG K@t NK2 R iphodpkag > andoHO =hyflroxyl. Cadcdted and experimenta

masses along with calculated extinction coefficient values are shown in table 2.16.

Oligonucleoti | Sequence

de Code

RNA1-OH 5'-HO-ACU CAC UCA CUC ACC AAA AAA AAA AAA ACC-FAM-3'

RNA1 5'-/5SPHOS/ACU CAC UCA CUC ACC AAA AAA AAA AAA ACC-FAM-3'

DNA1 5 -TAMRA-GGT TTT TTT TTT TTT GG-OH-3 ©

DNA2 5 -TAMRA-GGT TTT TTT TTT TTT GGT GAG TGA GTG AGT-OH-3 °©

DNAS3 5 “TAMRA-GGT TTTTTT TTT TTT GGT GAG TGA GTG AGT CCC CCC
CCCCCCC-OH-3 "

Table 2.16Details of all the oligonucleotides synthesised and purified ¥oork with XRN1.
Oligonucleotide | Calculated Mass | Actual Mass (gmot) | £  (Lmottcnt?)
Code (gmot?)

RNA1-OH 10074.5 10074 326500
RNA1 10154.5 10154 326500
DNA1 5783.5 5885 178000
DNA2 9915.2 10017 312800
DNA3 13674.5 13776 406700

2.16 XRN1activity assays

XRN1 assays were performed in buffer containing 30 mMHICIpH = 8.0, 2 mM MgCh0 mM

NH,CI, 20 pug/ul BSA, and 0.5 mM DTT. Samples containing 500 nM of the indicated RNA:DNA

construct were incubated at 28 °C (optimal growth temperatof Kluyveromyces lac)isand

reactions were initiated by addition of XRNL1 in the same buffer composition. The final enzyme

concentration for each particular substrate is showrtahle 2.17 Prior to each experiment,

singlestranded and doubkstrandedsubstrates stock solutions were prepared in 50 mMGIH

30mMTrisl / f LI ' yons YIRS G2 | FAylLf O02yOSyidN}dGAazy
repeats. Bimolecular substrates contained a ratio of 1:1.1 of RNA: DNA strands and were pre

fodedat e/ F2NJon aSO2yRaz IyR tft2gSR G2 022t G2 w
Aliquots of the reaction mixture were removed at the indicated time intervals and quenched by
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addition of an equal volume of 2 x formamide loading buffer containingdEB0J % formaide,
500 mM EDTA). Separation of substrate and products was achieved using a 20 % polyacrylamide
gels (19:1) containing 7M urea and 1 x TBE. The gel was electrophoresed at 25 W at RT. In total,
20 ng of nucleic acid was loaded onto the gelARINd DNA strands were visualised by detecting
FAM and TAMRA fluorescence, respectively, using a ChemiDoc XRS syskea)Bio

Table 2.17: Final enzyme concentrations used to determine activity of XRN1 on range of subst

All reactions were performeat a final substrate concentration of 500 nM, sequences given in t
2.15.

Substrate XRNL1 (nM)
RNAIOH 50
RNA1 50
RNA1/DNA1 50
RNA1/DNA2 500
RNA1/DNA3 500

2.16.1 XRNL1 inhibition assay

The activity of XRN1 on RNA1/DNA2 was determined at antmhilconcentration of 100 puM.
The presence of the inhibitor meant that the final buffer conditions were similar to that
described above, 30 mM T4#$Cl pH = 8.0, 2 mM MgC50 mM NHCI, 20 ug/ul BSA, and 0.5
mM DTT, but also contained 1 % DMSO. Thédimayme and substrate concentrations were 50
and 500 nM, respectively. The reaction-sgt and analysis was no different to that described
above, except XRN1 was incubated on ice with 100 uM inhibitotbuffer containing, 30 mM
TrisHCI pH = 8.0, 2 mMIgC4, 50 mM NHCI, 20 ug/ul BSA, and 0.5 mM DTT, for 10 minutes

prior to addition to the reaction mixture.

2.16.2 Partial alkaline hydrolysis of RNA1

For partial alkaline hydrolysis of RNAL, approximately 20 ul of a 50 uM solution was incubated
with 80l of 50 mM NaCQ/NaHCGQ buffer (pH 10), for 20 minutes at 90 °C.
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Chapter 3: The effect of human flap endonuclease active site mutations

upon substrate binding and catalysis

3.1 Mutational Analyses

Structural and evolutionary conservation analysesdmbination within vivotoxicity screens

have identified residues important for FEN1 catalgSterici et al., 2002; Tsutakawa et al., 2011)

Twoo I & A O NXB & A BHaBdsArgF andl theXTyn[n@ NS & A RdzS 2F hu | NB A YLIX A
unpairing mechanism of hFENsk€tionl.4.1) (Finger et al., 2013)he stacking residue (T49)

Ad LINRPLRAaSR G2 adloAf AaSaiikKG] Mzl mWBRNIAG I KBy & KANR
nucleobase and is conserved in FEN1s from mammals, yeast and archaea, but is replaced with

an alternative stacking residue in bacteriophage flap endonucleases and other superfamily

members figure 3.9). Lys93 and Argl00 are strictly conserved acro8sk S S yhiickeas® p Q

superfamily. In studies with TSFEN the equivalent residue eé®3yms been proposed to act as

an electrophilic catalygiSengerova et al., 201an hFENL1 this residue is alsoposed to assist

with capture of the unpaired scissile phosphate; a similar role has been proposed fb0@rg

(figure 3.2 (Tsutakawa et al., 2011)

FEN1 has been proposed to utilise one variation of the-twaalion mechanismsection 1.2,

and therefore acidic residuesithin the active site are crucial for the binding of ¥igns which
provide the catalytic enhancement for phosphate diestgdrolysis figure 3.J. Mutation of the
aspartate to alanine at position 181 in the amino acid sequence (D181A) reducesttitg affi
FENL1 for M"to such an extent that in the D181A:substrate complex crystal structure no metal
ions were observed in the active site despite being present in the crystallisation buffers
(Tsutakawa et al., 2011Jhisvariantwas first characterised in hFEN1 usiogvfcytometry and

was reported to be inactive with respect to phosphate diester hydrolysis activity but retain
substrate binding abilityNolan et al., 1996)

3.1.1 Production of mutated hFEN1 proteins

Four active site residues, 740, Lys93, Argl00 and Asfl81 were targeted for sitelirected
mutagenesis. cDNAs encodingriant FENs were engineered so that each of the targeted
residues was substituted with alanine, and mammalian cell esgioa constructs were
generated by subcloning theariantcDNAs into the vector pE8b. The mutagenesis required
to create these proteins was performed by David Fiff§ieutakawa et al., 201.1lere, the same
methodology was employed to create a double hFBEidfiant (K93AR00A), a previously

uncharacteriseanutation (Appendices, figure Al
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Figure 3.1: Positions of mutated residues in hFEN1 and hieRplexes (A) Substrate free

active site of hFEN1 (PDB: 1UL1) illustrating the conservational position of carbogithiege
including Asgl81 and metal ions (1 and 2, grey). Taken from Tomlinson, C. G. et al. BIOCHEM.
SOC. T (2010) 38, 4837. B) Active site structure of hFEN1 with bound DNA product

0t 5. Yoy VYO0 ®-phogpBate @ cddrdigatedby 93, Argl00and two Sré*ions. The

base of the terminal nucleotide (T2) stacks againstiTyr® Y ok wmnn +FyR |, nn |
hyy NBALISOGAGSted | StA0Sa 27 -Teinal fe@an dvidch f | N.
stabilises the bound DNA in the active sitaken from Tsutakawa, S.E., et al. (2011). Cell 145,
198-211.

To investigate the effects these mutations had upon the proposed double nucleotide unpairing
mechanism of hFEN1, wild type hFEN1 (WT) wariant FENs were all purified following
expression ilBL21 (DE3.coliexpression using the procedure describedégction 2.1Proteins

were purified using five different chromatography phaseg*(imobilization affinity, anion
exchange, heparin, phenyl sepharose and size exclusion). Firstly, IMAGadassLa capture
step to separate the protein of interest. To enable this, all proteins were labelled with a C
terminal (His}tag. It was discovered that anieexchange chromatography was necessary to
remove nucleic acid contamination, and the subsequambmatographic steps were necessary

to purify the protein to a level acceptable for kinetic analyses. Prior to experiments designed to
investigate the unpairing mechaniseh@pter 4, the effect these mutations had upon substrate
binding and catalysis wéisvestigated. Apart from the double hFEMriantK93AR100A, all of
these mutations have been studied previously and are known to be detrimental towards
catalysigFinger et al., 2013; Patel et al., 2012; Patadlet2013; Qiu et al., 2004; Storici et al.,
2002; Tsutakawa et al., 2011MHere, we sought to study each mutation under identical
conditions to allow effective quantitative comparison of catalytic and binding parameters and

to underpin further work invetigating DNA conformational change.
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3.2 Substrate design

Early literature characterised the minimal substrate for hFiNtitro to be a bifurcated ds
molecule with a ss'8lap (Pseudey)(Kaiser et al., 1999Binding and catalysis have both been
shown to be more efficient when substrates haderegions either side of the flgplarrington
and Lieber, 1994; Turchi et al., 1998eaction rate and specificity have been shown to be
increased by the presence of a chase overlap at the site of the nicksigting in a local double
flap structure figure 3.9 (Kao et al., 2008) ¢ K S -Hayp Sorrgspbnds td the last nucleotide

 RRSR o6& LRt 1 RdzNAY3I (@Enjexdt . ROPFENDNA Sfculey (. a8 v i K

show that hFENL1 recognises a single nucleoticika, and it has been proposed that this

recognition event marks the substrate as being eligible for phosphasteti hydrolysis

In vivothe 3 unpaired nucleotide and upstream region of hFEN1 substrates are one Okazaki
fragment, whereas the 'Slap and downstream region are the previous Okazaki fragment.
Because both Okakiafragments are synthesised using the same lagging strand template during
replication, doubleflap structures generateéh vivol NB WS |j ddAiu ek ab.,N\eD0d) Ay ad Q
result the 3- and 3- flap length can varyiging rise to a number of different conformations
(figure 3.2, although hFEN1 action on equilibrating double flaps always produces the same
products presumably by recognising a single conformer withsingle nt flapln vitroWy 2 y
Slj dzA t A 0 N@) flap sGEsMates, wiih haboinplementary 5 and 3- flaps, are commonly
used to simplify analysidigure 3.2 and undergoreaction at the same site as equilibrating
double flapg(Kao et al., 2002)Substrates used throughout this thesis were static, dodiile

(DF) constructscomprising of a displaced ssflap of a known length with a one nt-Bap.
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Equilibrating flaps

polymerase DNA FEN DNA

Static flaps

Single flap Double flap
Figure 3.2: Flaps can potentially migrate in vivo, but static flaps are commonly used in vitro
(courtesy of David FingerDiscontinuous synthesis of the lagging stand poms$ bifurcated
structures that can potentially migrate and theoretically form multiple structures; structures
relevant to polymerase and FEN have been highlighted. Sangledouble flap structures that
FNB O2YY2yf e dzi ¥R flapglae@dndom@lemeniafgy ® thp témplate strand
and therefore are static and do not change length.

3.3 Studying FENsubstrate interactions using fluorescence polarisation

Fluorescence anisotropy (FA) is commonly used to accurately measure the dissociation
constants ( ) of fluorescently labelled DNprotein complexes as it is able to quantify the
amount of bound and free substrate while in equilibrium. Fluorescence anisotropy measures
the tumbling rate of fluorophores in solution that have been excited with plaolarized light

of appropriate wavelength. Only fluorophores which have absorption transition moments
aligned along the electric vector of the incident light will be preferentially ex¢lteddblad et

al., 1996) The term anisotropyr) describes the extent to which the emission is polarised. This

is quantified by measuring the difference between the amount of emission signal detected in
the plane parallel to theexcitation plane and the amount of signal detected in the plane

perpendicular to the excitation plane.

The slower a molecule tumbles, the more the light will remain polarized. The faster a molecule
tumbles, the less the light will remain polarized. Bigdof an enzyme to a substrate molecule

will cause the tumbling rate to decrease and this effect will be reflected invhkie, which will
become increasingly large. Eventually, the point will be reached were all the substrate molecules

are bound by enzye and the value should become independent of the enzyme concentration.
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3.3.1 The majority of the interface between hFEN1 and DNA is distant from the active site

A DF substrate used to characterise the binding affinity of hFEN\aaiasht FENs was ppared

as bimolecular construct. Two oligonucleotides were annealed, one which formed ttap5'
strand (F1) and the othawhich acted as a template (T1) and contained a-fEdk hairpin
providing the single nt dlap figure 3.3.The DF substrate possed a 5 nt Sflap (DF5) and

was labelled with a Hluorescien (FAMYigure 3.3.

The conditions of experiments were kept as close as possible to those that gave optimal rates of

reaction gection2.®8 60T 6/ X mMmnan Ya Y/ X plpyRCan dm t>9Fk >LOI . 1{d pLZ
whilst at the same time preventing catalysis. As descrimeviously(section1.2.4), C&" ions

do not support catalysis therefore in FA experiments M@@ls substituted for CaLIThe

concentration of CagWas chosen based on preu®data which states that 10 mM Ceesults

in full occupation of the TSFEN1 active ¢itemlinson et al., 2011pissociation constants were

also determined in the absence of divalent metal ions. EDTA was used to chelate any

contaminating divalent metal ions, a concentration of 2 mM EDTA was used so that the ionic

strength matched FAxperiments with 10 mM Ca

After FAGAGNI GA2ya 6SNB O2YLX SGST mnn >t fAljdz2Ga 6 SNJ
and 80 mM EDTA. This was then analysed using dHPLC equipped with a fluorescence detector
to check for reaction. Samples analysed in the presence of EDTA had not reaitteghrésence

of C&ionsandWKC9bm X pz 2F (GKS &adzmaidNIiS LINBaSyd KFR N

contamination of samples.
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Figure 3.3: Structure of static doubRap oligonucleotide substrate DB, a bimolecular
construct prepared from a 34 template strand (T1) and 23 nt flap strand (F1). The template
strand forms a foleback hairpin stabilised by a GAA-loop and provides a 1 nt nen
complementary 3F f | LJ® ¢ KS Ff | L) -BAMNanne&sSwith tige deinSaiesthaycd |
and provides 5 nt noncomplementary 5flap.

Steadystate and time resolved anisotropy are the two main methods used to measure
fluorescence anisotropy. The experiments discussed in this section utilised anisotropy
measurements where continuous excitement with veatly polarised light leads to excitation
of fluorophores, which are aligned with the plane of polarised light. The excited state population
has anisotropyr}, and is calculated by measuring the difference in intensity of fluorescence in
the plane paralle(l) and perpendiculany) to the vertical polarisation plane, and is described
by equation 3.1

i w QN o0 O oW ¢

O (¢O00

where Gis an instrument specific correction factor accounting for the wavelength dependence
of radiation transmission by the monochromat¢Azumi and McGlynn, 1962% can be
estmated comparing the emission intensities from the sample in planes parallel and
perpendicular to the plane of a horizontally polarized excitation belapafd Iy respectively),

as stated irequation 3.2
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Dissociation constants were measured directly by the stige addition of the respective
enzyme to labelled substrate. Valuedwf b+, v, khandGwere measured using a Horiba Jobin

Yvon FluoroMa8® fluorimeter.

The \alue ofr was calculated using the equations described above and data were fitted using
non-linear regression fitting (Kaleidagraph, Synergy Software, Reading, PA, U&f\)ation
3.3

o . . Yo ' ' ' YO A,
i i i i o Qn 6 oo ¢

wherer is the measured anisotropy at a particular total concentration of hFEN1 préE)jraqd
fluorescent substrate[§]), with i giving the minimum anisotropy, (the anisopy of free
oligonucleotide in the absence of any protein) ahd the maximum anisotropy, (the
anisotropy of the enzymsaturated substrate). The dissociation constant is gived hyThe
solution to this equation 3.3 is a quadratic to accofotthe various states of the ligand during
the titration as theb values measured are close to the experimentally known total substrate
concentration.Table 3.1shows they values obtained for WThFEN1 and mutated FENs with

DF5 as the substrte.
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Table 3'1:er parameters for 10 nM D5 bound to WThFEN1, Y40A, K93A, R100A, K93AR
YSIF adz2NBYSyida
110 mM KCI, 55 mM HEPE&OH pH =7.5,1 mM DTT, 0.1 mg/ml BSA amM@&" or 2 mM

EDTA as indicated. The dissociation constants derived from equation 3.3 are reported v
standard errors in parentheses. The minimum and maximum anisotropy vialuesndi

respectively, for triplicate experimerdase reported with the standard errors in parentheses. |
= not determined. Accompanying graphs are shown in figure 3.4.

and D181A determined by fluorescence anisotropyf f

Substrate| DF5
5 nt 5flap, 1nt 3flap
Enzyme | WT Y40A K93A R100A K93AR100A| D181A
Buffer C&* | EDTA| C&* | EDTA| C&* | EDTA| C&* | EDTA| Ga** | EDTA| C&* | EDTA
&rr (nM) |46 |50 175 | nd. |58 |93 92 111 |78 106 180 | n.d.
(+6) | +4) | (25) *+8) | =6 | (= *+8) | =8 |9 |&
10) 32)
hl - 0.05 0.03 0.04 n.d. 0.05 0.03 0.04 0.03 0.05 0.04 0.03 n.d.
":: (@ @ @ @ @ (* @ (* (* (@
0.001 | 0.001) | 0.002) 0.001) | 0.001) | 0.001) | 0.001) | 0.001) | 0.001) | 0.001)
)
hl + o 0.10 0.11 0.13 n.d. 0.12 0.14 0.12 0.13 0.12 0.14 0.13 n.d.
(= (* (* (* (* (* (* (* (* (*
0.001 | 0.001) | 0.003) 0.002) | 0.001) | 0.001) | 0.001) | 0.002) | 0.002) | 0.003)
)
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Figure 3.4DF5 binding curves for (A) hFEN1 /10 mM Ga@®) hFEN1 /2 mM EDTA, (C) hFEN1Y40A / 10 mM, CaCl
(D) hFEN1K93A / 10 mM CaC(E) hFEN1K93A /2 mM EDTA, (F) hFEN1R100A / 10 mM (G®IFEN1R100A / 2
mM EDTA, (H) hFEN1 K93AR100A / 10 mM CHTHEN1K93AR100A / 2 mM EDTA, (J) hFEN1D181A / 10 mM
CaGL! LI NIIi FNRY (KS ALISOATASR O2yRAGAZ2Yyazr laalea ¢gSNB LISNF2N)YS
. {!'ZT M Ya 5¢¢ YR |G o1 eduationREhelR Valiid for eaghicghdition igsBowBin FA GG SR G 2
the insert of each graph. Eaoh is representative of at least three repeats, and standard error is given.
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The measured andi values f{able 3.1 are similar to those obtained in previous FA

assays of DNArotein interactions using FAM as the flophore table 3.1 (Fogg et al., 2001;

Richards et al., 2008Previous work conducted by Nikesh Patel demonstrated that the starting

ragl £ dzS @1 Hdp Brigth @Patel 2012p. The law  values in the absenaaf any protein

imply that the rotation of the flucLJK 2 NB A& y20 NBAGNROGSHp. 2y (K
However, there is a subtle variation in the value depending on the presence or absence of
C&'ions. Tha  values are aproximately 0.045 and 0.035 in the buffers containing*@ad

EDTA, respectively. This suggests thatiGas are interacting with either the highly negatively
charged DNA backbone or FAM itself and thereby restricting theolllgr2 NE Q& NR G (A 2
to a small extent. The  observed for these titrations was typically between 0.11 and 0.13.
These values are far from the fluorphespecific theoretical maximum valug), which for
fluorescein is 0.3%Johnson, 2005; Lakosw, 1999) This suggests that the binding mode does

not severely restrict the movement of the fluorphore and implies that FEN does not bind directly

to the 5-flap terminus.

In each case addition of protein to the DNA resulted in a curve that approaciseduration
plateau. However, titrations did not reach a point where thevalue was completely
independent of the enzyme concentration. To investigate possible light scattering effects,
enzyme was added tan unlabelled version of B8: In this case the value remained conant
throughout the titration. A similar result was obtained for the same control experiment with
T5FENSengerova, 20091t is thought that this phenomenon may be an indication of initial tight
binding, followed by other, nogpecift binding events taking place. This is a complicating factor
in this assay and is discussed in more detadeiction 3.5 However, fits to all curves yielded

similarv values (4&; 180 nM), regardless of the presence of mutation.

The substrate binding affinity measured byfBAWThFEN1 was in the low nanolar range in
accordance with values measure by gel shift assé@oor et al., 2010; Kim et al., 200ahd
recently published singtmolecule experiment§Craggs et al., 2014)yhe dissociation constant

of WThFEN1 for BF is 46 + 6 nM and 50 + 4 nM in the presence and absence?4f Ca
respectively. Thus, the affinity for the substrate measured by FA was identical witGim
experimental error and suggested that the strength of the interaction between FEN and DNA
was independent of the presence of Zaons within the active site. Furthermore, the
dissociation constants in the presence of absence éf iBas are similar for alariant FENs
tested, with only a slight decrease in affinity brought about by removéh®fC&" ions (able

3.1). In agreement with the hFEN1:substratgstal structure, these FA studies indicate that the

major FEN:DNA binding interface is between theraigons of the DNA and the protein
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(including the 3flap) rather thanthe 5-flap figure 3.5. Therefore, neutralisation of the highly
negatively charged active site by divalent metal ions appears to have little effect on the on

complex stability.

Thevariant FENs tested maintained substrate binding capabilities. In the presence of 10 mM
C&*the dissociation constants were 58 + 8 nM and 92 + 10 nM for K93A and R100A, respectively.
This modest decrease in substrate dissociation constant implies that ednobweither basic
residue is not severely detrimental to the interaction between the substrate and FEN1. Removal
of both these residues has the same effect as removal of only one residue; the dissociation
constant measured for K93AR100A in the presenc€afions was 78 + 8 nM. This suggests
that the potential positive charge delivered by either residue is not contributing significantly to
the overall affinity. The dissociation constants for D181A and Y40A are of the same order of
magnitude to WThFEN1.oWever, bothu values for D181A and Y40A are-felRl higher
compared to WThFENtable 3.]). This data shows that the mutations made do not dramatically

change the affinity for a common substrate and all proteins are comparable to WThFENL1.
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Figure 35: Schematic representation of FEN showing the specific interactions between the
DNA double flap substrate and residues in the major binding regidbgensive contacts are
made with the downstream ds DNA through the H2TH motif and bound K+ ion. loracthi¢
3'flap upstream ds DNA are tightly bound through the combined effect of multiple resides.
However, there are very few interactions between hFEN1 and {teptrand near the active
site. Taken from Tsutakawa, S.E., et al. (2011). Cell 1421198
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3.4 Investigating the effect of active site mutations on the hFEN1 mechanism using

single turnover kinetics

hFEN1 catalysed reaction of a DF substrate produces two products, a dsDNA product (P) and a
short ssDNA fragment (Q). Product P is nicked DNAvq but with a static DF, P resembles
gapped DNA as the'3lap is noncomplementary figure 3.9. It is suspected that the ssDNA
product (Q) is released immediately after phosphate diester hydrolysis. However, release of the
dsDNA product (P) is ralieniting under substratesaturating multiple turnover (MT) conditions

0O "Y 0 (figure 3.9 (Williams et al., 2007a)t is also noteworthy that the catalytic
efficiencyQ jU =1.5x10+ 1.8x16sM™) of hFEN1 acting on static double flap substrates
approaches enzyme:substrate associatiates (10 s'M™?). Indeed under substrate limiting
conditons O Y 0 MQ juo AT 1T AE Gbaclerdphage FEN has bedmwn to
undergo diffusion controlled reactio(Gengerova et al., 2010%tudies of TSFEN under single
turnover (ST) conditions have shown a physical step in the reaction cycle (protein or DNA
conformatioral changeQ ), rather than chemistry, is rate limiti@engerova et al., 2010)
This is likely to be the case for eukaryotic FENStro as well(Finger et al., 2012)Therefore,
assuming that chemistry is not rate limiting for WT hFEN1 then tlygesirnover rate {Q ) for
hydrolysis of a DEubstrate is approximately equivalent®™ |, the rate of one or more protein

and/or DNA conformational changegy(re 3.9.

Previously, the catalytic efficiency of WT and mutated FENs has bempared under

Q ju conditions(Tsutakawa et al., 2011Because substratémiting rates are likely diffusion
controlled and saturating conditions are rate limited by product release, multiple turnover
comparisons of WT and mutated proteins may undénaate the impact of protein alteration.
However, maximal ST rates are more likely to better reveal the impact of protein mutations.
Thus, the experiments described below measure the rates of reaction after enzyme substrate

complex formation and before pduct releasefigure 3.9.

To determine the maximal rate of single turnover reactigegdmust be much higher than the
dissociation constant of the enzynrseibstrate complex, to ensure that substrate will be fully
saturated with enzyme. The substrate ctmst, DF5, which was used to measute values

for WT and mutated FENsection 3.3, was used to determine the singernover values

"Q for the same enzymes. In all ST experitsgresented in this chapter the finf]and[S]
concentratons were 1000 nM and 2.5 nM, respectively. Therefore, single turnover reactions

measuredhe decay of the enzymsubstrate complexQ 'O "WQ o.
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Figure 3.6: Schematic representation of the proposed reaction mechanism of FEN upon DF
substrates. Topanel: The relevant rate constants used are enzyn@ and substrate Y
association’@ , ES complex dissociationQ , reversible conformational change

T wt0 , the chemistry stepQ andproduct release stepQ . The processes
included in the Michaelislenten paratmeters Q & ® are represented and the steps
measured under singieirnover conditionsQ is also indicatedBottom panel:The enzyme
represented as a circle, the alternative enzyme conformation is represented as a square, and the
substrate is represented as sticks.

The cleavage product was observed using denaturing HPLC equipped with a fluorescence
detector figure 3.7, which allowed segration of FAM labelled substrate and product P.
Cleavage site was assessed by coinjection with oligonucleotide standards of knovilgsize (
3.7). In all cases, with B¥; hFEN1 hydrolysed the phosphate diester located one nucleotide into
the duplex ofthe 5-flap strand to yield a 6 nt single stranded DNA (Q) an@ atZouble
stranded DNA (Pjigure 3.7. The amount of product produced against incubation time of the
reaction mixture was determined usingquation 3.4 where [Q] is the total product
concentration at a particular time point an@]is the initial substrate concentratioat time O.
0 @i f@psesents the total area under the product peak aMd>i ‘@hé same for the substrate
peak.
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Plots of percentage product (%Q) versus timerav@roduced and theQ values were

determined byfitting the data infigure 3.8to a single exponential modedquation 3.9 and are

summarised irtable 3.2
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Figure 3.7: Monitoring hFEN1 catalysed cleavage of BFby dHPLC Separation of
oligonucleotide standard@reen) indicating single nucleotide resolution can be achieved with
the buffers and gradientssed (section 2.1). Oligonucleotide standards (i) Iem(ii) 2 mer, (iii)

4 mer, (iv) 6 mer, (v) 10 mer, (vi) 25 mer. Retention tirheeer, 3.6 min, 2mer, 3.85 min, 4mer,
4.64 min, 6mer, 5.59 min, 10mer, 6.87 min, 25mer, 8.35 min. hFEN1 catalysed cleavage of DF
([S]) produces ssDNA ([Q]) and dsDNA gil@fucts. Separation of products by dHPLC (black),
indicating a single six nucleotide product (5.53 min) and twenty three nucleotide substrate (7.93

min), quantitative detection by fluorescently labelled substrate, with the yellow ball representing
fluorescein.
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Table 3.2: Singkurnover reaction parameters of DB hydrolysis. Reactions were
LISNF2NXYSR |0 0,7110aM K&ly55 mM HERESAHIPHET7.5, 1 mM DTT a
0.1 mg/ml BSA. The singlgrnover rate constants derived from equation 3.5 are repot
with the standard errors in parentheses. The data in the #igimd column were taken fron
Tsutakawa, S.E., et al. (2011). Cell 145;2B8B Acompanying graphs are shown figure
3.8.

Enzyme Q (min?) ti2 (S) Rate decrease relativ Rate decrease
to WThFEN1 relative to
WThFEN1Kea Ku
conditions
WThFEN1 740(x 32) 5.6x1% 1 1
K93A 3.6x10' (£ 2x10%) 116 2060 400
R100A 1.0x10" (+ 4x10°) 416 7400 400
Y40A 7.91 (£ 1.9x19) 5.3 94 20
K93AR100A 1.6x10'(+ 1X16) 265 5700 N/A
D181A 7.5x1(° (£ 3x1(F) 555 9900 800
100
80 1
o =6~ WThFEN1
S -
5 60 = Y40A
2 —— K93A
o -
_ 40 ~e~ R100A
X
== KO93AR100A
20 A
== D181A
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Figure 3.8:The single turnover ree profiles for DF5 cleavage by hFEN1 andriant hFEN1
proteins. WThFENIQ = 740 + 32 mity ty» = 5.6x16 s, data pointsopen circles (red), line of
best fit solid (red)Y40A™Q =7.91 + 1.9x1Omin?, t» = 5.3 s, data pointspen circles (green),
line of besffit- solid (green)K93A™Q = 3.6x10 + 2x1 min, t1» = 116 s, data pointspen
circles (purple), line of best-fitolid (purple)R100A™Q = 1.0x10 + 4x16 min?, ti, = 416 s,
data pointsopen circles (orange), line of best fiblid (orange)K93AR100AQ = 1.5740% +
1x10%2min®, ty2 = 265 s, data pointspen circles (cyan), line of best §iolid (cyan)D181AQ

= 7.5x1¢ + 3x106 min?, ti, = 555 s, data pointspen circles (black), line of best fiplid
(black).Reactions were performed in 8 twgCh, 110 mM KCI, 55 mM HEPESOH pH =7.5, 1
Ya 5¢¢ [yR nom >3Jk>t . {! |edudtion 35, andreach simple 51 G &SN
turnover rate constant is representative of at least three repeats.

[T N
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Comparing the single turnover ratestable 3.2it is clear that the mutations introduced severely
retard the decay of ES complex. As anticipatdie magnitude of reductiomhen mutations
were introduced was always significantly greater than that observed under subsitratig
multiple turnover condions table 3.2. Mutation of Ty#¥40 to Ala was the least detrimental,
reducing th€Q value by approximately 16@®Ild compared to WTtgble 3.2. There is a 2000
fold reduction in the maximal single turnover rate for K93A, and a 1@8ld0reduction in the
maximal single turnover rate for D181A with respect to the WT enziaine@.2). The effect of
mutating either Ly®93 or ArglO0 under steadytate conditions at limiting substrate
concentrations is essentially indistinguishatibble 3.2. However, the singlurnover rate for
R100A is 3old slower than for K93Atdble 3.2. Despite K93A and R100A independently
reducing the singleurnover rate considerably, the doubleariant K93AR100A is no more
detrimental to catalysis than R100A alortable 3.9. This implies cooperation between the
0 aA 0 NBAaAARdzZS & 2180 could e irddvad inSHe Eovffauihafichal $teBEllowing

Lys93 to participate in the chemical step.
3.5 An alternative approach to measure substrate binding

3.5.1 Electromobilty shift assays indicate the presence of higher order species.

One possible issue with the use of fluorescence anisotropy to determine equilibrium dissociation
constants is that the signal will be affected by rpecific bindingWeinberg et al., 2004Nor+
specific binding of FEN1 to a DF substrate could generate higher order complesiswohid

cause the r value to keep increasing beyond saturation with a single substrate molecule. This
could result in a false (higheb) value when measured by FA. To examine this possibility, an
electomobility shift assay (EMSA) was employed to investigate whether relatively high
concentrations of FEN protein resulted in complexes where more than one enzyme was bound

to the same sustrate molecule through nospecific interactions.

To visualise low concentrations of the substrate without the need for radiolabeling, unbound
and bound DNA was detected by chemiluminescence using a modified southern blotting
approach described in detdit experimental methodsection 2.5The substrate used for this
assay was a fmolecular static DF construct which differslightly from the substrate used for
FA. Instead of a 5 nt flap, the substrate used for EMSA had a 10 nt flap that was biadiaylate
the 5-termius. This newly designed substrate was denoted aBTiHigure 3.9. Biotinylation
allowed the substrate to be visualised by chemiluminescence usirgjregptavidinHRP
conjugate. Work conducted by Nikesh Patel has shown that biotinyadfidme 5-flap does not
change the binding interaction of hFEN1 and DF substrates (Patel 2012). In addition to the
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increased 5flap length, the downstream and upstream duplex DNA eBDE were longer than
DF5 to ensure efficient transfer of the substea especially when in an enzyrsebstrate
complex, from the gel onto the nylon membrane. Both®dénd DFB10 substrates had a one nt
3'-flap and despite the slight difference in design were expected to display similar binding

behaviour.

downstream (éé
3'CTACTGCTCGTCAGGATTGK cd
Q

DF-B10

o)
5'GATGACGAGCAGTCCTAACTG.

Figure 3.9: Sematic structure of the DFRO substrate a brmolecular construct prepared from

a 64 nt template strand (T2) and 30 nt flap strand (F2). The template strand formshkeaéid
hairpin stabilised by a GAA-tdop and provides a 1 nt néb2 Y LI S Y Sfiap Fhedap o 4
a0 N yRI LJBigirS danaekly With the tgmplate strand and provides a 10 nt-non
O 2 Y LI} SY SHap. ITdgBtherpte two strands form a 20 nt ds upstream and 20 nt ds
downstream region.

Comparison of binding constants determined by two different approaches required FA
conditions to be replicated as faithfully as possible during EMSA experiments. Therefore, all

0dzZF FSNJ O2yRAGA2Y& 6SNB ARSYGAOFrt 6017 /3 MmMAn Ya
BSA and 10 mM Caglapart from it was necessary to have a final glyceoolcentration of 5 %

(w/v) in EMSA to facilitate gel loading. Initially, EMSA was performed at the same substrate
concentration (10 nM) found to obtain a detectable signal in anisotropy and the protein
concentration was varied (@ 2500 nM) to reflect thetitration points used in a typical FA

experiment. The data clearly shows that separation of free substrate and bound substrate was

achieved figure 3.103. The intensity of the band representing bound substrate increased
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(middle bandfigure 3.103 as theas the enzyme concentration was increased. This species is
proposed to be a 1:1 hFEN1:BEO complex. However, evidence for a more slowly migrating
species was observed with 125 nM hFEMNu(e 3.10a, lane ® and approximately 20 % of the
total substrateis associated with more than one enzyme molecule at concentration greater than
500 nM hFENZigure 3.10a, lanes 11, 12 and)13¥he longer upstream and downstream duplex
regions of the EMSA substrate compared to the one used in FA may encouragpauoiin
binding. However, due to the large amount of aberrant species detected, it is unlikely to be
completely eliminated by the use of a more minimal substrate. The percentage of bound
substrate, in what was assumed to be a stoichiometric enzyme:substrat@ler, was fit to
equation 3.6
Poe& Oni € 0QQe
0 ni € 0QQ¢

PoebdeQ QR 6 © o £

A binding constant of 10 + 3 nM was calculated based on a hypecoolie fit figure 3.100), in
good agreement with previous valuesf determined by EMSA for wiltype FEN1Gloor et

al., 2010; Hutton et al., 2008However, the binding constant measured by EMSA in this initial
experiment was approximately equal to the substrate conceraratiTherefore to further
explore the binding affinity of hFEN1 for-BEO using EMSA, the experiment was repeated at 1
nM substrate. Both free and bound substrate were able to be detected at this lowered total
substrateconcentration figure 3.10¢ and fiting of the binding curves tequation 3.6yielded a
dissociation constant of 6 = 0.8 nNiglre 3.10¢. The amount of band smearing was reduced
compared to the experiment conduced at 10 nM-BED, and evidence for higher order species
was detected, but oly at the highest protein concentration at very low amourfigure 3.10c,
lane 13. TheO values measured at a final substrate concentration of 10 nM and 1 nM are
virtually undistinguishableThis suggests that the dissociation constant of approtaétpd 0 nM
determined for the binding of hFEN1 to dBEO is a true binding constant, and hFEN1 binds
tightly in a structurespecific manner and weakly in a nepecific manner. Therefore, the
binding constant for WThFEN1 determined by FA and EMSA ditfgragproximately Sold.

The lowerd value determined by EMSA may be because, unlike anisotropy, true enzyme
substrate complex and aberrant complexes are separated. Theraforgalues measured by
FA, as the assay stands, are more likely a mixture of specific andpeoific ineractions.
Attempts to abolish the nosspecific binding during FA experiments, by increasing the ionic
strength and introducing an unlabelled ssDNA mimic, heparin, were unsuccessful (data not

shown). One possible solution to try and improve the FA asssgdban these results would be
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to lower the starting substrate concentration. This would require the design of a new substrate

bearing a fluorophore with a higher quantum yield.
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Figure 3.10: Discrimination between specific binding and rspecific bindingoy hFENL1 to a

DF substrate FEN1 binding was measured by EMSA as described in section 2.5. Binding was
measured by incubating increasing concentrations of h(FEN1Ayit0(nM and© 1nM DFB10

for 5 min in the presence of catalytically inerdans. The specific concentrations of hFEN1
were 0, 0.5, 1.25, 2.5, 5, 12.5, 25, 50, 125, 250, 625, 1250, and 2500 nM ({aBgs 1
Quantitation of the percent experimental substrate bound is shown in figures (B) and (D) for 10
nM and 1 nM, respectively. Suspeattoichiometric enzyme:substrate complex is indicated by
open circles, black and higher order species by open inverted triangles, blue. The percentage of
bound substrate was fit to equation 3.6 (black line).

3.5.2 Using hFEN1linduced substrate conformdion change to measure a true binding

constant: A fluorescence resonance energy transfer analysis

As discussed above, a change in anisotropy can be produced by various interactions of hFEN1
with the DF substrate. Thus, the FA assay gives very little iafamon the binding mode of
hFEN1. A 1:1 interaction of a FEN protein with the DNA in the conformation observed in the
crystal structure with the two duplex regions bound will give the same signal in FA as FEN
interacting with just one of these regions,@ven though unlikely, with the Bap. Therefore,
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an assay which only gives a response when the substrate is bound by FEN in the correct
conformation would yield a more reliable value. In addition, it would be unlikely that this
specific DNA conformational change could be produced by-specific interactions and

therefore these would not complicate binding analyses.

Fluorescence resonance energy transfer (FRET) invohazradiative transfer of energy from
an excited state donor fluorophore to a nearby accepteorster, 1948; Stryer and Haugland,
1967) The efficiency of energy transfer (FRETs directly related to the distance R separating
a given donor and acceptor pair by the following equation,

oYWy N
Ry is typically 10100 A for donotacceptor pairs and thepgcific value depends on the extent
of overlap between the donor emission and the acceptor spectra, the absorption coefficient for
the acceptor, the quantum vyield of the donor, and the relative orientation of the donor and
acceptor (Clegg, 1992; Fairclough and Cantor, 1978jerefore, intuitive placement of an
appropriate donofacceptor pair within a DNA construct affords dynamic information on the
possible conformations the constructs can adopt and their equilibrium iposiKlostermeier
and Millar, 2002; Yang and Millar, 199T7he conformation of DNA bound to FEN1 has previously
been studied by comparing the efficiency of FRET between donor and acceptor molecules
attached at vaious positions on a DF substrd@hapados et al., 2004; Craggs et al., 2014; Sobhy
et al., 2013)FRET has been used to confirm crystallographic data suggesting FENs enforce a kink
at the ssds junction of DF staiures, resulting in the two ds regions being bert1® ¢ NB f | { A
to each other In this study, the donor and acceptor molecules were attached to the duplex arms
of a DF substrate as it has been established that this gives a detectable change in FRET efficiency
upon FEN1 binding.

The substrate used in thisusly was identical to that used in a previous study to determine the
binding constant oSaccharomyces cerevisigEN (ScFEQhapados et al., 2004)he substrate
was trimolecular, comprising of a-flap strand, a 3flap strand and a template strand. The
donor andacceptor molecules were placed on complementary strands allowing doabty
singlylabelled constructs to béormed figure3.1). As with all the substrates in this thesis this
substrate was a static DF construct but this particular substrate had &'4lap (DF4) rather
than the 5 nt and 10 nt flaps usgdeviously As mentioned above, the fluorophores were placed
on the 5terminus of the DF ds regions; tetramethylrhodamine (TAMRA) was attached tc the 5'
thymine of the template strand and FAM waseathed to the Sadenine of 3flap strand figure
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3.11). The separation between the TAMRA and FAM is predicted to be approximately 88 A when
the duplex arms of the DF substrate are coaxially stacked, and approximately 64 A when bound
to FEN assuming a 100 | yfiglife 8.130WhenR=R, the FREJ¥ is halved and wheR=2R,

no FRET is observabi.for the TAMRAFAM pair is approximately 55 A. This value will change
depending on linker length and sequence context. However, this demonstrates thatdiiese

are suitable for this assay.

a accTGeccacceTTTT  5'-Flap strand b
GGCAATTCCAATCCGA- 3'-Flap strand , :
TCGGATTGGAATTGCGGTGGECAGGT- @ Template strand .
88 A
Heat and anneal
5
4\4\
3-ACCTGCCCACC” & 3
o e} oe
M

0 C,
0-P-0-TGGACGGGTGG, k%
H/\/\/\/ _b C‘Q}) )}C\c K+‘) hFEN1

4,
R} Azf)o
e
R K
o
« ~ y T ]
Tetramethylrhodamine _ ’
fluorophore =@ \ 40/,
) .100°
_ Fluorescein o
fluorophore 64 A

Figure 3.11: Schematic of substrate design for FRET measurements with hZ&NIhe

substrate, DR, istriY 2 f SOdzt I NJ F2 N SR-TENRLY alifp sifgRizhnd & fofySR p 4
complemenatry template strand/ Adepicted here, a doublabelled construct is prepared by

FYySET AW FGXK S G PNH JER strankd daBelled witb @ fluorescein (FAM) and a

GSYLIX IGS adNryR tFr0StfSR gAGK  GSGNI YSGKEE NK2RIY
flap strand aml template strand were designed to allow the formation of sihaibelled

substrate constructs, either with FAM only, or TAMRA only and completely unlabelled constructs

(table 2.3). B) When in B DNA the predicted distance from the donor (FAM) and thptacce

(TAMRA) is 88 A, assuming a 100 bend of the substrate bound to hFEN1, this distance decreased

to 64 A. Therefore, an increase in the FRET efficiency should be observed upon FEN addition.

The efficiency of energy transferred (FREWas measured ém the induced emission of the
acceptor, and calculated using the (ratia@)ethod(Clegg, 1992)This allows the FRET eiifincy

to be determined from the fluorescent spectra of a dommly labelled molecule and a donor
acceptor labelled molecule at two appropriate wavelength pairs. In this study, to account for

background noise and any artefacts associated with speciffetednditions, additional spectra
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of an unlabelled construct were measured with excitation at the donor and acceptor

wavelengths and subtracted from the appropriate spectra of labelled constructs.

Steadystate fluorescence measurements were made by @égithe donor (FAM) at 490 nm
and observing the emission at 5650 nm, and exciting the acceptor (TAMRA) at 565 nm and
observing the emission at 570 ng650 nm. Because the excitation and emission spectra of
TAMRA and FAM cannot be separated completitlg acceptor emission_ of a doubly

labelled molecule (DA) following excitation of the donor , the FRET signdd _ h_ ,

is actually a composite of three fluorescent processes:

(1) Emission from the acceptor due to FRET
(2) Acceptoremission fron direct excitation

(3) Donor emission from direct excitation

Therefore, the contribution of the donor emission must be subtracted from the FRET signal. This
is achieved by measuring the emission of the donor in the context of a donodadaied
construct, when excited at the donor wavelengt®( h_ ). This step is necessary because
although FRET measurement only applies to weakly coupled fluorophores, there will be some
quenching of the donor excitation due to the proximity of the acceptor. Prior to subtraction, the
donor emission must be normalised to match the donor peak in the doubly labelled molecule.
The extracted spectrum, consisting of purely acceptor emission, from both FRET and direct
excitation, is also normalized by the maximum emission of the acceptor whestlgdiexcited in

a doublylabelled moleculeO _ h_ . This normalization gives a measure of the total
number of acceptor molecules in the sample. These steps are used to calculate. @edio)

summarized irequation 3.7

0

i 0o Q¢

whereNis the normalization factot O _ h. O

The FREfis functionally depndent on (ratio) and theextinction coefficients of the donor and
acceptor molecules at the excitation and emission wavelengths as shaquation 3.8
- TWMT- TWT

i 00 QE0OYY O ‘N 6 WOGRE ¢
T uUeTm- LT o
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, Wwhere- and- are the molar absorption extinction coefficients at the indicated wavelengths

of the donor and acceptor, respectively.

The local environment of a protein surface can affect the fluorescence intensity ofother
and/or the acceptor(Steinmetzer et al., 2002)The potential sensitization of the acdep
fluorescence induced by protein binding is accounted for in the (rat@thod. For the donor
this same effect was accounted for by a simultaneous titration of FEN protein into a-dolyor
labelled construct and as described above this can then b&aeted from the FRET response

at each individual protein concentration.

FRET measurements can be conducted without the need for changes in the acceptor and donor
guantum yield to be calculated, as these do not interfere with the calculation of the FRET
efficiency using the (ratiamethod (Craggs et al., 2014n addition, the percentage labelling of

the acceptor does not enter into the equation due to the normalization proceiegg, 198).
However, the errors in the percentage labelling of the donor directly affect the specific value of
FREZ:, but not the measuremen(Clegg et al., 1994 herefore, quantitative comparison of
FREZ: values requires the percentage labelling of the donor to be known. Because the main
focus of this investigation was not to calculate dgedye distances but use the signal change

to determine binding constas of WThFEN1 and hFEMAriants, this method allows for a

relatively straightforward approach to determine FRET efficiencies.

The data observed with BFshown irfigure 3.12 reported on the change in kink angle between
the two duplex arms. FEN1 bindidgcreases this angle, causing a decrease in the average end
to-end distance of the substrate indicated by an increase in the observeds{Rétire 3.13.

The FRE#¥ values measured were in good agreement with the previous study using the same

oligonuckotide constructfigure 3.13.
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Figure 3.12: Comparison of FEN1 induced FRET efficiency changes of a DF substrate bearing
fluorophores on the duplex arms byA) Saccharomyces cerevisiB&EN (ScFEN) (taken from
Chapados, B.R., et al. (2004). Cell B9&0) and B) human FEN (hFEN1). Measurements were
performed in different buffer conditions, in the absence of metal ion&)iard in the presence

of 10 mM C%in (B).

3.5.3 Unbound substrate FRET measurements

Previously reported evidence suggestatttDFDNA structures are in equilibrium between
coaxially stacked and bent conformations, and this equilibrium can be shifted depending on the
buffer conditiongCraggs et al., 201Hlere, an assessment of salt variation with intralecular
FREd-values shows that the distance between the two duplex regions of -subDstate
decrease with increasinignic strength figure 3.133. Conversely, changes in magnesium ion
concentration at a constant ionic strength had no detectable effect on the conformation of the
DF constructfigure 3.130. Thetri-molecular substrate is pdicted to have poor stability at the
lowest salt concentrations, thus changes in RRERBy also be measuring substrate annealing
effects. However, at high salt concentrations (100 mM KCI and above) at which the substrate is
more stable, an increase inERx is still detected suggesting a conformational response to ionic

strength.

It was noticed that the starting FRETValue, for unbound DNA, varied over the course of this
study. Therefore, to compare different titrations, the FB&Tas normalisedd the maximum
FREdx-value for that particular titration. Individual titrations were fit to the quadratic binding
equation equation 2.9, and the endpoint was then used to normalise the energy transfer

efficiency value so that replicates could be plotmadthe same graph. Replicates were then fit
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to the same binding equation using the newly generated normalised energy transfer efficiency
values. A schematic representation of the normalization procedure is providiguire 3.14
The binding constants diged from the individual fits of raw FREValues and collective fits of

normalized FRE#values were in good agreement (data not shown).
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Figure 3.13: FRET changes of DF substiatée presence of increasing) (KCl andg) Mg?**ion
concentration. (A) FRETof 10 nM DF measured upon addition of KCI in continuous titration,
starting buffer conditions were 10 mM KCI, 50 mM HEWPEIH, pH=7.5, 1 mg/ml BSA and 1
mM DTT. (B) FRE&Tof 10 nM DF measured at various Mgion concentrations in a
discontinuous manner for two replicates (open circles and crosses). Apart from the indicated
MgC} concentration the buffer conditions were, 100 mM KCI, 50 mM HEREH, pH=7.5, 1
mg/ml BSA and 1 mM DTT.
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Figure 3.14: Schematic representation of normalizat procedure employed for replicatef
FRET titration curved.he steps involved are described in the main body of the text.
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3.5.4 hFENZinduced substrate conformational change

The dissociation constants derived from FRET measurements have been termed to
discriminate them from previous dissociatioanstants reported in this chapter. For WThFEN1,
0 was 20 = 3 nM in the presence of?Cians (able 3.3. This is consistent with the
value of 14 = 3 nM reported foSulfolobus solfataricuEN using similar ensemble FRET
experimentsCraggs et al., 2014Analogous to the binding constant determined by EMSA, this
value is lower than the value obtained from FA by approximatdiyld This suggests that a
binding constant determined by a FEdMuced FRET change may be just that, truelipg
constants, and a more reliable approach for measuring and comparingalues. It should be
pointed out that the phrase FENduced might be misleading, as it suggests that the increase in
FREZ: is only brought about by FEN bindidigigre 315a). A recent singlenolecule (sm) study

on DF substrates established that they are able to sample a range of conformers, including the
bent conformation observed in the FEN:substratrystal structure. The reported evidence
implied that FEN binding simpsétabilises rather than induces the bent conformat{@uaggs et
al.,2014)

The substrate is still capable of bending when bound to hFEN1 containing no metal ions in the
active sitg(figure 3.150). The dissociation constant measured for hFEN1 binding-tbiDbuffer
containing EDTA was 59 * 11 nislb{e 3.3. The dissoation constants measured by FA were
identical in C& and EDTA. In contrast, there is-fo81 difference irthe binding affinity of hFEN1

for DF4 when measured by FRET. Previously publisheBREI and gehift data, studying the
effects of flap lengtlon the dissociation constarfGloor et al., 2010; Sobhy et al., 2013)th
reported lower Ky values for longer flap substrates, and rationalised this phenomenon by
suggesting that the dissociation rate was slofarlonger flap substrates as it is more difficult

for a threaded flap to withdraw from the helical arch. In addition, the samd-RR&T study and

a complementary sAFRET investigation, measured slow dissociation rate constants after a
conformational changésuspected to be threadingraggs et al., 2014; Sobhy et al., 20T8Be
slightly higher value in EDTA may be due to a faster dissociation rate, as evidence
suggests the threading proceissdependent on metal ions (Patel, 2012). Therefore, in EDTA the
substrate might dissociate more easily becausethE® | LJ A& y 20 Wi NI LILISRQ
The same trend is observed lBA00Atable 3.3.
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Table 3.3:lrr e -zgﬁpa[ameters for 10 nM DH bound to WThFEN1, Y40A, K93A, ¢

R100A determined by FRETf

YSIadaNBYSyia

6SNBE YIRS

HEPESIaOH pH = 7.5, 1 mM DTT, 0.1 mg/ml BSA and 10 fidr@amM EDTA as indicate
The dissociation constants derd from equation 3.3 are reported with the standard error:
parentheses. The change in raw FRrE@lues from triplicate experiments are reported w
the standard errors in parenthesén.d. = not determined. Accompanying graphs are sh

in figure3.15.

Substrate

DF4

4 nt 5flap, 1 nt 3-flap

Enzyme WT Y40A K93A R100A

Buffer ca EDTA | C& EDTA C&" EDTA C& | EDTA

L yg-m20 59 70 nd2 |71 nd2 | 135 | 289

(M) (x3) (x11) | (x10) (+11) (£22) | (x84)

nCwd ¢ | 0.11 0.05 |0.09 |nd? |0.13 nd? [ 0.07 |0.09
(+0.002)| (£0.01) | (+0.01) (+0.01) (+0.01)| (+0.01)
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Theinterpretation ofv values can be simplified if it is assumed that the substrate is in
the same conformation when bound to WThFEN1 and mutated FENs. The limitations of the
assay as it stands means it is difficult to compare the rawldrRBlues at protein saturation.

The change in raw FREValues (from unbound to saturation) was similar for all proteins tested
(table 3.3, suggesting that the substrate is in the same conformation when bound to WThFEN1
and mutated FENsTherefore, 1 is reasonable to assume that the assay is reporting on the
affinity for the substrate in the same state/conformation. Resolution of the problems associated
with the assay would allow this type of analysis with ensemble FRET measurements. However,
being onfident about the enepoint value is not necessarily very helpful as the percentage of
the population that is giving that specific signal is unknown in-bucage / steady state FRET
measurements, sm techniques would be required to probe the heterogeiRothwell et al.,
2003). Single molecule experiments would be very informative for this type of analysis as they
could report not only the range of eAd-end distances for each protein but also the population

of each state.

3.5.5 Mutated FENSs bring about a substrate conformtional change

The DNA conformationalependent FRET response suggests that this is more of a functional
assay than either gedhift or anisotropy assays as initial association and substrate manipulation
are examined simultaneously. Therefore, this teclsitends itself to investigating the effect of
singlepoint mutations on the ability of the substrate to be in a bent conformation when bound

to variant FENs. On addition of each of the mutated FENs tested, Y40A, K93A and R100A, the
DF4 flap construct exibited a significant increase in the efficiency of energy transferred
indicative of a global reorganization of the flap structure to a bent conformafigarg 3.15.

Thev values for Y40A, K93A, and R100A were 70 + 10, 71 + 11, and 135 + 22 nM,
respectively. These values are essentially identical within experimental error. However, unlike
anisotropy results, all thregariants display slightly weakerrding than WThFEN1aple 3.3.
Previously it was believed that the binding affinity of these particular mutations was comparable
to WTFENPatel et al., 2013; Qiu et al., 200Fhese data suggest that this mayt be the case,

and when dissociatiooonstants have been determined previously the nuances of mutated FENs
KFEIgS 06SSy RAa3I@KEFHS Bspetific KigdhdP Henc ythe data presented
here suggests that this approach is an improvement arvipus ensembkhdinding
measurements and if extended to otheariants could provide useful information to help gain

insights into binding mechanism of FEN1.
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3.5.6 Assay development

Theefficiency of energy transfer is dependent on the orientation of lnerophores(Dale et
al., 1979) If the average orientation of the fluorophores changes ia #ipsence and presence
of protein then the assumptions of the (ratiopethod do not holdThe mobility of the dyes can

be determinedmdirectly from their anisotropy.

Donor and acceptor steadstate anisotropy values of singlgbelled constructs were msared

over the course of a typical titration. TAMRA attached to the terminus of the downstream duplex
has an anisotropy of 0.13igure 3.163. In contrast, FAM attached to the terminus of the
upstream duplex has an anisotropy of 0.0{uyre 3.160, suggsting that fluorescein must
undergo considerably faster rotational diffusion than rhodamine (the maximum anisotropy
possible for both dyes is almost 0@legg et al., 1992Yhe anisotropy for the TAMRKly
labelled substrate increases with ieasing hFEN1 concentration, to a maximum anisotropy of
0.19, and when fit to the quadratic binding equati@gyation 3.3 yields a reasonablé-value

of 29 + 4 nMfjgure 3.16a) Whereas the anisotropy of the FAdMly labelled substrate construct
does na plateau during thecourse of the titration, FAM bound to the'-Bap of a similar
construct has anisotropy of 0.12 at saturati@egtion 33). Thisimplies that binding of hFEN1

to the donoronly labelled substrate construct restricts the rotation oetRAM fluorophore

itself, most likely be means of a nepecific interaction with the FAM.

Another issue with this particular construct was that the change in energy transfer efficiency

gl a NBfFOGA@Ste avylrtt 2y (NI yBREJACROY 0.T12 Nisdzy 6 2 d
meant that the data were relatively noisy and one of the reasons why normalization was
necessary. The FRET response is linear between 0.5 and 1.5R, and increases considerably when
the R distance is crossed (not true for theBeorophores on this constructlherefore, a new

substrate (DB6) was designed with these two points in minigure 3.19 (personal
communication: Tim Craggs). The substrate was designed using the sam@aifRHERe
fluorophores were modelled into-BNA attached to an internal thymine at the C6 position so

that they would extend out into the major groovéigure 3.173. The stretches of -BNA were

then modelled onto the upstream and downstream regions of the hFEN1:product structure so

that they would beoutside the limits of the hFEN1 protein surface
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Figure 3.16: Anisotropy changes ftwo variations of the DF4 substrate(A) the acceptoronly

construct (TAMRA) and (B}he donor-only construct (FAM) with increasing hFEN1
concentration.Assays were pasfmed in 10 mM Cag£l110 mM KCI, 55 mM HEPESpH=7.5, 0.1
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Figure 3.17: Model oDFB6 FRET construct bound to FEMNth FAM and TAMRA attached to

C6 of thymine (blue T) in upsara and downstream duplex regions, respectively. Assuming R

55 A and 100° angle when bound to FEN should produce a FRET efficiency change of 0.34.
Courtesy of Tim Craggs.

As predicted from the model, repetition of the anisotropy experiments using tighdiabelled
constructs showed that both the donamly and accepteonly labelled substrate produced a
hyperbolic response upon the addition of hFEN1. This suggests that both of the fluorophores
had free rotational freedom when the protein was bound thet DNA in the correct
conformation {igure 3.18. In addition, as expected, the change in RRB&s significantly

increased from the unbound to the saturated stafigre 3.19. Initial experiments supported
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the results collected with the older FRET stuéte but the data was considerably less noisy due

to the larger change in signdigure 3.19.
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Figure 3.18: Anisotropy changder two variations of the DFB6 substrate(A) the acceptor

only construct (TAMRA) 56 + 14 nM and (B¢ donor-only constrict (FAM) 48 + 10 nM with
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3.6 Summary and discussions

The importance of the residues investigated is inferred from their conservation throughout
evolution and acres the hFEN$uperfamily. Previous biochemical data revealed that as
expected these mutations were detrimental towards catalysis, but the work detailed in this
chapter showed that their removal has a much greater effect that initially appreciated. Mutation
of the stacking residue, T¥0 is the least detrimental towards catalysis. Crystallographic studies
have suggested that this residue stacks with the unpaired nucleotide of the product, but it may
not be important for stabilisation of the unpaired subdta This is investigated further in
chapter 4 Here, creation of a doublariant(K93AR100A) allowed the relationship between
Lys93 and Argl00 to be investigated. Mutation of each of these residues reduces the activity
2000 and 750480ld, respectivelycompared to WThFEN1. However, the dowdeianthad the
same level of activity as the single R1@@fant Together, these data suggest that there is likely

a concerted involvement of L3@3 and ArglOO in the hFEN1 reaction mechanism. Further
evidenceis presented irchapter 4 Unsurprisingly, the most detrimental mutation studied in
this chapter was D181A, emphasising the importance of divalent metal ions in the catalysis of

phosphate diester hydrolysis by hFEN1.

Collectively, the different binding says described in this chaptal suggest that hFEN1 has
nanamolar affinity for DF substrates, as summarizedaible 3.4 Although differences were

seen depending on which biophysical approach was used, the affinities measured were all of the
same orderof magnitude and in accordance with previousiported dissociation constants.
Additionally, despite differences in the length of the duplex regions and fluorophore positions
between the two FRET substrates-H&nd DFB6 used in this study, the dissdiia constants

(+ C&") for hFEN1 were very similayiving validatiorto this type of assafor measuring FEN1
binding The data suggests that the reduced catalytic rate of vhdant studied is not a
consequence of impaired substrate binding affinthyt it does suggest that there are subtle
differences between themselves and the wilghe counterpart. The data presented here
suggests that the best approach in the future to investigate these effects would be to use a FRET

assay.

Interestingly, althoup divalent metal ions bound in the active site have no effect on overall
affinity, their presence may determine the conformation of DNA much further away from the
activesite. Preliminary data with the new FRET substrates suggest that the substrate may not
bend as much in EDTA (lower FRET-mmidt). Understanding of this difference may have

further implications as to the order of substrate manipulations (bending/unpairing), performed
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by hFEN1. Nevertheless it is clear from the data obtained to date timalibhg can occur without
active site metal ions (in EDTA), but whether there is a greater reduction in the duplex angle in

their presence deserves further investigation.

Table 3.4: Summary oF:rr parameters and standard errors determined by fluorescen
anisotropy, electromobility shift assay and fluorescence resonance energy transfet
WThFEN1 and mutated FENsf £ Y SIF AdzZNBYSyGa 6SNB YIRS
HEPESIaOH pH =7.3,mM DTT, 0.1 mg/ml BSA and 10 mM*6a2 mM EDTA as indicate
The dissociation constants derived from equation 3.3 are reported with the standard er
parentheses. The minimum and maximum anisotropy valugsand rmax, respectively, fol
triplicate experiments are reported with the standard errors in parentheses. n.d. :
determined.

Anisotropy EMSA FRET
Substrate DF5 DFB10 DF4
Code
Dissociation L L b o]
constant
Enzyme cat EDTA cat EDTA ca? EDTA
WT 46 50 10 n.d. 20 59
(= 6) (x4) (=3) (£3) (£ 11)
Y40A 175 n.d. n.d. n.d. 70 n.d.
(£ 25) (x10)
K93A 58 93 n.d. n.d. 71 n.d..
(= 8) (= 6) (x11)
R100A 92 111 n.d. n.d. 135 289
(x 10) (= 8) (x 22) (+ 84)
K93AR100A 78 106 n.d. n.d. n.d. n.d.
(=8 *9)
D181A 180 n.d. n.d. n.d. n.d. n.d.
(x 32)

121



Chapter 4: Investigating local conformation changes of nucleotides in

the human flap endonuclease active site by low energy cular

dichroism of 2-aminopurine

4.1 5-structure specific nuclease mechanism

As discussed in thiatroduction Gection 14), the current double nucleotide unpairing (DNU)

mechanism proposed for hFEN1 is largely based on structural (@swos et al., 2007;

Tsutakawa et al., 2011 omparison of the substrate and product crystal structufigsie 4.1

suggested that there was likely an enzysubstrate intermediate in which the first two

nucleotides of the duplexegion adjacent to the Hlap were extrahelical. The use of

spectroscopic techniques to directly observe this proposed intermediate is discussed.

WT:Sm* :product

i Y40

C

3'-flap
scissile

phosphate

\ template
- =
5’-flap

Cleavage Competent Complex

Substrate

- @@.) s’

Product

{

Figure 4.1: Substrate and product complex DNA structure comparison reveals a dbabée
unpairing mecharsm for scissile phosphate placemerff) DNA from WT:substrate complex
|.

show theb m

(B) Closeup view of the DNA in the active site of the WPSmoduct DNA complex. Unlike the

substrate complex, thi m R SOLJF ANAL SARYSLJIFGAKNSS Roxv Yy R

64 YRO

YA

YR bwm

KI a

6ANBSY O

yia

NS

LI ANBR gAGK
close up of the activsite (below) showing the distance required for the scissile phosphtite
-1 nt to move in order to be positioned within the catalytic radius of the metal ions (cyan spheres).

¢ e Nhn

nt. (O Model of double nt unpairing to move substrate into a catalytic position for incision.
Adapted from Taken from Tsutakawa, S.E., et al. (2011). Cell 1431198
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4.2 2aminopurine substitution in enzymolayy

Circular dichroism (CD) is used to monitor conformational changes of nucleic acid structures,
however, many important DNA metabolic processes occur at specific junctions, therefore only
the conformational changes of nucleic acids at these junction®farelative importance. The

CD of a polynucleotide effectively comes from the sum of all{base interactiongJohnson et

al., 2004) Therefore the signal originating from the residues of interest will be masked by the
total signal. Exciton coupling circular dichroism (ECCD) offers awlagdnvolute CD spectra

by using 2aminopurine (2AP) as a spectral probe, more specifically adjacelP 2esidues, to

report on the local DNA conformatioiBatta et al., 2009; Johnson et al., 2004)

2-AP isa structural isomer of adenine, and although the hydrogen bonding pattern is changed
by repositioning of exocyclic amino group #AR:T bas@air does not significantly alter the
structure or the stability of dsDNAidure 4.2 (Eritja et al., 1986; Sowers et al., 198@)d 2AR
containing dNTPs can serve as polymerase substrates in vivo and iffridatgo da Silva et al.,

2002; Goodman et al., 1977; Mandal et al., 20@2rohit et al., 2003; Wang et al., 1981)

major groove major groove
HN—H----0 9
N S = 3
\
~N /_/N ----- H-N O V2 V. H-N
N N, N a
0] HN—H----0
Adenine Thymine 2-AP Thymine
minor groove minor groove

Figure 4.2:Comparison of the hydrogen bonding scheme between adenine:thymine and 2
aminopurine:thymine.The position of the hydrogen bonds is altered in tid*XSubstituted base
pair but the WatsorCrick hydrogn bonding pattern is maintained.

2-AP contains an electronic transition dipole moment (ETDM), the magnitude and orientation of
which can be modelledigure 4.33 (Holmen et al., 1997)In tre absence of coupling, twe&P
nucleotides possess ETDMs that have degenerate electronic transition energy levels. In other
words, a dimer of two nointeracting monomers (such as tweAPs separated by a single
canonical base) will have the same absamptfrequency as that of the monomer, except that
the intensity will be twice as large. On the other hand, two tandem or adjac&R<2form an
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excitonpair with two singly excited electronic transitions of unequal enerdiggire 4.30),
contributing to tre uneven oscillator strengths (absorption intensities) resulting in a bisignate

signal at wavelengths >300 nm in a CD spectrum.

A 2-AP dinucleotide: (2AP), B
‘MR
/N u, 12 oV S S
N N ’ 8 Pz 12
={_ 12
HO 0 N NH, & il e,
5| F—lee—lep ~=_ ] e
o B strong |  weak
Q transition | ' transition
’\P’O@ /N I !91’ Ig‘.*) — |g ¥
0™ uncoupled molecules exciton-coupled dimer
N L
O N™"NH,

HO

Figure 4.3(A) The molecular structure of the-AP dinucleotideThe lowesEnergyelectronic

transition dipole momentsEDIMs) are indicated as blue arrowB) Energy level diagram of

two chemically identical twalevel moleculesAn example configuration with relative transition

dipole anglé 1». Electronic interactions result in an exciaupled fouslevel dimer with a single

ANRdzyR aidt i8S 0603032 l9y2R,ant i singlé dodly ExsitddSRte @)iThel Sa 06
conformation of the dimer determines the energy level spacing thedstrengths of the

transitions. Yz is the coupling strength,1Ris the vector connecting their centres andapd &

are the magnitudes of the electric transition dipole moments. Taken from Widom, J. R. et al. New

J Phys, (2013), 15(2).

The monomes of adjacent 2APs interact due to the fluctuating electric fields in one monomer
interacting with the other causing a transfer of excitation. As a result, the two singly excited
states are no longer degenerate, but one is displaced above the energyfdaiel monomer,

the other below; and the energy gap is not necessarily ef@Cahtor and Schimmel980Q. The
electronic interaction between adjacent&P residues and therefore the exact splitting of the
energy levels is dominated by the separation bubdy the relative orientation of the-2AP
electric dipole transition momentand by the relative phase of their excitatidhVidom et al.,
2013) Whether these interactions are constructive or unfavourable will result in et or
blue-shift, respectively, in the absorption maximum. In addition, ¢ixeitornrcoupling will result

in splitting of the peak, howeveusually the two spectidbands are unable to be resolved and
this effect is manifested in a broadening of the peak. Moreover, a function of two interacting

identical chromophores is that the relation between the absorption signal and absorption state
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(orientation of dimer) is degenerate, in that different conformations can give rise to identical
spectra. However, as stated above, CD can be used to enhance and exaggerate the exciton
coupling effect considerably as two spedtrands of opposite sign are proded. Additionally,

the low energy CD spectra not only reflect the asymmetry of the conformational relationships
between 2AP residues, but immediately adjacent stacked (or unstacked) bases or base pairs.
ECCD is particularly useful for studying proteirAdmplexes because these transitions occur

in aregion of the CD spectra where protein and unmodified DNA are transparent.

The spectra of an isolated dinucleoside monophosphat&R2 molecule, and in the context of

ss and ds DNA, in addition to tweAP separated by an interviewing base have been
characterised previouslgJohnson et al., 2004he low energy CD spectrum of an isolated
dinucleoside monophosphate {P)» molecule exhibits a bisignate signal with a positive cotton
effect figure 4.43. The negative and positive bands digpimaxima at 220 and 317 nm,
respectively. The cross over point, where there is no CD intensity (left and right circularly
polarized light absorbed evenly) occurs at the same wavelength as the maximum absorption of

unpolarised light ~270 nm.

Figure 4.4{A) CD spectrum of isolated (APYThe CD of (APper mol of AP in 20 mM phosphate
buffer, pH 7.5, at various temperatures. The spectra, in order from greater to lesser intensity,
were obtained at 20, 40, 60, and 80°@sé) The molar CD of (AM) phosihate buffer at 20°C
(highest intensity) and 80°C (intermediate intensity), and in absolute EtOH (20°C) (lowest
intensity). Taken from Johnson, N. P. et al. PNAS, (2004), 101(10343426B) Comparison
of CD spectrum of 2AP dimer in ssDNA (green) asiddA (red)Insert, specific oligonucleotide
4SljdzSy0S 2F O2yaidNHzOG dzaSR aK2gAy3d wH!t- ydzOf
GSNX¥YAYydza Ay | &das5b! O2 y a-i BN A y dzsfvRrhagigcd8DNAH M a4 S &
construct. Adapted from Datta, K. et al. JBD09), 284(25), 171807193.
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