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ABSTRACT

Repair of modified (-alkyl-pyrimidines by
O-Alkylguanine DNA alkyltransferases

Lauralicia Sacre

O*-Alky! lesions are #orm of DNA damage that occurs due exposureto some alkyléng
agents, whichcan berepaired by O*-Alkylguanine DNA alkyltransferasesGTs). AGTs from
different species differ in their substrate specificity and proficiency towaegmir of these
lesions.O*-alkytpyrimidineswith C5modifications were prepared by using a combination of
small molecule and solid phase synthesis in order to investigate their repair by different AGT
homologues such as human AGT (hA&Tkoli OGT andAdaC and a hAGT/OGT chimera
(hOGT). Studies have shown that hAGT is less efficient at rem@Yirgions than theE. coli
variants. Previous work from our group revealed that replacing then€thyl group with
hydrogen resultsn an increase in the proficienof repair of O*-alkyl lesions observed by the
human homologue. It was observed thait presence o& C5fluorine atomresulted in a futher
increase in repaiof a O*-methyllesion, particularly by hAGT and the chimeRapair of theO™
methyl lesion increased about Z6ld after 1 min with 5 equivalents of AGT when fluorine
rather than hydrogen was at the @®sition. Repair of larger lesions at tf# position such as
ethyl, benzyl4-hydroxybutyl and #hydroxyheptylwere also evaluated for analogs with fluorine
at the C5 position. Interestingly, all substrates were repaired efficiently-@Raeas able to
repair larger adducts such a&*-benzyl and O*-4-hydroxybutyl Human AGT showed a
preference for the benzyl adduct, adbserved previously in the literature. Smaller adducts
(such asO*-ethyl) were repaired faster than the larger ones by the various AGTs®fh
hydroxyheptylrepair observed to occur more efficiently relative to its 4 carbon analogue
presumably due ta more flexible chain allowinfpr a more optimal accommodation for the

removal of the lesion. Other halogens such as chlorine and bromine at the C5 position were



also analyzed to observed their influence relative to fluorine. Repa@*@hethyl lesions \ith
chlorine at the CHosition occurred faster relative to bromine. The largerb@mine did
influence repair with a maximum of 55% removal of @femethyl lesion by the AGTs observed.
The presence of chlorine at the @Bsition had a positive influencen removal of theO'-
methyl group by human AGT with slightly faster repair observed compared to tfiedihe
analog. Overall, the presence of the-fiorine group was shown to have a positive influence

on O*-methyl repair by AGT, distinct from the liménce of chlorine or bromine at the €5
position. These studies have expanded our knowledge of the range of subtrates that can be
repaired by AGTs and may be useful in guiding the design of hAGT inhdsittnerapeutics

against uncontrolled cellular priération seen in cancer
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Chapter 1. Introduction

1.1DNA Alkylation

DNA is a complex macromolecule that carries our genetic information. Every day, DNA is
exposed to endogenous and exogenous agents that can cause damage. Depending on the
damaging agent, different lesions such as alkylations can be produced. These lesilonisec
detrimental if they do not get repaired as they could eventually lead to mutations or
modifications in the DNA. DNA alkylation ¢asultfrom different sources and it couldccur at
the atoms that are more@ucleophilic Most of the resulting addus are mutagenic or cytotoxic,
and therefore organismhave developed different mechanisms to repair the vast range of alkyl

lesions.

1.1.1 Alkylating Agents

Alkylating agents allow the formation of different covalent adducts between their
electrophilic moietis and the nucleophilic atoms in DNA. Alkylating agents can be classfied
monofunctional or bifunctional agentsvhich undergo one or two alkylating events
respectively! They can also be divided according to the mechari§the alkylationreaction
which can beeither $1 (unimolecular) or & (bimolecular}? Thisfinal classification depersl
on the specificalkylating agentin these nucleophilic substitutionthe S\2 rate depends on the
concentration ofboth the electrophile and the nucleophil@éucleophilic centers in DNAWhile
the Syl rate only depends on the electrophile (alkylating ageit)ereforeS2 alkylating agents
are more selective with regards to the positions in D& which they react.Monofunctional
alkylating agents predominanthact upon the N-atoms of the nucleobases,capable of
introdudng a range of lesionscluding methylethyl andother adducts. Exaples of these are
N-methylb @Qitro-N-nitrosoguanidine (MNNG),-Bthyl-b @Qitro-N-nitrosoguanidine (ENNG)-N
methykb Qitrosourea, whichoperate via a 1 mechanismwhereas dimethyl sulfate and

methylmethane sulfonateeaction bya $i2 process™®



Bifunctional alkylating agents tend to be more damaging and lethal for cells as they can
potentially generate numerous products includimgerstrand (involving complementary DNA
strands) and intrastrand (occurring at the same DNA strand) irdss (secondary producth
addition to mono-adducs (primary productf*”! Examples of bifunctional alkylating agents
include derivatives of chloroethylating agents like chloroethylnitrosourea (CENU) and alkyl

sulfonates such as busulfan and hepsulfag2 (@agents)”

1.1.2 Sources of Alkylation

Alkylating agents can be endogenous or exogenous to the cell. Endogenous sources
include Sadenosylmethionine, which acts as a methyl donor in many cellular reagtogsre
1.1 A)¥! Studieshave shown that @denosylmethionine could produd®@®MedG (about 1680
events per day¥! Exogenous sources involve a long list of nitrosoureas and nitrosamines that
canbe found in alcohol and tobacé®™'? A high percentage of these exogenous sources can
alsointroduce lesions at the oxygen ams of the nucleobasesuch as?® and 0" atomsof H-Q
deoxyguansineand thymdine, respectively.

The akylation of DNAcanbe exploited toprovidea therapeuticbenefit. This is the case
of some cancer therapeutics, where ti@NAalkylationis desired The introduction of alkyl
lesions in order to introduce DNA damaggmlead to the death otancer cells. Temozolamide,
which is a methylating agenhat generats DNA mono adducts, is employed in treatmemit
brain tumors(Figure 1.1 CBisalkylating agents are also used in treatnsegfainst cancer. One

example of these is the alkyl sulfondtasufan. 2

A1 B C o
) L cH
NH2 O\\ //\N N/ 3
N BN 'l\l N ,\
+ ¢l N N_ _NH = N'N
HC'SW N N/) HeC™ Y
3 O o H2N O

OH OH

Figure 1.1:Alkylating agets such agA) SAdenosylmethionine, B) N-methykN@nitrosourea
and © TemozolamideThe electrophilic methyl group is shown in red.



1.1.3 Predominant sitesand consequences of DNA alkylation

Alkylation with electrophiles occurs on the electron rich atofmscleophilic atomspf
DNA; therefore it can occuat the DNAbackbone or thewucledbasesespecially at the Nand O
atoms Certainatomsand positionsare more susceptible than others to alkylatigklkyl lesions
can have mutagenic, cytotoxic and even carcinogenic consequéfidest instance, lesionat

the atomsinvolvedin WatsonCrick base pairing tend to be more mutagéehic?

The most vulnerable atom for alkylation is N7 of guafitfleFor instance when DNA is
treated with simple methylating agents, around 80% of the methylation occurs at the N7
position™¥ Alkylations atthe N7 position predominatly undergo depurinatiod” The second
most predominant site for alkylation is N3 of adenine. This type of lesion has cytotoxic effects
as it could cause the blockage of DNA replicafidfl. The repair otheseN-alkylated purines

occurs normally through base excision repair (BER)

Other types of alkyl lesions tend to have a higher mutagenicity effect. This is the case of
the O-alkylations, particularfO®MedG andO*MeT (Figure 1.2)C°alkylation tends to occur in
more significant amounts compared to alkylation at #B&atom. Analysis oDNAexposed to
different methylating agents such a&methykN-nitrosourea(MNU)revealedthat amongthe
total DNA adducts about 8% and less th&4% corresponded t@°MedG and O'MeT

respectively 1819
A R B R
(o] 0
6 5 i
3N
s</ e
)\ ) N/ng
3 S

Figure 1.2:Alkylationsin (A) dG andB) Tat the & and O positions, respectively.

The mutagenicity of the lesions not only depends on how often they occur but in how

efficientlythey get repaired by the organism and their persistence. In the ca§8MédG, if it



is not removed by hAGT (to be introduced laterionhis thesi3, it has the possibility to cause a
dGA dA transitionwhere now itcan base paiwith T(TA dC transition shown in Figure 1.3)
This O®MedGT pair can be recognized by the MMR (Mismatch Repsithway and two
possible scenarios could develop; (1) If the lesioaurs orthe nontemplate strand, itcanbe
removed and a point mutation will be gerated as now the template strand has a thymidine
rather than aH -@eoxycytidine or (2) If the lesion is on the templsteand, the MMR
machinery will keep incorporating T and recognizing it again as a miseatiehng intoa futile

cycle that eventually signals for apoptoSls.
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Figure 1.3WatsonCrick base pairing oA0 R, [(Bud#w0O*-MeT and ¢ dGuO*-MeT

Different studies in mammalian cells have shothiat O'MeT lesionspersist, positioning
this lesion in a higher level of toxicitwifich could generate B dC transitions) compared to
O’MedG!* This is due to the fact that mammalian DNA repair mechanisms are not efficient at
removing this lesion. Studies have revealed 1B&leT is neutral to the presence or absence of
hAGT and desnot get excised byhe MMR pathway. Onthe other handthe NER (Nucleotide

Excision Repaipathwaycanrestore DNA containing this lesigi**!

1.2 DNA Repair mechanisms

Organisms havevolved different repair pathways in order to fight againsbdifications to
DNA Deperming on the type of lesion, differem@NA damag repair mechanism would be used
The pathways includéase excision repair (BER), nucleotide excision repair (NER), tolisma

repair (MMR), homologous recombination, romologous end joining and direct repair.



The importance of research in this field was recognized by the scientific community with the
2015 Nobel prize in chemistry awarded to Lindahl, Modrich and Sanoartteir respective
work and mechanistic studies in BER, NER and MMR pathways. BER is in charge of removing
small and norbulky modifications on the heterocycle. This involves repair of soratkNated
purines (as previously mentioned) and it plays a bactole for repairingd®®MedG!Y NERis
responsible for theemoval of bulky and small addudteludingO*-alkytT lesiond?*?! Finally,
MMR focuses on detecting amdbrrectingthe improper incorporation of nucleotides. As stated

before, MMR is able to recognize the mismatghich occurs wittO*-alkytdG ™!

1.2.1 Direct Repair
OP-alky+dG lesions, and to a lesser extentO*-alkytT lesions can be processed in
mammalian systems$y the direct repair pathway. Direct repaacts upon relativelyspecific
forms of damage and does not involexcisionof the DNA strand where the lesion is present.
In humans, tlere aretwo direct repair proteins. The first class corresponds to the homologs of
AlkB protein ABH2 and ABH3vhich perform the direct dealkylatiothrough an oxidative
process*?"?® These Fbdependent dioxygenases are specialized in repairing alkyl lesions
(particularly methylation) atN1 of adenine and\3 of cytosine yielding the repaid base and
formaldehyde as the other producti*?7:28]
The second clasare the O°-Alkylguanine DNA Alkyltaresses (AGTSPGE are the
proteins thatthe different projectsin this thesisfocus on specifically human AGT (hAGthg

two variantsfrom E.coli(OGT and Ad&) and a chimera hOGT (discussed later on text).

1.2.2 Direct repair by AGTs

O-Alkylguanine DNAAlkyltansferases (AGTpgrform a direct covalent transfeof an
alkyl groupfrom the damaged bast® a nucleophilic cysteine residue presentthe active site
of the protein (Figure 1.6) This directtransfer is irreversible and at the end it generatas
alkylated protein (which now is deactivatedand the restored DNA. AGTs execute a

stoichiometric reaction because one AGT protein is required for the removal of onéesikyl



They are specialized in repairing the alkylations occurring at @ieosition of H-Q

deoxyguanosine ando a variable extent, the"*-position of thymidind?>-"!

1.30%Alkylguanine DNA Alkytainsferases

AGTsare relatively smallproteins, normally around 121kDa*"! They are present in
almost all kingdoms of life. Even though AGTs from different species have a similar overall
structure, their sequence identity is lowoNetheless, these proteinsaveconserved important
features such as a PCHR motif present in the active site. They have -tutrehelix DNA
domain (Figure 1.5and differ from other DNA binding proteins in the way that they use the

minor groove of DNAof the binding interactior?®2

Figure 1.4hAGT Nerminal (magenta), Zinc ion (yellow), Heixonnecting Nand CGterminal
(green) andSterminal (blue) Kodel prepared by PyMol using entRDBLEH§!



1.3.1hAGT structure and mechanism

The AGTprotein consists of Nand Gterminal domairs. The Nterminal domainhas a
structural roleand in humans it contains a zinc i@hown in Figure 1.4Which aids to stabilize
the interface between the two domair$>** The Gterminal domain is where the active site is
locatedas well as the DNA binding region. The DNA binding motif is known as théulhelix
helix motif (HTH). In hAGT, the first helix of the domain has residues TA4td121 and the
second helix comprises Alak2Fy136. This second helx involvedn recognition and interacts
with the DNAB*3°!

The activesite and the HTH domain are linked by residue Asn137. The active site pocket,
containing the conserved PCHR sequence, is situated near the bottom of the solvent accessible
groove forming the binding chann@figure 1.5)This grove is approximately 8 Adej 9 A deep
and 14A long, giving it a tunndike shape>**>'Once in the hAGT active sitte damage base
is surrounded by Pro140, Tyr 158 and Ser159, which constitiite NI 2 F G K132 01 SG Q

= HTH

P

QO
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Figure 1.5hAGT secondary structure showing the HTH domain (mageheagctivesite (cyan)
and the bindingto the DNA (orange) at the minor groo®odel prepared by PyMol using
entry PDBLT3§"?
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The repairreaction performedby AGTs occurs in aZSfashion(Figure 1.6) It begins
with the damagedhucleotided SAy 3 Ff ALIISR 2dzi 2F (GKS 5b! RdzLJ
phosphate/®=® There is a GhHiswater-Cys hydrogen bond network that increastse
reactivity of Cys145 (in hAGT) in the active sitea proton transfer, so the second step
nucleophilic attaclof the thiolate on the alphacarbonattached to the nucleobase can occur

Two products are produced; the irreversibly alkylated protein amel testored DNAZ-3®)

H
o /F;C:O\' N 0 & _H-0
/\N LH s — O /=N 7
SH N NN O-H-N
_— . "LDNA G|U172 —
Cy3145 y=N CYS145
His 146 2 - = His 146

Tyrisa < > O/H Tyryqa . < > O/H

Figure 1.6Repair mechanism @"-Methyl-dG by hAGTreproducedirom Pegg 201 Toxicol)

Alkylated AGT, which now is inactive, can interfere with the task of other active AGTs, as
the ability to bind DNA does not get affected even when inactivated. Consequently, they are
substrates for ubiquitin ligases causing them to get ubiquitinated and later on degraded by the

proteasome'?®3&3e]
1.3.2AGT homologues and their substrate specificity

E.colihas two AGT variants. The first one to be characterizedvatida known crystal
structure was Ada (39kDa), an adaptive response protein that is highly inducible to alkylation
damagée?**¥ Only its @erminal domain (19 kDa) has direapair activity and is selective
towards the removal of alkyl lesiof§! AdaC has a preference for repairing smaller adducts
such as methyl groups due to its relatively small active site pocket compared to other AGTs. The
presence of tryptophan 161 in the active site causes steric exclusiamger group$®™ AdaC
also contains 2 cysteine residues thatncperform direct repair but it is Cys321 that is
responsible for removal of the alkyl groups from % and O*-atoms of dG and T respectively,

favoringO®-dG lesiong-3314%



OGT is the second variant and in contrast to Ada, it is not inducible and normally present
in small amounts (about 30 molecules per X&#*%*! Currently, there is no crystal structure
available of this 19 kDa protelft! OGT is able to remov&°MedG and O'MeT lesions
efficiently, giving preference tthe latter. This variant has demonstrated in multiple studies to
be more tolerant of bulkier substrates than A@aand more efficient at repairing both smaller

adducts and larger alkyl chains (at tB&position of T) relative to other AGTE:*344

Given the proficient repair of0*MeT obsered by OGT compared to the human
analogue hAGT, studies to replace certain amino acids by site directed mutagenesis to make
hAGT more OGIike have been performed. McManus prepared a chimera of hAAGT and OGT
(termed hOGT) mutating residues 1399 of hAGT wh those present in OGT (residues 133
153) whilemaintainingk ! D¢ Q& t NXR(aiding in stbiility Rfdk® proteirf® This work
was inspired by a previous study of the Pegg group, mhbtated 8 different residues of hAGT
to the analogous residues from OGT in order to generate hAGT variants capable of répairing
MeT lesions however it presented some solubility isstfésh dzNJ I NR dzLJQ& KhD¢
demonstrated the ability to repair the same adducts as OGT as well as efficiency of repairing

larger adducts in a manner similar hAGT.

Finally, it has been reported that hAGT is capable of repairing small adducts and
demonstrates a pronounced preference (®8d higher) for repairing0®-dG over O-T
lesions'**! These studies have been performed on modified bases and substrates incorporated
in aDNA sequence. In general these AGTs have an inclination for the lesions when they are in

dsDNA but still they are able to repair when they are in ssiNA.

1.3.3 DNA damage detection and binding to DNA

How AGTs are able to detect the damaged base has begrestion of interest and
multiple hypotheses havéeen proposedAGTo Ay Ra G2 5b! FyR al0lya GK
direction preferentially searching for places where the native structure might be destabilized

due to base modification$>*" There are threemajor contacts made by hAG®ne to a
9



phosphatebackbonein the strand containing the flipped base (by the first helix of the HTH), a
second one to a phosphate backbone in the complementary stapdomeresidues such as
Thr95 and Asn123)nd the third along the groovgby the second helix of the HTE}

AGTs bind to DNA by usingHEHdomain at the minor grooveof the duplex The
recognition sequence has hydrophobic residues with small side chainsltbat less specific
and tight hydrophobic interactions with DN&! The compact size of AGT allows it to occupy an
area of approximately 7 base pairs when it biffti$/“® Studiesof crystal structures have
shown that there is minimaio no conformational change upon the bindimgth DNAP335:49]
Binding of AGTs to théamaged DNAan also have consequencssch as interference dhe
NER pathwa}’!

1.3.4 KeyAGTresidues and examples of theimportance

Variousresidues are involved in the repaieaction performed by AGT in addition to
contributing to substrate specificity and positioning. For examghg;114through steric clashes
and charge repulsion migipiay a role in promotingucleotideflipping viatherot G A 2y 2 F (KS
phosphodiester into the active site. Crystallographic studies illustrate that its hydroxyl moiety
interactsvia a hydrogen bond with th€? atom in cytosine angberhaps thesame interaction

might be occurringvith thymidine 243!

TheArgl128residue provides cationicfinger, which intercalaies with DNAhrough the
minor groove stabilizing theduplexby hydrogen bonding with the unpaired base. One of the
protagonist residues ithe active siteCysl145which has dow pKa (about 4.5 in hAGTnd
demonstrates high reactivity>*>¥ The Cys145residue performs the nucleophilic atack

removing the alkyl lesiofrom the nucleobase

Other residues have a less defthiinction but still play a role in helpgnto obtain the
right positioningof the substrateand shape ofthe active site.Water moleculesinteract via

hydrogen bondsvith the Cys145, Tyr158, His 146 (normally acting as a general base) and lle141

1C



residued®® In addition proline residues (Pro138 and Pro140) in the human protein allow
bigger adducts to enter on its actiymcket as they help to defined it and to provide a greater

accessibility®™

Many residues vary between AGTs and in sam&ancesghis plays a role in determining
which substrates areepaired. One of the big differences between hAGT and-8des the
residues foundn the active site. As mentionegreviously the presewe of Pro138 and Pro140
Fff2¢64 K! D¢Qa FOGAGS LIO1TSH G2 G2tSNY (€ GKS
the absence of these residues (replaced by Lys139 and Ala41) causes a relaxation in the helix
provoking the pocket to close more andetiefore blocking the access to bulky adduéis?
One of substrates thathAGTis proficient in reacting withs O°-BndG. One of the reasons why
this substrate is preferred amongst others is largelye to the hydrophobic stacking
interactions that occur between the beylzmoiety andthe Prol140 ring. Tyrl58 side chain
(which tends tostack gainst smalletC®-alkytdG adducts as well) and the & Ser159 also
contribute to these hydrophobic interactiod®**! Repair of larger adducts and even crosslinks

at the O*-atom of dGhas been observed by hAGH

Due to steric reasons, Adacannot accomodatéarge adducts such &8*-BndGin its
active site. The presence tie Trpl61 side chain occupies part of the space that larger and
bulkier adducts such asbenzylgroupwould requirein orderto accommodate or even to enter
the active site Hence, there is only room available for smaller addymtsferentially repaired
by AdaC!® In the case of OGT, it has shown to weakly react @fBndG.The absence of
Trpl6l in OGT leavesifficient spacein the active site to accommodatiéhe benzyl group
However,the absence of Prol4@&movesthe favorable hydropobic interactions between the
two moieties.The presence of the second proline residmeOGT may contribute to a wider

active site entranceelative toAdaC"?
1.4 C5 modifications: GHsH

The priority and efficient repair of hAGT towar@Salky! lesions and its poor capability

to deal with O*-alkyl lesions has come into the attention of some researchers. Recent studies
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haveshown that the C5 methyl group in T possibly causes some steric dfidbtis active site
of hAGT and other variantsiffecting repair. These studies employed iheestigation ofO*-

alkylatedH -Beoxyuridine series where a hydrogen atésrattached to tie C5position ¥

Repair of 0™l R R dzO (i-deoxyusidineib® the AGTim this study was dramatically
increased. Some of the highlights were that removal of @enethyl lesion by hAGT occurred
25-fold faster when H was present at the C5 rather thary. CBimilar results were obtained
with the other substrates, for exampl&'-benzyl dUwas repaired efficiently by all AGTs except
for AdaC (repair of 4 carbon and 7 carbaikylenelinkers was also inhibitedDGT mediated
repair was the most efficient andt was able to now repair larger adducts such as 4
hydroxybutyland #hydroxyheptyl (showing 30-fold increase compared to its T analogue),
suggesting thatthe C5 methyl group might not be allowing the proper introduction or

accommodation of these substies™*

The differences observedn repair between the AGT homologuegly on ther
respectiveactive site shapgand size. The negative effect dhe C5 methyl group was more
pronouncedfor hAGT and the chimera hOGT. The modeling stusigshAGT implies that the
C5 methyl group in Tay encountersteric clasheswith Arg135 and Ser158 which might not

allow the proper accommodation and orientation of the lesith.
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Figure 1.7 Structures of &) O*-alkytthymidine and B) O*-alkytH -eoxyuidine

1.5 Introduction of fluorine inDNA

1.5.1Properties of fluorine

12



Fluorine belongs to the halogen group and isell known for being the most
electronegative element. Fluorine has a van der Waals radius of A.gihile hydrogen
corresponds to 1.2A and oxygenis 1.52 A8 9 Sy (i K2 dzZ3 K rifofedzdsEl y S Q &
resembles oxygen, its relatiyesmall sizenas made it an attictive candidate tsubstitute for

hydrogen atomgor a number of applicationS®

Other characteristics of fluorine that it has alow polarizability,it canincrease the
acidity of compoundsand it has a large electronic effect on residues that are ne&Py.
Hydrogen bonds with fluorineH--~C bond)are possible but they are much weaker (2.4
kcal/mol) than those occurring with other heteroatoms such as O arfel SN0 kcal/mol)*®->
Huorine has been observed to formshort contacts with other atoms for example in proteins.

These short contaciare dependent on the orientation and distance of batioms!®
1.5.2 Inductive and resonance effects

The electronic properties of fluorine can be categoriaseéither inductive or resonance
effects. According to some Hammett type substituent parametéjsdeterminedin various
studies, it has been determined that fluorine is always electron withdrawing by the inductive

effect ( jof 0.52) but als@cts as electron donating due to the resonance effepdf-0.34)5°

The effect of fluorine also depends on its position on the molecule. For example,
fluorotoluenes,i -fluorination hasshow to increase the acidity d&-H bonds through both
inductive and resonancimfluence. Inthe case of -fluorination, it has show to decrease &1
aciditywhen the carbanion is almost in a planar geometry due to'the interaction between

both lone-pair of electrons causing a destabilizatioh®?

Studies of differenpentafluorobenzene compoundsavedetermined the influence of
fluorine towards certain groups according to whether the fluorines are located ortho, meta or
para with respect to the substituents. In most of the cases ofthorine with respect to
substituents like amino, hydroxy and carboxyl groups, contributes the most to the acidity of the
molecule. The preferential positions towards nucleophilic reactions in the fluorobenzene

system follow ortho > meta para and it is mainly goverd by the inductive dect (electron
13



accepting) with a slight influence of the resonance effecelectron donating). Analysis of
fluorobenzene also suggests that ortlaorine enhanceghe acidity of the alpha €l bond as
well as metafluorine, which displays a greater indive effect than orthefluorine in this

casel®?
1.5.3Fluorine Substitutions

The use of fluorine in medicinal chemistry and in biological systems has been of great
interest as it increases the lipophilicity (like aromatic fluorinations) of molecules dsageh
certain cases, enhancirtgeir biological activity®® Hydrophobic effects normally play a major
role in protein interactions. It has beatemonstratedthat the presece of fluorine can cause
changes in the basicity and acidiof ligand molecules, especially by affecting the pKa of

neighboring atom&>%?!

A substitution commonly observed in certain amino acids is the change of a methyl for a
trifluoromethyl group. The presence of L£Elearly increases the hydrophir parameter
(derived from octanolwater partition coefficients) of that specific residue and gives some
increase in the conformational flexibilif** When CFis compare to CH in multiple crystal
structures ithas been observethat fluorination increases the steric size of the alkyl group. In
this case, the size of CRore closelyresembles more to an isopropyl grotifl. For instance
when CEisgf  OSR Ay 0 S y-indbgfiie ®ffedt (eleckdmathddawing by inductive

and conjugation effectsit”

Fluorinated nucleoside at@agues have been under study and some of them have been
exploited as chemotherapeutics. Fluorine has shown advantageous effectsitnbgmesent in
DNA.Examples of sites wherduorine has beerintroduced includethe nucleobase and the
sugar. Some of gthnmost efficient radiosensitizers areflfaoropyrimidinessuch a-fluorouracil
(used for treating colorectal and other cancers) aratiousprodugs,with one of their main
mechanisns of action beinghe inhibition ofthe enzymethymidylate synthase dispting DNA
biosynthesis and downstream causing cell dé&ti® A number of fluorine modified

oligonucleotides have been developed including the sugar modifiedeoxyH -fluoro-

14



arabinonucleic acil(H-2ANA which has found applicationis gene silencing therags and

exhibitsstability towardsnucleases’"
1.5.4 Potential interactionf fluorine with proteins

The interactions that fluorine can have with different atoms in proteins strongly depend
on their algnments and orientationwhich compensag¢ for potential electrostatic repulsion
The times fluorine is in short contactwith other atoms in proteins &ve been studied. The
fluorophilic group that shows the highest contact with fluorine is sulfur. All of the fluerine
sulfur contacts come from cysteine, whose potentiality for repulsion is perhaps counteracted by

an extra weak interaction with the sulfhydiyydrogent®™

The guanidinium grougspecifically at thesp2carbon) of arginine as well as the hydroxyl
groups (through sp3 oxygenj tyrosine and serine (normally in a linear arrangement) helge
beenshown to be florophilic moieties. Other groups that alsbhav important contacts with
fluorine are the sp2 Mtomsin the aromatic ringof histidineand surprisinglythe sp2hybridized
O atom of carboxyl groups, which adoptn orthogonal alignment to minimize repulsion, and
non polar hydrogen$™"¥ Alternatively there are groups that do not interact as much with

fluorine, probably due to repulsiorsuchasthe Natom ofamidelinkages.

1.5.5 Other Hébgens vs Chlorinevs Bromine

Even thoughthe main focusof the present workis the influence offluorine, it is of
interest to analyze other halogens such as chlorine and bromine. Bromine and chlaithe (
van der Waals radif 1.85 and1.75A, respectively arelargerthan fluorine and at the same
time they exhibit ancreasedpolarizability,impartingthis effect tothe moleculeto whichthey
are part of®®’ When the halogen atoms are linked to an aromatic system, they can
participate in both electron accepting (inductiva)caelectron donating (through conjugation)
events. The electronic properties of these halogens suggest that fluorine exhibits a more

pronounceal electron donating resonance effect (conjugatia@mompared tothe other halogens
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(- -0.23 for Cl and : -0.19for Br) probably triggered by the overlapping of therbitals as it
is the smallesof the seried® The inductive effect idighest fa fluorine (i 0.52)but chlorine
(- 0.47) and bromine ¢ 0.44)are not farbehind®*

Studies to investigate the effect different halogens at the C5 of cytosine have shown
that the electronic effects can be transmitted through bonds during base pairing. This is the
case of CHluoro in cytosine, which through it€7 disfavors the protonationwhich can be
causedby electrophilic carcinogensat the N of guanine in the CG base pHH.In this
particular experiment, the proto transfer fromthe N* atom of G to theO? atom of C(which
may occur during carcinogen nucleojphihttacky was used to measure the strength of the C5
group effect. If the electronic effects were dominating this interaction,wBmuld be less
destabilizing than Cl, which turns out to be less destabilizing than F, and with all of these

halogens behaving as electron withdrawing substituéfits.

Computational studies on-bBalouracils have shown that the &5bond length increases
in goingfrom F (1.348), CI (1.73A) to Br (1.89A). On the other hand, the length for the ©f
bond decreasesery dightly. Substitution by halogen atoms causes relatively small changes in
H-bond distances when it base pairs with adenine, austill within the ranges for optimal
bonding!®® The charges on the substituted halogens vary fr0826 esufor fluorine to 0.099

esufor bromine,where it isonly Fthat carriesa negative charg&”’

Fluorine has been said to increase the lipophilic character of moleculedipbipilic
character in halogens also relates to their hydrophobic parameter which increases in the
following order F < ClI < Br®®® Taking advantage of all their properties, the use of halogens in
chemotherapeuticagens hasgained signi€ant populaiity. For example during radiotherapies,
halogens are really useful as they are abldacalize the influence ofadiation due to their

large crosssectional ared®

16



1.6 Objectives

The general objective of this thesis is to study and explore the electronic effects of the
C5group in AGTnediated repair otariousO-alkyl modified pyrimidines. The objective for the
first project shown in chapter 2 involves studying the repair by different AGTs (hAGT, OGT, Ada
C and the chimera hOGT) the methyl adductt the O*atom when fliorine is present at the
I/ p LI & A-debdx@uyiding. TThapter 3 focuses on the effect ofi@sro in repair by AGTs of
different and larger alkyl lesions at the®-LJ2 & A (i A 2lgbxygidine. wrigally, chapter 4
evaluates and investigates the electiornfluence of other halogens such as chloro and bromo

at the C5 position in repair @"-methylated pyrimidines by AGTs.

R= Me, Et, Bn, 4CObB 7COH

Figure 18: Structure of Q) 5-fluoro-O*-alkytH -Beoxyuridine, B) 5-chloro-0*-methykH -Q
deoxyuridine and@ 5bromo-O*methyt+ -Beoxyuridine.
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2.1 Abstract

Alkylations at theO’ and O%-atoms of H BeoxyguanosingdG) and thymidine (T)
respectively, can be repaired Iy-alkylguanineDNA alkyltransferases (AGTBJevious studies
have shown that human AGT (hAGT) repairs small adducts poorly a'tatom of T, in
comparison to thekE. colivariants (OGT and Ada)of this protein TheCs methyl group of the
thymine nucleobase is suspected to reduce repair efficienai@possible steric effects. This
aldzRe SEFYAySa (KS astoitiioni alRhg £3posiSon anSrépairaby 2 T
variousAGTs usingligonucleotides containing 5fluoro-0*-methykH -©eoxyuridine §FUMe)
insert. The ability of hAAGE. coli variants (OGT and Ad2) and achimelic hAGT/OGT protein
(hOG7J to mediate repair & the O*-methyl adduct wasnvestigated Comparedto previous
studies withO*methylH -Beoxyuridine dU-Me) and O*-methykthymidine (T-Me) substrates,
the presence of theCs-fluorine atom notably increased repair of the lesion, particularly by
hAGT and th&@OGTchimera.

2.2 Introduction

DNA damage can occur from different environmental factors that can arise from within
andexternalto the celll’”®’" For example alkylating agents such\amethy-N@nitrosourea has
been shown tointroduce alkyl lesions at thed® and O* atoms of 2:deoxyguanosine and
thymidine respectivel{>*"® Such alkylations have been implicated in severely disrupting proper
functioning of the cellular machinery, a feature that has been exploited in the treatment of
cancer by designing drugehich introduce alkylesions.Examples of ttemotherapeutic drug
include Temozolamide and BCNU ¢hi8 (2chloroethyl}1-nitrosourea) wich are known to

target DNA as their main mode of activiathe introduction ofDNA damag&™®

18



The detrimental effects of the naturally producéf-alkyl dG andC*-alkyl T to hinder
DNA polymeraseand cause transitional events (G:C to A:T) have been well documéHEed.
Thear mutagernic influence arises mainly from the persistea of these lesions in addition tiow
often they ocaur.**#1 O°MedG incidences occur more frequently comparedXeT in both
in vitroandin vivoexperimentswhere DNA isubjeced to alkylating agentsuch adN-methy}
N'-nitrosourea and methyimethanesulfonatd?’#283*MeT, is however said to have a higher
level of cytoxicity due to its lowerepair efficiency by the cellular repair machinéf?* The
O*MeT lesion is detrimental as it readily forms a naobble base pair with the incorrect dG

nucleotide, leading to a possible mutagenic outcome if left unrepa{ﬁoéd.

CP-alkylguanine DNA alkyltransferase proteins (AGTs) are able to identify and remove
these aforementioned alkylated lesionsja a direct reversal mechanisi! The alkylated
nucledide is flipped out of the duplex into the active site of the protein, where an activated
cysteine residue (Cys145 in the human variant) reacts with the alkyl group. In doing so, the alkyl
group isirreversibly transferred to the proteii*"® The protein product is then degraded
rapidly via the ubiquitin pathway>® AGT proteins are found in most kingdoms of life, and
crystal structures of different AGT variants depict a similar overall structure, despite high or low
homology™” Certain AGT variants, hower, display large substrate specificity, as well as
adduct repair rates. For example, AGaand OGT fror&.coli havebeenshown to repair small
adducts at either the®-atom of dG oi0*-atom of T, withO*-methyl T analogues being repaired
more efficienty2*®®! Human AGT (hAGT) has shown a preference foange ofadductsof

various sizeat the O°-position of dG®*#>8%89

Among the substrate®AGT igeported capable of repairingre a wide arrayof mono-
adducts [jke ethyl, benzyl, just for mentioning a fvand O°-alkyl(ene)dG linked DNA intra
and interstrand crosinks. Moreover O°-benzylguanie (Figure All) as the free base is also a
very efficient pseudesubstrate for hAGP**? Qudieshave alsaeveakd that while AdaC and
OGT are efficient at repairirg’MeT DNA adducts, hAGT has a pactivity towards it!"8848°!
DespitehAGThaving the abilityto recognize and bind to DNA containi@iMeT, it does not

efficiently remove it. The inability of repair of the mutagenic and cytoto@i®leT lesion by
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MMR and hAGT"® and the fact that there are no available crystal structures of hABWeT
DNA Figure 2.] warrants systematic and -tlepth studiesof this lesionby researchers in the
field.

In previous workrom our lab, the role of theG5 methyl groupon G*-alkyl T repair was
studied™ It was believed thag steric clash could be occurring between 68 methyl group
(van der Waals radius of 24) of the nucleobaseand Argl35of hAGT, preventing successful
repair. Therefore DNA containingd'MedU @U-Me, Figure2.1) was investigated and repair
analysis concluded that the sterontributionsof the C5 methyl group may be responsiblat,
least in part for hAGT substrate seleatyw since the dU substrates were processed more
efficiently relative to thé T counterpart$®®¥ An AGT chimera consisting in the hAGT protein
with residues 13959 replaced with thosefrom the OGT active site was also analyzed. The

chimeraexhibiteda twenty fold repair enhancement aU-Me compared to hAGF?

Given the effect of theC5 methyl goup of O*-alkyl T on AGTnediated repair, we
wished to further explore the electronic effects by repladihig group with theelectronegative
fluorine atom at the C5-position. The similar van der Waals radius of fluorine (1.47 A) and
hydrogen (1.20 A) ams enabled us to evaluate the electronic effects without introducing

stericadditional effects (in comparison w-Me).5%%4

Ancather attractive aspectof studying the replacement of hydrogen with fluorine has
been itsrole in drug discoveryand presence in therapeutic agentEluorine has shown to
increase the lipophilicity and fatolubility of various compound8®°***5-fluorouracil Figure
Al.l) and flunitrazepamare examples of drugs thatemonstrate howthe presencefluorine

enhancegherapeuticproperties relative to the parent compound<:*

Fluorine modified oligonucleotides containi@@deoxyH -fuororibod S -BNADaDd @
deoxyH -fuorol NJ 6 A y 2AN8) (Figue ONT1) have been shown toinfluence SiRNA
recognition by RISC, an important feature in strand selectivity and gene silencind’#+aits.

this chapterwe have investigatedhe influence of fluorine at theG5 position on an O-
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methylated pyridimine nuclemaseexamining the influencen duplex stability andstructurein

addition to susceptibility towardsepairby AGT variants

A / y /
o} o o}
! . O
§ 3 $
o N/&O O Nko O N&o
o) o) o)
: : §
dFUMe (O'MedFU) dU-Me (O*'MedU) T-Me (O'MeT)
B

® GGC TXGATCACCAG  X=0'MedFU. dFtMe

Figure 2.1:(A) Structures of the modifie@®*-methylated pyrimidines, andB) DNA sequence
where X corresponds to thmodified nucleoside

2.3 Results and Discussion

2.3.1Synthesis of nucleosides and oligonucleotides

The structure ofiIFUMe and the DNA sequena®ntaining this modificatiomre shown
in Figure 2.1. Rather than a methyl grou@ttached to the CHosition (T-Me), the dFUMe
substrate has a fluorine atm, which allows for exploringhe influence of an electron
withdrawing group at this position Recently we found that the CH group at C5of O*MeT
affects AGT mediated repalf¥ SpecificallyanO*MeT containing oligonucleotide wasbserved

to be repaired less efficientlyelative to O*MedU* A logcal extension of thistudy was to
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examine theelectroniceffect exerted bysubstituents atthis positioni.e replacing a FHatom by

an electroniaovithdrawinggroup such as fluorine.

The oligomers containing the modified inserts wereparedby a combination of small
molecules and automated soljghase synthesis. The synthetic pathway is showscieme2.1
and it begins with the commercially availabldlBoro-n QR S 2 E & dEMIACR AAYWS 60K A OK i |
hydroxyl was protected with a 44imethoxyd NA G &f 3INBdzL)Ez F2tf 26SR 08
hydroxylfunctionality using previously published procedurés®® A convertible nucleoside was
prepared by the addition of a 1,2#iazole group at theC4 postion of the nucleoside. This
reaction was optimizedior the dFU analogince the procedure commonly used for the T and
dU seriegesulted in a number afindesired byproductsincluding detriylated nucleosidd¥®"
This mayhave beerdue to the presence of the fluorine, which could iresethe reactivity at
the G4 position. The formation of convertible intermediate was accomplished by the slow
addition of 1,2,4triazole, triethylamine and phosphoryl chloride in three porticets30 min
intervals with stirring at C to a solution contaimg compound4. After four hours, the
reaction was complete and the convertible nucleoside was tin@nsformedto compound5 by
GNBFGYSYyld 6AGK &2RAdzY YSGK2EARS Ay ©O&GKIy2f32
butyldimethylsilyl group by a fluoride treatment. Finally, compoundsand 5 were
phosphitylated to generate phosphoramiditeés and 6, respectively, in good yields, using
previously published procedur&$! Purification was achieved by using short flagiumn
chromatography and the purity of the compounds aremonstrated bytheir *'P NMR spectra
(Figure A15 and A1.12). The *'P NMR spectra revealddo sharpsignalsin the 147149 ppm

region characteristic of phosphoramidit&4.

Solidphase synthesis of the oligonucleotide waerformed dza A y IR SILBNRAGIS Ol A v 3
O2YYSNDA I f f 8O-phbsptoraridites fdSe tm e labile nature of theéFUMe
adduct’® Phenoxyacetic anhydride was employed as the capping reagent to avoid
transamidation®® Total deprotection and cleavage of the oligomers from solid support was
accomplished with an anhydrous solution of potassium carb®ivamethanol (0.05 M) for 4 h

at 22C under gentle rockin§®°”! Excess base was neutralized with an equimolar amount of
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acetic acid and the solvent removead a speeevacuum concentrataor The oligonucleotide
containingdFUMe was purifiedby SAXHPLC. Characterization by -8 of DNA containing

the dFUMe adductconfirms the presence of the modification after the deprotection process
and it was in agreementith the expected massFgure Al14). Enzymatic digestion of
modified oligonucleotides using snhake venom phosphodiesterase and calf intestinal
phosphatase enzymes also confirmed nucleoside composition consistent with expected ratios

(Figure A115).
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Schene 21: Reagents and conditions: (i) DMCF, pyridine, DMAP, 16 h, 2C; (ii) N,N-
diisopropylaminocyanoethylphosphonamidic chloride, DIPEA, THF, 30 minDNiN-Cl,
pyridine, DMAP, 16 h, 22C TBSCI, Imidazole, DCM, 16 h, 2C; (iv) 1,2,4Triazole,
triethylamine, POGJ MeCN, 16 h, 6C; MeOH, NaOMe, &, 21°C, TBAF (1M in THF), 30 min;
(v) N,N-diisopropylaminocyanoethylphosphonamidic chloride, DIPEA, THF, 30 min.

2.3.2UV thermal denaturation and CD spectroscopy

In order to evaluate the effect of the fluorine at tl& position and the methyl adduct
at the O*atom in the stability of the DNA duplex, UV thermal denaturation studies were
conducted. The results obtained are summarizedigure 22. The introductionof the methyl

group at theO* position caused a decrease in thermal stability by approximateRC1relative
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to the unmodified controls. The same relative decreasé;jrupon methylation was observed

whether the DNA contains th& dU or the dFUO"Me lesions. These results suggest that the
decrease in duplex stability after the incorporation of the methyl group wdspendent of the

identity of the nucleobaseT( dU or dFU. The decrease thermal stability may correspond to

the disruption of the kbonding between theO*-methylated dFU and its basd.J- A NS R H Q
deoxyadenosine, as well as less optimal base stacking with the adjacent bases. The results were
in agreement with the data observed previously yr group®™ Coincidentally, thedU and
dFUsubstates displayed the sani&, value of 58°C, as well as their respective modifications
(dFUMe and dUMe), implying that the presence of the fluorine at thB position had minimal
influenceon the DNA duplex stability.
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Figure 22 : T, values {C) of duplexes containinf, FTMe, dU, dUMe, dFU, dFtMe. Colorless
and grey bars represent the unmodified controls and methylated adducts, respectively.
Hyperchromicity changeieo) versusemperature C) profilesare shown inFigure A117.

The CD analysis of the profiles frodFU dFUMe, and the control T display
spectroscopic signatures consistent with théoBn DNA family, exhibiting a maximal positive
signal at 280 nm, a croswer near 256 nm, and a maximal negative signal at 245 hen.CD
signatures of the duplex containirdi-UMe was similar to the unmodified control DNA duplex

profile, which suggested that th@-methyl group did not cause any major effect on the overall
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DNA duplex structure, as previously reported for the sties™ Basic molecular modeling
was performed on duplexes containinglFU dFUMe and the unmodified control usinghe
AMBER force field={gure A120). Thestructures of the duplexes generated fromolecular
modeling supported theminor deviations othe signatures observed for the CD experiments,
displaying minimal global distortions in the DNA duplexes upon introduction of3Hkioro or

both the C5-fluoro andO*-Me groups
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Figure 23: Circular dichroism spectra of DNA duplexes contairdfgbdA (t T 1), dFU
MewdA (t ) and unmodified controfwdA5 b! 6 wwwL P

2.3.3Repair Assays

The repair ofdFUMe substrate was studied with three recombinant AGT proteins
(hAGT, Ad&C and OGT), and a chimera protein (hOGT). The repair assays were performed as
described previously by our group, where we monitored production of a product generated
from Bcl cleavage \ith DNA duplexes designed to contain a cut Sfte The dFUMe
modificationis locatedin a position close tthis cut siteandif repair of the modified sequence
to the native (repairedsequenceoccurs,Bcllcuts the oligomer into two smaller DNA fragnen
(5 and 9merg that are separated by PAGE. The strand containing the modification is
radiolabeled and a shorteBmer can be visualized by autoradiograph} If the O*-methyl

groupis retained, o repairhas occurred and the intact 14mer is ebged
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First, a total repair assay was conducted with tfe8JMe substrate using the various
AGTs allowing the reactions to proceed overnight at 3C. Denaturing PAGE a8 used to
resolve the different species after the repair reactid®epair assay results revealed trtU
Me was efficiently repaired by all four AG&saluatd at fivemolar equivalences (reaching
approximately 80 % repairThese resultsmirrored trends dserved for he total repair assays

of O*methykdU but notthe O*-methytT seriest>* &

Repair(5mery=— . . . . .

B12 3 45 6 7 8 9 10 11 12

S cce & o o~

Repair(5mery= . . . . .

Figure 2.4 Total Repair of ) dFU(2 pmol) and B) dFUMe (2 pmol) by hAGTL0 pmol), OGT
(10 pmol), AdeC (10 pmol), and hOGT (10 pmol), for 2.5 h aC3Paneh; Lane 1dFUDNA
lane 2,dFU+ Bclt lane 3, dFU+ hAGT,; lane 4iIFU+ hAGT Bclt lane 5dFU+ OGT; lane @lFU
+ OGT8clt lane 7,dFU+ AdaC; lane 8dFU+ AdaC +Bclt lane 9,dFU+ hOGT; lane 10FU+
hOGT #Bcll PaneB; Lane 1dFUMe DNA lane 2 dFUMe +Bclt Lane 3dFUMe; lane 4, dFU
Me + hAGT; lane 5iIFUMe + hAGT; lane @iIFUMe + hAGT Bclt lane 7dFUMe + OGT,; lane
8, dFUMe + OGT8Bclt lane 9,dFUMe + AdaC; lane 10dFUMe + AdaC +Bclt lane 11 dFU
Me + 10 hOGT; lane 1@8FUMe + hOGT Bcll

Thetime course assays revealed thdfEfUMe was repaired faster compared to thodJ-
Me and T-Me analogues Time course repair studies wer@erformed with the four AGTs
variants conducted at room temperatuf&igure 2.5 and A1.19BothE.colivariants (OGT and
AdaC) required less than 15s to achieve full repair of dFUMe. These results were in
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agreement withthe previousstudies withdU-Me and T-Me wheretotal repair by OGT and Ada

Cl occuredin less than 1554

Remarkably, repair oflFUMe by hAGT only required approximately 90 s for the
reaction to reach completion. It was surprising to observe complete repalFofMe by hAGT
to ocaur more quickly relative to thdU-Me and T-Me analogues. Itvaspreviously shown that
dU-Me undergoes 25% repair by hAGT in 2.5 min, whereas similar repair levels wereedbtain
for T-Me after 30 min. dU-Me hAGTFmediated repair was approximately f@ld faster
compared toT-Me in terms of time toachieve25% substrate repalt® dFUMe total repair by
hAGTrequired 20 times less time relative to théU-Me total repair profile, and more than a

100 times less time to repair comparedTéVie.

Complete repairof dFUMe by the chimera hOGT occurred in less than 1.5 min,
displaying a similar repair profile to hAGT. RepaitheyhOGT chimera alFUMe was similar
compared todU-Me. Whencompared toresults from previous studiesiFUMe appears to

require 3 timesless time toachieve80% repair than the dt¥le adduct®®*!

Figure 2.5Time course repair assay room temperatureof dFUMe by OGTT ), AdaC ¢ «x
), hAAGT { ww), and hOGTt(t 1) at 5Smolar equivalence protein. Graphical illustration
displaysdFUMe repair [%] over time (min).
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Our study shows that the presence of the fluorine at @teposition not only enhances
repair by hAGT but also reduces the difference in repair efficiency between hAGT and OGT. It
appears that the presence of the fluograt the G5 position weakens the ethe®’-G, bond
making it more susceptible to nucleophilic attack by CysTI4Svards this end, computational
studies using Gaussian 09 and B3LY3R/6G(2d,2p) mode were performeudth the assistance
2F 5N 5SNB]1 hQCft I KS Ndiodder koyjdn atbéttdr LinkldrdtaSding diie< | Y 0 |
effect of fluorine on the electron density of tH&"- G, bond. The calculations provided tig¥-
G bond length from the geometrically optimed models of the correspondingl-methylated
modified pyrimidines (se€igure A121). The results revealed that the*-C, bond indFUmay
be weaker compared t@U and T as it is slightly longer. This may explain why this lesion is
susceptible torepair® ! D¢ ad ! f GSNYFGAGStes GKS LINRPGSAYQ:
favourable hydrophobic interactions in the presence of the fluorine atom and computational
studies are currently underway. The presence of fluorine might also have a substawettalogff
weak dipolar interactions and basicity of the active §téY Crystallographic structures of the
protein complexed with damagkeDNA will aid in elucidating the critical interactions, which
promote hAGImediated repair. Moreover, highesolution structures of duplexes containing
dFUMe are currently being investigatedia a combination of molecular dynamics and high

field NMR experiments to gain insights on the impact of this modification on DNA structure.

The importance and role of fluorine in biological applications famdirug regimens has
been well documente®?®® The enhanced repair alFUMe containing oligomers by hAGT
reported heremay be due to some laisteric interactions occurring with the proteiMoreover,
the increase in hAGT levels has been correlated to an increase in cellular resistance to certain
chemotherapeutic agents. Future studies are currently underway with alRéisubstrates for
AGTFmediated repair, which may find potential uses as AGT inhibitors in certain combinatory

regimens%
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2.4 Conclusion

Our study describes the synthesis of ttleUMe phosphoramidite and its incorporation
into oligonucleotides by solighase synthesis in scales and purity sufficient for biochemical and
biophysical studies. A decrease of Ain the thermal stability was observed for duplexes
containing the modification relative to the control duplex. The CD data revealed no major
change on the global structure of DNA containing the methylated dFU insert relative to the
control duplex. Repaof dFUMe by the different AGTs occurred in less than 2 min, withEhe
colivariants displayingreatest proficienty(with repair occurring iess than 15 sec), which was
observed previously with substrates containing hydrogen rather than a methypgabthe C5
position® "8 hAGT shows a remarkable increase in its repair efficiency towaFdMe
compared to thedU and T analogues. The presencéd fluorine at theC5 position increase
susceptibility towardhAGT repair. We suspect that the electronic effagicthe fluorine on the
O*-methyl lesion otthe pyrimidine enhancessusceptikity towardsthiolate nucleophilic attack
by AGT. ThdFUMe subgrate may find applications for anticancer therapfé$ Given the fast
repair of dFUMe, studies usinghis substrate as a free nucleoside could higlpyuiding the
design ohAGTIinhibitors. Further investigation of differerdFUsubstrateso undergo repair by
hAGT is underway
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Chapter 3.Influence of fluorine at the C5 position of variou®™
alkylated H-@eoxyuridines on repair by O°alkylguanineDNA

alkyltranferases

3.1 Abstract

Oligonucleotides containingarious alkyl groups at th€'-atom of 5-fluoro-O*-alkyt
H QRS 2 E §dANeRepréhredby solidphase synthesis. UV thermal denaturation studies
of duplexes containingd*-ethyl-dFU, O*-benzyldFU, O*(4-hydroxybutyl}dFU, and O*-(7-
hydroxyheptyldFUwere found to decrease duplex stability b9 °C compared to the control
duplex containingunmodified dFU. Grcular dichroism profileof the modified duplexes all
resemblal a canonical HEorm DNA. Repair of smaller adducts was obsefeediuman ande
coli. O°-alkylguanine DNA alkyltransferaséAdaC and OGT)Surprisinglyhuman AGT rad the
E. colivariant AdaCdisplayed proficieny in therepair of larger O*-adducts. Repair of duplexes
containingan 7-hydroxyheptyl linkesmt the O*-position of dFUesulted in more efficient repair
compared to thed-hydroxybutyl lesion. In contrast to mosends observed, Ad&€ was capable
of repairing the4-hydroxybutyl adducts butvas unable to repair the7-hydroxyheptyl linker.
These resultsevealthe positive influence ofhe C5fluorine atomon repair of largeiX*-alkyl
adducts expandingur knowledgeof the range of substrates that are able to be repaitad
AGT.

3.2Introduction

DNA is continuously exposed to different modifying agegiteer within the cell or
coming from he environment. Examples of thesgentsinclude various metabolites such as
nitroso-compounds and the methylating agenta8enosylmethionine.In addition, ertain
chemotherapeutic regimens employ methylatingr chloroethylating agent&% 7779100 of.
AlkylguanineDNAalkyltransferasescontribute to the maintenance ofgenomic integrity by
repairing alkyl lesions occurring at tk8- and O*- atoms ofH -@eoxyguanosine and thymidine,

respectively. The alkyl group transfered from the DNA to the protein via a neneversible
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nucleophilic attak by a cysteine thiolate (Cys145 in human AGT (hAGThe active site
These alkylations can be detrimental if they are not repaired ag the cause transitions that

could lead to mutations and carcinogeneéf<?10%

Alkylating agens can vary irthe size and nature of the lesiongroduced in DNAThese
lesiors can rangefrom methyl and ethyl groups to much larger adducts such as crosslinks
between residueswvithin DNA (intrastrand or interstrand) or to other biomolecules such as

sP328788.100101The capability ofrepair by AGTss related to the accommodation of

protein
lesions withinthe protein active site®®>'°” Removal of alkyl lesions occurs transfer to an
activated cysteine residue located the active siteof AGT Crystalstructures of human AGT
andthe E. coliAGTvariant AdaC haveprovided insights about the roles that various active site
residues play in mediatingritical interactions for successful repairfFor example, the poor
repair of O*alkyl lesionsof T by hAGThas been proposedo be linked to less than optimal
positioningof the target lesion with respect to the actted cysteineresponsible for damage

removal[33:40:46.102]

The dentity of residues andthe shape of the active sitevaries between AGT
homologues. Thesalifferences determine in great part the substrate specificity. For instance
K D¢ Qa I Ol A @S-lika ghaps (8 A lwile, 9 A deelzyanyd4 A long) that allows for
accommodation of larger adducts like benzyl and cizds!**>>**#IThe Pro140residue of
hAGTstacks with the benzyl group generating favorable hydrophattieractions. The active
site of AdaC is said to be smallezontainng residue Trpl61 that impedes larger adducts from
being accomodatedhto the active site. The lack of two prolines which are found on hAGT (Lys
139 and Alal4l instead of Prol38 and P@l#spectively) may also contribute to the

narrowing of the active sit€>3>4010%

Understandingthe basis forspecificity anddiscoveringnew substrates that couldbe
repaired more efficiertly by AGTs has beeinvestigatedby our group and other4®>488.100
McManuset al. reported that the C5 methyl group @"-alkytT lesionsmay contribute to the
reducedrepair observedby hAGT, possibly via steric interactidis Substituting the methyl
group for hydogenwas shown tadrasticallyimprove the efficiency ohAGTin removing alkyl
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groups at theO*position In addition, it has been demonstrated that replacing the-@8thyl
group of thymidine with fluorinéurther enhancedsusceptibility towardsepair of an O*-methyl
adduct by hAGTIt is believed thatthe presence ofthe fluorine atom at this position may
weaken the0*-G bond enhancing ssceptibiiity to undergo transfer to the activatethiolate in
AGT In addition,the presence ofluorine may contribute to favourable interactions in the AGT

active sitepocket with reduced repulsion or steric effectwith amino acid side chains.

Fluorine substitutions have widely beemvestigatedin studies involvingproteins and
nucleic acid¢o understandbiologicalpropertiesand mechanismdncorporationof fluorine in
proteins canbe used to evaluate theffects of altering thedipole momentof a moleculeor
altering the acidity or basicity of groups that are in close proxifity® There are numerous
examples of fluorinated nucleosidenalogues, whiclmave demonstratedeneficial properties
in the treatment of various diseases includir@ancer.For example fluoropyrimidinebased
prodrugs whose mechanism primarily inhibits thymidylate synth@see been used for cancer
treatment.*”! 5-Auorouracil 5-fluoro-H -Beoxyuridine and Capecitabine haatso beerstudied
as therapeutic agents®”**"|n nucleic acid chemistry, the introduction fbdorine at the sugar

has produced molecules with interesting propertie®ne exampleis H-@eoxyH €oro-5-D-

arabinonucleic acidd HHANA which exhibitssignificant resistancetowards degradation by
variousnuclease$’™ This modified nucleic aciths been explored as ame silencing agent for

RNA interferenc&® "

In the present studywe have investigatedhe effect ofreplacing the Conethyl group
of thymidine with fluorineon alkyl lesions larger thaa methyl group Fluorine has adual
electronicinfluencedue toinductive and resonance effects. In fluorobenzene, fluorirsaidto
have an electrofwithdrawing inductive effectind is alsoelectrondonating by resonancen

the aromatic systenr®®4

The positive influence of fluorinebservedon repair byvariousAGTstowards the O'-
methyl lesion has evoked our interest in investigatlmgkier/larger adducts. In the present
study ethyl, benzyl4-hydroxybutyl and #hydroxyheptyladducts at theO*-position of5-fluoro-

H -Q@eoxyuridine were synthesized, incorporated into -rbér oligonucleotides and their
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influence on duplex stability and structure evaluateg UV thernal denaturation and circular
dichroism spectroscopy. Susceptibility towards repair of these bulkier addyctsAGT in

comparison to the T (C5methyl) or dU C5hydrogen)counterpartswas also investigated
3.3 Results and Discussion

3.3.1Synthesis of nucleosides and oligonucleotides

There have been numerous reports describing hfiworine modificationslead to
enhancementof the properties of proteins andnucleic acid$*% Previous studies from our
group have demonstratedi KS LI2 AAGA GBS Ay T dzSyOS 2F NBLX | OA
deoxyuridine with fluorineon the repair of O*methyl adducts by various AGT homologues.
Thus, the objective of this study was to examimeether the influenceof the G-fluoro group
extends to AGFmediated repair of larger adducts at th@*-atom. The adductsvaluated
include O*-ethyl-dFU (dFUEY), O*-benzyldFU (dFUBN), O*-(4-hydroxybutyl}dFU (dFUC40H,
and O*-(7-hydroxyheptyldFU (dFUC7OH). Their chemicastructures ad the DNA sequence
highlighting the position of the modificaticare shown irFigure 3.1.
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Figure3.1 (A) Structures of the modified-Buoro-H -Beoxyuridine adducts at the* position.
(B) DNA sequence where X corresponds to the modified nucleoside.

dFUEtwas chosen as it is slightgrgerthan a methyl group and is a lesiarhich can
occurin genomic INAas a result of exposure tthylating agent$*°*1%ldFruBnwas inspired
from the wellcharacterized inhibitorQ’-benzylguanine, which has tem said to be one of the
preferred substrate of hAGT>*41% Although, preference towards the benzyl addList
altered at the O*-atom of Trelative to theO™-atom of dG recent studies showed that hAGT was
capable of efficiently repairingQ*-benzytdu®* O (4-hydroxybuty)-dFU and O'-(7-
hydroxyheptyDdFU corresponded to theotential hydrolysis adducts of busuliasulfonate
and hepsulfam(sulfamatg alkylating agentswhich can generata variety ofDNA damage
including mono-adducs and DNA crosdinks®®%1%% These substrates also allowefbr
compaison withthe resultsof analogues studiegreviouslyby our group modified at the&’

atom of T and dU in the same DNA sequence confgxf.®!

The synthetic pathwayor the target phosphoramiditess shown inScheme3.1. The
synthesis begins with the protection of tipe® Yy Rhydrdylgroupsof commerciallyavailable
5-fluoro-H -Beoxyuridine FU according to previously published proceduré€:®® The
formation of a convertible intermediate was accomplished by the slow addition of
triethylamine followed byphosphoryl chlorideto a solution containind,2,4triazole and o -Q-
(tert-butyldimethylsily)-p -0-0 n -BimeBhoxytrityl) 5-fluoro-H -Beoxyuridinestirring at G
In order to obtain compound&a or 2b, the convertible nucleoside was treated with smah
ethoxide in ethanobr benzyl alcohoand DB respectively, ifMeCN Fluoride treatment was
dza SR G2 NIOYert-BudyIditndhSlsilyd @otecting group. Finally compourisand 2b
were phosphitylated to yield phosphoramidite8a and 3b using previously published
procedures from our group®*®88%1% £or the adducts containing the terminal hydroxyl
functionalities,the convertible nucleosidevas treated with 1,4outanediolor 1,7-heptanediol
in MeCN Protection of the termial alcohol on the adducts was performed with phenoxyacetyl
chloride @lsoemployed as the capping agent during solid phase syntHe%y° Removal of
0 K SO-tertébutyldimethylsilyl group was achieved by fluoride treatment to yield compounds
4a and 4b. Fnally, phosphitylation of these compounds was performed to furnish compounds
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5a and 5b, respectively. Purificationf all phosphoramidites was achieved by using short flash
column chromatography and the purignd identity are confirmed byheir 3P NMR spectra
(Figures AB, A2.15, A2.22 and A2.29), all of which havéwo signals in the region df48150

ppm, characteristic of phosphoramidites

Due to the labile nature of th€-alkyl modifications ancbur previousobsenation that
this is enhaced by theC5fluoro group, @ FIRSALINR 6 SOGAY I O2 YOSNDOAL
phosphoramidites were employed for solithase synthesis*®® Deprotection after  solid
phase synthesis waschieved by treating the oligomers bound to the solid support with a
solution of 10%by volumg DBU in the corresponding alcohol employed during the synthesis of
each respective modified phosphoramidit d. ethanol fordFUEtand benzyl alcohol falFU
Bn). Usingthe respective alcoholsensured the retention of the desire@’-modification given
the labile nature ofalkyl lesionsat this position®1%1,7- Heptanediol wagarticularlydifficult
to remove which necessitatedxtractions with DCM in order to eliminate the remnant diol and

to avoid inerference with the desalting procesas observed previousR#

The oligonucleotideslFUEt, dFUBN, dFUC40H anddFUC70OHwere purifiedby SAX
HPLC. Characterization by 8 of DNA containing each of the aboweentioned
modificationsconfirmed the retention of the desiredmodifications after the deprotection step
(Figures A2.30 A2.33). Moreover,enzymatic digestion othe modified oligonucleotides using
snake venom phosphodiesterase and calf intestinal phosphatase enzymes was performed and
the reallting nucleoside mixtures were analyzed by-HPLC (amounts, retention times and
nucleoside ratios are shown Figures A2.34 A2.37). Thepresence of the additional modified
and four standard nucleosides, in the correct ra@dso serves toconfirm theidentity of the

sequences and their composition
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Scheme3.1: Reagentsand conditions: i),2,4Triazole, triethylamine, POCMeCN, 16 h, 6C;
EtOH &-seriescompounds) or BnOHo{seriescompounds), DBU, MeCN, 16 h; TBA® (@&
THF), 30 min; ii) N;biisopropylaminocyanoethylphosphonamidic chloride, DIPEA, THF, 30 min;
i) 1,2,4Triazole, triethylamine, PO MeCN, 16 h, 8C; 1,4-butanediol é-series compounds

or heptanel,7-diol (b-series compounds), DBU, MeCN, 16 h) phenoxyacetyl chloride,

triethylamine, THF, 30 min; TBAF M1 in

THF), 30 min; Vv) NN

diisopropylaminocyanoethylphosphonamidic chloride, DIPEA, THF, 30 min.

3.3.2UV thermal denaturation studies

Theinfluenceof the variousalkyl adducts at th& atom of dFUon duplex stability was

evaluated As observed previouslyhé dFUcontrol DNAduplex hada T,, of 58°C The presence

of a nethyl group atO*-position of dFUdFUMe) was shown tadecreasethe thermal stability

of the duplexby approximatelyl0°C. A similar decrease ithermal stabilitywas observedor

the other alkyl adducts at the O*%atom including ethyl dFUEf), benzyl dFUBn), 4
hydroxybutyl (FUC40H and Zhydroxyheptyl FUC70H (as shown in Figure 3.2pucha
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decrease in stabilitgan be attributed to the alteredhydrogenbond interactions between the

9 The results

bases (Figure 1.3 A and Band stacking interactionssimilar to O'MeT.
demonstrate thatthe decrease in thermal stability is similar regardless of the adductfaize
the modifications studiedMoreover, havingluorine versus a methyl or hydrogen atoat the

C5 position haminimaleffect on the thermal stability of th® NAduplexes containing adducts

at the O*-atom.
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Figure3.2: T, values {C) of duplexes containing the contrdFU (colorless) dFUMe (grey
squares)dFUEt (grey diagonal linesfiFUBnN (black) dFUC40H(grey vertical linesyand dFU
C70Hgrey horizontal lines).

3.3.3Circular dichroism

Circular dichroism studies were performed in order to evaluategiobalstructure of
the DNA duplexes containing ti&-modifications. The CD profiles fduplexes containingFU
Et, dFUBNn, dFUC40HanddFUC70OHshown in Kjure 3.3)exhibit spectroscopic signatures
characteristic of Borm DNAwith positive and negativeignals at around 280 and 245nm

respectively. The CD profilase similar tathe controlduplex containinglFU suggesting that
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the introduction of these modificationat the O*-atom, in spite of their sizehasa minimal

effect on the global structurefahe DNA duplex.

Figure 33: Circular dichroism spectra of duplexes containdtgJ control (¢ ), dFUEt0 wwwV X
dFUBN(T 1 1),dFUC40HT w1 ) anddFUC70HT w ).

3.3.4 Repair Assays

Repair of these adductwas evaluatedwith 4 different AGThomologues(in a 5:1
protein to DNA ratig) human HAGTY, E.coli (AdaC and OQT anda chimera proteinchOGE
(hAGT Wmere residues 138159 are replacedwith residues 13-153 from OGTbut maintaining
Pro140¥°. We were interestedn evaluatng the repair of these adducs at the O*-atom, as
substrate preference and repair efficienggries between AGTsOf particular inteest is the
influence d the fluoro groupat the C5 position comparedto the C5methyl of T or Cb
hydrogen of dUpn repair efficiency with adductarger thanan O*-methyl group.

hAGT is known to have a preference for repafifarger adducts such as thbenzyl
group, especially at th&®-atom of dG?>3°1%l0f the 4 novel substrates we evaluatetzUBn
was observed to be repairdtie fastestoy hAGT, with complete repaachieved in30 seconds

(Figure 3.4 A)Surprisingly, hAGT was incapablergpairingthe sameadduct in thymidine,
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which differs only in the presence af methyl group instead of the aforementioned fluoro
group at the Cbposition of the nucleobasé’” Complete repair ofdFUEt required
approximately45 min, slower thandFUBnN, suggesting that even thougihe ethyl adduct is
smallerthan Bn thelatter adapts better to the active site of hAGThis may be due to a
stacking interaction on the benzyl groupwith Prol40 which may facilitate an optimal
orientation for binding and thiolate attadR*3%1% For the alkylene addis containing
terminal hydroxyl groupsjt was observel (Figure A2.49jhat dFUC7OH(150 min to reach
about 704 repaij was more efficiently repairedver dFUC40H(40% repair after overnight
incubation) Perhapsthe 7 carbon linkemay have greateflexability adopting a conformation
that evades steric clashen the activesite of hAAGT.Similar results were found in repair of
intrastrand and interstrand crodsks, where the 7 carbon linkés repairedpreferertially over
the 4 carboranalog!***2#%studiesof crystal structures of hAGT have revealed that its binding
channel has a tunndike shape that allows the entrance and accommodation ajdaladducts
with the reactive Cysl4Bcated at the end of the tunnel (9 A dedfy*>*°!Surprisingly, hAGT
displaysno repairof the 4-hydroxybutyleneand 7-hydroxyheptylendesonsat the O*-atom of T
(C5methyl) or dU (C5hydrogen)™ demonstrating that theC5fluoro modification of dFU

contributes to increasedusceptibility of damage removal at this position

OGT is known to repair a range of alkyl lesions atdhposition of thymiding*352°41%

The dFUELt lesion was repaired by OGT in undEs sec and the dFUBnN adduct was fully
repaired in15 sec(Figure 3.4 BPreviously, it was observed th@GTrepair ofdU-Bnoccurred
in 15 sect® Larger groups at theO*-position of Tsuch as4-hydroxybutylene and7-
hydroxyheptyleneare more of a challenge for repair by QGsurprisingly after 10 mirdFU
C70Hwasalmost fully repaired while less than 50% afFUC40OHwvasrepaired (Figure 3.7)For
the dU seriesOGTrepair of the7-hydroxyheptyleneand 4hydroxybutyleneadduct occurred
efficiently within 10 and 2 min respectivelyith similar repair profile®bservedwithin the first
minute of the reactiod®” The reduced efficiency observed for raip of dFUC40Hby OGTis
the first examplewe have encounteredf an O*-alkylatedlesion where theC5fluoro analog(of
5-fluoro-1 Beoxyuriding is less efficiently repaired relative to the ®€®2 RNR ISy o062 7F

deoxyuridine) analogrhis highlights dalance betweerthe positiveinfluence of the electronic
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effects of fluorineat the C5position on AGT repair o®*-alkyl groups withfactors such as

adductsize and flexibility.

The otherE. coli variant, AdaC, has a limited rangef substrates it carrepair. For
instance itis proficient at repairingmaller adducts such as methyl and ethyl groups atQfe
and O*-atoms of dG and T, respectivél§1°®1% A preference in repaiis observedvhen the
adduct is a methyl rather than an ethyl group at 68 position of d3!%! AdaC was able to
reach full repair 6dFUEtin less than 15 setFigure 3.4 Qlith repair of theO*-ethyl group

observed to beefficient as theO*-methyl groupwith afluorine atomat the C5 position.

It has beerproposed thatlargeradducts suchas a benzyl groypnight notbe repaired
by AdaC due to steric obstruction inii K S  LIN&LtiVES sitg? ¥ Unexpectedly, AdE
demonstrated activity towardslFUBnN with about 40% repaiobservedin the first 15secand
60% repair after 150 mirRemarkably AdaC also repaired 40% ofdFUC4OHafter 150 min
(Figure A2.49)¢ K S NB I &dedxykirfilinean@logsdU-Bn and dU-4COHwere resistant to
repair.®" No repair was observed odFUC70Hby AdaC, which may be due to the active site
not being capable of accommodaing the longerlinker. Recently, our group showed moderate
repair of anO*-thymidine-heptyleneO®-H -eoxyguanosine intrastrand crofisk adduct lacking
the intradimer phosphodiester group by Ada The repair occurred solely at tBB-position of
the H-@eoxyguanosine moiety and marked one of the first examples where-CAda
demonstrated proficiency in theepair of larger alkyl adducts. Interestingly, the analogous
butylene crosdink was inert towards Ad& repair. An inverted trend is observed for the

pyrimidyl series describedereinfor AdaC.

Finally, the chimera hOGT beled similar to OG]J being more effective atfully
repairing the smallerdFUEt adduct within 30 sec(Figure 3.4 D)Full repair ofdFUBN was
achieved in about 1 min, which is similar to the results obtained for OGT and hAGT. The
combination of theoptimal accommodation in theactive sitein addition to the favourable
effect of fluorine at the C5 positiolikely contributes tadFUC40Hand dFUC70OHepairto be
higherwith hOGT, relative t@GT and hAGachieving approximately0% repair after 45 min
and 1 min, respectively (Figure 3.7) Again the 5-fluoro-H -@eoxyuridine seriesexhibited
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enhancedsusceptibility towardsrepair of the adductsat the O*-position relative to the H -Q

deoxyuridine series
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Figure 34: Time course of repair afFUEt6 w «dBWBD(t T 1), dFUC40HT 1 ) anddFU
C70HT ww) at room temperatureA) by hAGTB)by OGTC)by AdaC and) by the chimera
hOGT.

One of the hypotheses as to why the-flforine group has apositive influence onAGT
repair is that it may exert an effect ahe O*-G bond of alkyl group attached to the nucleobase
rendering it more labile for facile transfer to the thiolate anion in the active Siteere could be

an electronic effect occurring within the nucleobase bonds causingXfh@ weakening This
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has been observed in @&ioro cytosine, in where the Guoro groupthrough the G and N3
atomsdisruptsthe CG basepalf°*****4The presence diuorine in a biomoleculeanimpart
interesting properties and allow for probing of the role various residues play in maintaining
structure and catalging reactiond>®®® There has been much debate on the capability of
fluorine to participate inhydrogen bonihg®® 74134 nteraction with fluorine depenslon the
distance and potibn relative to the atomsinvolved®>'® The literature contains numerous
examples wherdluorine influences the basicity or acidity of certain chemical grodfysit can
alsogenerate specific polaand hydrophobic interactions with some protein residy&sgure

3.5). In the case of a more desolvated cavityhe conditionsmay be suitable for hydrogen

bondingto occurwith fluorine

Figure 3.5 Favourable orientation of GBb (green atom) for hydrophobic and-sytem
interaction with Pro140 (left) and Tyrl58 (right) respectivéModified from PDB 1T38 using
UCSFKChimerg
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Theexistenceof short contacts betweea fluorine atom and different amino acidsve
been reported.****® Short contacts btween thethiol from cysteineand fluorine have been
described *Y Histidinehas been reported to bable tointeract with fluorine via its imidazole

ring ™

The high reactivity of Cys14® AGT has beestudied by several groupdReports have
suggestedhat Cys145as alow pKa that allows it to be in the thiolate form at neutral Bt
is possible that the fluorine atom at the C5 position of (Bealkylated nucleobase, interacts
with key residues such as Cysi48-bondand thiolate short contagor even Hbonding and

His146(GF bond and ™ -system interaction)n the AGT active site, enhancing the reactivity of
361,63,74]

the thiolate anion(Figure 3.6

Figure 3.6: hAGT active site with-Buoro-O*-methylH -Beoxyuridine displaying distandeom
C145 sulphur (yellow atom) to th&’ (red atom) and G¥& (green atom) respectively. (Modified
from PDB 1T38 usingCSFChimera
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To test this hypothesis, it may be worthwhile to prepa@&&T mutants to probe these
possible interactionsln other studies, mtations at key residues have showm reduce AGT
repair activity For example Y114F or Y1l1l4Autations highlightthe importance of Y114 in
flipping of the nucleoside ad positioningof the alky! lesior>*%*! Likewise the P140Kmutation
revealed the importance diydrophobic interactions betweethisresidue withbenzyl moietis
at the nucleobas#® Althoughthe shapeand properties osome amino acids in the active site
are different between AGT#, may be interesting to explore electrostatic interactions between
the C5fluoro group of the nucleobase aray conservedresidues.Hydroxyl and guanidinium
groups hae shown to be fluorophiliand amino acids such &gosine (Tyrl114 and Tyr8%and

arginine (Arg35) found in the AGT active sit®ntain these groupéFigure 3.6)°111°

In this study it was observed that the different AGTs deviated from the patterns

observedregarding repair proficiency of vario@-alkylatedT and dUesiors. It is clear that

the presence of fluorineat the C5position of the nucleobaseenerally aids in achieving
efficient repair(graphicexamples shown iniure 3.7. We hypothesize thatventuallya limitis
reachedwhere there isinsufficient space available in the active site cavityaccommodate
bulky lesionsilt is proposedhat the C5fluorine of the alkylated nucleobaseould be acting like

an allosteric effectorwith possible interactionswith AGT active site residuethat may
contribute to enhanceactivity towardsthe a-carbon.We are currenly synthesizing intraand
inter-strand crosslinks with Gfiuoro pyrimidines in order to determine whether enhanced

repair is &0 observedor these lesions
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Figure3.7: Repair ofA) dFUEt, B) dFUBN, C)dFU4COH and) dFU7COH at time points by
hAGT(white bars) AdaC(granite bars)OGT(black bars), andOGT(light grey bars).

3.4Conclusion

The synthesis ofd*-ethyl-dFU, O*-benzytdFU, O*-(4-hydroxybutyl}dFU, andO*-(7-
hydroxyheptyRdFU phosphoramidites as well as their incorporation into oligonucleotides by
solidphase synthesis @escribed TheUVthermal denaturationstudiesrevealeda decrease of

approximately10°C upon the introduction of the alkyl groups at th@&-atom for the various
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adducs investigated CD spectra of theDNA duplexes containing thes€-modifications

suggest minimal differences from a standarfoBn structure

Generally, the repair studiesiswed an enhancement in AGediated repair due to
the C5fluoro group.SurprisinglyhAGTdemonstrated the ability taepair 4hydroxybutyl and
7-hydroxyhepty! lesionsit the O*-position of 5fluoro-H -Beoxyuridine whereas this protein is
incapable of rpairing these adductgor thymidire I Y R-deexguridire. To the extent of our
knowledge,we have showrthe first exampls of AdaC repairing large©'-adducts like benzyl
and 4hydroxybutylfor 5-fluoro-H -Beoxyuridine Repair by OGT occurrénvards allO*lesions
evaluated except for 4-hydroxybutyl which occurred slower for -Buoro-H -@eoxyuridine
compared toH -Beoxyuridine The chimera hOGT achieved fast repair foO&hdducts similar
to OGT. It was ned that repair of 7-hydroxyheptyl and ydrox/butyl groups at theO*
position by hOGToccurred about2x and 40x faster respectively férfluoro-H -@eoxyuridine
relative toH -@eoxyuridine Overall, it was observed that repair thie 7-hydroxyheptyladduct
was preferred over4-hydroxybuty] with exception of Ad& (where no repair of7-
hydroxyheptylwas observefl The longer adduds inherently moreflexibile, which may allow
for proper orientationof the O*-G bond in order for alkyl transfeto the activated thiolate

group. The active & of AdaC may be too small to accommodate tiydroxyheptyladduct

In general, the GBuoro groupenhancedAGTrepair of O*-alkyl pyrimidiny! lesions. This
modification enabled lesions at the O*-position that were otherwise inert, such ate 4-
hydroxybutyland 7Zhydroxyheptyl,to be acted on by certain AGTs (hAGT for instanthjs
may beattributed in partto favourable interaction®f fluorine and the AGT active sitenabling
repair of awider scopeof substrates Further investigation ofhe basis of theinteractions

occurring withthe dFU substrates will enhance our understanding of At@@iated repair.
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Chapter 4. Influence of halogens at the Cosition of O*-alkyl

pyrimidinestowards repair by O°-alkylguanineDNAalkyltransferases

4.1 Abstract

Oligonucleotidesontaining5-chloro-O*-methyk+ -Beoxyuridine(dCIUMe) or 5-bromo-
O"-methykH Beoxyuridine (dBrUMe) were prepared by soligphase synthesis. Biophysical
studies of the DNA duplexes containing these modificatioeyealedan 11 °C decrease in
thermal stability compared to the duplexesntaining5-chloro-H -@eoxyuridine(dCIy or 5
bromo-H -@eoxyuridine (dBrU). Circular dichroism profiledemonstrated that the modified
duplexesmaintained an overalB-form DNAstructure. Despite thelarger size ofthese atoms
compared to fluorine or hydrogen, their presence at theg@Sition did not impair the ability of
variousAGE to removeO-Y S K&t I NER dzLJ T NRdcoxyiuridiSes Surpisihdiyh T A SR
dCIUMe was repairecefficiently by uman AGT(hAGT)while other AGTproteins (AdaC and
OGT fromE. coliand a chimershAGT/OGT.INE (i S A y only Klisplxged moderate repair
towards this lesionFordBrUMe, all AGTs repair similanyith hAGTdemonstrating the least
proficiency towards this adductThese results suggest a combinatwinfactors contributing to
the repairproficiency observetetween (1) the influence of inductive and resonance effects of
C5chloroand C5bromo groupson the heterocycle and (2) the possibleséairable interactions

(halogenbonding, short contacts, etc.) ofthe ®5F f 23Sy a GgAIGK ! D¢Qa | OGAQD

4.2 Introduction

DNA damagén the form ofhalogenated nucleobasesanresultfrom different sources
including someinflammatory processes or the presence ofpbbromousand hypochlorous
acids™*1%19% One of the sitesmost susceptible to modificatiofis the C5 position ofhe
pyrimidine nucleobass. The presence ofs-halogenated pyrimidines camave biological
consequences which affect DNAprotein interactions and processes such as <5

methylation**+12°)
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The steric and electronic effectesulting from halogenationare depencent on the
identity of the halogen. It is well documented that fluorine is commonlydussa substitutefor
hydrogen atomsalthough the former islightlylarger whereas ldorine and bromineare closer
to the size of a methyl group™ Recently, the presence of halogens in many biological system
has been found to exerinteresting properties Halogen bondingwhich isthe non covalent
interaction between an electrophilic region-fole) in the halogen atom with the nucleophilic
part of another moleculeand short contactare examples of interdion of halogen atoms with

proteins and nucleic acid&

The nfluence ofreplacing the methyl group di-methylcytidine with varioushalogens
on endonucleaseactivity has been evaluatedt was shown thatMspl cleavageactivity was
unaffected by thepresence of halogens at the C5 positwhereasHpallactivity was reduced
in the presence of a fluoro group amompletely absehin the presence of eithea chloro or

111 g5me halogeniave a minimal effect o®NA structure whreas larger ones

bromo group
may introduce a structural deformatiorit was concluded that steric effects mainly impacted
the protein-DNA interations and that thepresence of chloro or bromo grougsuld simulate
the effect of methylatiod™** In other studies it was noticed that onlyfliorocytosinecouldact
as a methyltransferase trap, wheasthe chlorirated and bromirated analogues wre not able

to functionin the same way probably due to steric reas&ny.

Halogen substituets in pyrimidines have beerstudied for deades and found
applications as therapeuticSThey have been employed @hemotherapyas radiosensitizers
due to their large crossectional areahat enables theabsoption of radiation and their Auger

effectthat can inducesingle and double strand bresi DNA®®122123

OP-alkylguanineDNA alkyttansferases (AGTs) are known for being capable of repairing
alkylation at theO*-position of thymidine, with some variantslisplaying greater proficiency
relative to others. It has been proposed that Gtethyl groupof thymidine maycontribute to
the reduced repair activity ofiuman AGT twards O*alkyl lesiond®” The electrordonating
nature of the methyl group has made our group interested in analyzing the effect of electron
withdrawing groups at the Cposition. It wa observed in studigserformedby our group that
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the presence of fluorine dramatically increased AGTs efficiency to r€Bairethyl adducts.
Hence, the purpose thistudyis to analyze the effect afther halogensincluding chloro and
bromo groupsat the C5 positiontaking into account electronic and steric effeats, repair of

O*-methylated pyrimidines by AGTSs.

The presence ofdlogenson the nucleobasesavebeenshown to influence DNA duplex
stability. Halogenscan alter the pKa of differengroupsand can influencestabiliation of the
DNA duplex. Studies performeuth 5-halogenated cytosine revealed thttie pKa of theN3
atom decrease8! ! This change inKa reduces the strength or even rewes one of the
three hydrogen bonds in CG base paifii§*'? NeverthelessC5halogenations increasthe
LEBNAYARAYSQa LIt NART I 6Aft Al &stackingAnte@dtiond, Bolssibly G 2
contributing to a more stable DNA duplex (higher thermal sitgpf****2°!

Halogen bonding and short contacts (short distances between a pair of atoms) have
been observed in nucleic acigsotein gructures® The versatility of these halogens allows
them to have short contacts with O and N atomisch asthe backbone carbonyl groups in
proteins™>®Even though halogen bonds are weaker than hydrogen bonds, they are involved
in hydrophobic interactionsand even form halogenwater bridges, contributing to
stability 211 The strength of halogen bonding has been observed to increase from chlorine to
bromine due to the higher polarizability dfe latter.**61262lThe moderate strength athe
bromine bond could be one of the reasons why nucleic acids haeadency tomore readily

be brominated rather than chlorinatef2®!

The distance required for hydrogdrond formationto halides varies dependingn the
donor. Normally this distance increases gothgough the seriesrom fluoride to iodide!*?®!
Substitutions ofhydrogens and hydroxyl groups fdralogens in proteins have shown to
increase their thermal and structural stability. For this and other reasons halogens have been

also employedor molecular imaging anstructural studies***
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Figure4.1: (A) Structures of5-chloro-O*-methykH -Beoxyuridine(dClUMe) and 5bromo-O'-
methykH -@eoxyuridine (dBrUMe). (B) DNA sequence where X corresponds to the modified
nucleoside.

4.3 Results and Discussion

4.3.1Synthesis of nucleosides and oligonucleotides

The structure ofdCIUMe, dBrUMe and the DNA sequenoghere they are introduced
are shown inFigure4.1. Thesenucleobase modified oligonucleotidegere use to study the
size and electronimfluenceof the C5group relative totheir T(C5methyl), dU (C5hydrogen)
and dFUC5fluorine) counterparts® Previous studies in our groufemonstratedthe positive
influence of fluorineat the C5position onrepair by AGTs possibly due to favorable interactions
200dzZNNAY 3 G GKS LINE (G SA Y QRat the Quorleefom nayih&erd & 6 St
the heterocycle making th€*-G bond more suseptible for the thiolate attack. Chapters2
and 3 Theinvestigation of thehalide series in hand with our studies involving thiguorine
modification, will give us a better understanding on tle®ntributions of size and/or the

electronic effectof groups at the Cposition on AGT repair

The modified oligomers were obtained after small molecule and gblake synthesis.
The synthetic pathwaghown inScheme4.1 begins with the protection of the @ Yy Rend @
the commercially available -8hloro-H -@eoxyuridine ¢ClJ) and 5bromo-H -@eoxyuridine

(dBrU) using previously published proceduf®s® The preparation of the convertible
5C



intermediate was accomplished by the slow addition of 1,&rfazole, triethylamine and
phosphoryl chloridewhile stirring at 6C 2 | & 2 f dz{ A-D-{fert-udyiitethylsiyy-y 3
p-0-06 n -Himethoxytrityl}5-chloro (or bromo) -Beoxyuridiné® The convertible neleosides
were then converted to compoursl 5a and 5b by treatment with sodium methoxide in
YSUKIFy2ts F2tf26SR oGtert-bukyBimediBsiy? gidup by & Fluoridk S
treatment. Finally compound&a, 2b, 5a and 5b were phosphitylated to yield phosphoramidites
3a, 3b, 6a and 6b according topreviously published proceduré$! Purification of all the
phosphoramidites was achieved by using short flash column chromatographyttend
compounds werecharacterized by*'P NVIR spectroscopy(Figures A3, A3.10, A3.13 and
A3.20). The **P NMR spectraf each phosphoramiditeevealedtwo signalsnear 147149 ppm

region, which isdiagnostic for hosphoramidite®*

Due tothe labile nature of dFtMe and otherO*-adducts mild deprotection conditions
were employed for oligonucleotides containingthese halogen analogue§® & Ck & i
RS LINE (i ORUVYAYWSNO A | £ f &0-pHoPhorarhiditésivée used for slid-phase
synthesisand phenoxyacetic anhydrideras usedas the capping reagefit” Total deprotection
and cleavage of the oligomers frothe solid support was accomplished with an anhydrous
solution of pdassium carbonate in methanol (0.05 M) for four hours 4@ under gentle
rocking followed byneutralization ofthe excess baseith an equimolar amount of acetic acid
88.97] Oligonucleotidesontainingthe different modificationgdCIU dCIUMe, dBrU and dBrU-
Me) were purified by SAXHPLC and characterized by-ES. The ESHS results showedhe
presence of the modificatiamand the observed masses are agreement with the expected
mas®s (Figures A1, A322, A323 and A324). Enzymatic digestion of modified
oligonucleotides using snake venom phosphodiesterase and calbtimié phosphatase
enzymes followed by analysis usy reversed phase HPLEpnfirmed the nucleoside

compositionof the oligomerdo be consistent with expected ratiog-igures A5 and A326).
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Scheme 4l: Reagents and conditions: (i) DMCTI, pyridine, DMAP, 16 h, ZC; (ii)N,N-
diisopropylaminocyanoethylphosphonamidic chloride, DIPEA, THF, 30 min; (iii)-Q)MTr
pyridine, DMAP, 16 h, 22C; TBSCI, Imidazole, DCM, 16 h, 2C; (iv) 1,2,4riazole,
triethylamine, POGJ MeCN, 16 h, 6C; MeOH, NaOMe, 4, 21°C; TBAF (1M in THF), 30 min;
(v) N,N-diisopropylaminocyanoethylphosphonamidic chloride, DIPEA, THF, 30 min.

4.3.2 UV thermal denaturation and CD spectroscopy

UV thermal denaturation studies wereonducted in order to assess the influence of
chlorine or branine at the CHosition of the O*-methylated adducts on stability of the DNA
duplexes. The results are summarizedrigure4.2 and suggest that upon the methylation at
the O*-position, there is a decrease in thermal stability of °C1 relative to theunmodified
controls. A similar decrease was observed for dfe and the T and dU analogu€d.The

origin of the decrease in thermal stability is most likely attributed to the disruption of hydrogen
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bonding between the dCHMe:dA and dBrtMe:dA base pairsand their influence on

diminished stacking with theflanking base pairs. It was observed that the dCIU and dBrU

controls had a moderately highér, value than the dFU (and dU) contr@igures 4.2 and

A3.31) The difference may be attributed to the highgolarizability of chlorine and bromine,

relative to fluorine, on the pyrimidine ring that can improve basacking!*'**The dCIU and

dBrU containing duplexes have a thermal stability slightly lower relative to the T contri)(62

The close resemblance to the T control suggests thath@&Fine and Chromine behave more

like a methyl than fluorine in terms of their contribution to duplex stabifity’. Overall, the
LINBASYyOS 2F OKf2NAYS | yR -deduNding &hibitsia minindl / p L

influenceon the DNA duplestability 2
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Figure 42: T, values {C) of duplexes containingFU, dFtMe, dCIU, dCItMe, dBrU, dBruY
Me. Colorlessand grey bars represent the unmodified controls and methylated adducts,
respectively.

The CDprofiles shown irHgure 4.3 display spectroscopic signatures consigtwith a B
form DNA family (anaximum at around 280 nm and minimuat approximately245 nm). The
CD signatures adClUMe and dBrU-Me were similar to their unmodified counterpartslCIU

and dBrU) and the DNA duplex containing T at the same position. The results suggest that the
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presence of theD*-methyl group did not cause any major alterationthe overall structure of
the DNA, as previously observed for dFU, dU and T $&fighie small variations observed in
the CD data and the difference in molar absorptivityre signaturesare related tothe change
in the ellipticities due to the $halogen substitutionsFrom the different Shalogen substitutions
studied by our group, the duplex containing the-ili®rine group has the highesllipticity
while the lowest ellipticityis observed for the GCBromine modification which has digher

polarizbility [?°

I The electronic effect of each halogémas an influence on thellipticities
observed Overall, the introduction of the Gé&hlorine or Ciromine goup did not induce a

significant distortion to the global-®rm DNAstructure**?

80 -

60

40 - /\
L] l\

Molar Ellipticity (0 x 104)

Wavelength {(nm)

Figure4.3: Circular dichroism spectra of duplexes containd@U (t ), dCIUMe 6 w dBiJ
(T T 1),dBrUMe (T ax ) andT(T 0w w).
4.3.3Repair Assays

Repair of the Ghalogenatedd*-methyl adducts by different AGTs including human AGT
(hAGT),E. coliOGT and Ad& in addition to a hAGT / OGT chimera (hOGT) was evaluated.

These proteins exhibit a wide variety in substrate preference and active site residues between
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% Repair

100

them. Exploring their proficiency at removit-methyl lesions allows us to examinetie C5

halogens and their associated steric and electronic effects can influence repair.

2 3 4 5
Time (min)

Figure 44: Time course repair assay @)dCU-Me and 8) dBrU-Me by hAGT ¢ w,lO&ETT T
T ), AdaC § o1 ) and hOGTt(w w) at 5>molar equivalenc®f protein.

All four AGTsin this study were found taepair dCIUMe (Figure 41 A and Hgure
A3.38). hAGT was the most efficierdemonstratingfull repair of dCIUMe in less than 2 min.
Surprisingly, epair of dCIUMe by hAGT appears to be more efficietitan the dFUMe
analogue.This was nb expected asit was assumel that the bulkier chlorine atom could
encounter steric clashesiy K! D¢ Q&  ICIOdilyhtie SC5chldriieSydup is readily
accommodatedand may be participating in favorablénteractions with active site residues. The
chimera hOGTprotein, where the hAGT protein hasventy active site residueseplaced by
these found inOGT(except forthe active sitePro140residué, displayed reduced proficiency

towards thedClUMe substrateachievingalmost 50% repair aftareactionovernight.

The E. coli variants (OGT and Ad2) were found to have similar proficiency towards
dCIUMe. These variants reached about 65% repaitichremainsat a constantlevel after 45
min (Hgure A3.38). AlthoughOGT and Ad& are knowrto efficiently repair small lesionsuch

asmethyl groups, the presence tiie C5chlorinegroup limits a highevel ofrepair efficiency.
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AdaC hasbeen described to hava small and crowded active sitethich may not be able to
accommodate the GBhlorinegroup of theO*-methylated nucleobaseSome experiments have
shown the favorable interactions of chlorine with tryptophan. Therefore even though t
pocket might be smallit may be compensated bgossible interactions between Gé&hloro

groupand Trp161[?151121]

For the largerdBrU-Me adduct moderate repair by the variouAGTs \as observed
hAGT wadound to bethe least efficientof the AGT proteinsit repairingdBrU-Me achieving
45% repair.AdaC and OGTwere slightly more efficient with approximatelg5% repair
observed ThehOGTOK A YS NI Q& NB LI A NJdEFMeladiicBwadanly slightlyl NR &
better than hAGT4 similar trendwasobservedfor dFUMe whereas theoppositeoccurred for
dClUMe). Perhapswith a group thesize ofbromine at the C5position, a point is reabed
where the influencasthe same for # the AGTproteinsevaluated If this is the case, the repair
observed will come mostly from favorable interactions of bromine with some proximal residues

as well as its owelectroniceffectson the heterocycle.

From therepair outcomesobserved between the twsubstrates, the mossignificant
difference between the AGT variants was observedHAGT, whichperforms full repair of
dCIUMe and only 46% repair afBrU-Me. Forthe AGTsnvestigated in thistudy, thehuman
varianthas been described to containstightly larger active siteelative to the others, which

better accomodates C5chlorineversus Chrominegroup.

Despitechlorine and brominehavinga reducedinductive (electron withdrawing) and
conjugation (electron donating) effectlative to fluorine, they havebeen shown to interact
with different residues in proteinS® Halagensprefer to interact with hydrophobic amino acids
(such adeucine and phenylalanine), carbonyl groups of the protein backbone and with other H
bonding residues such as serff®*?! It is proposed thathat the C5chloro and CSbromo
3 NP dzLJadeo®ydridinedduld be interacting witlthe Ser159, wich forms part of the active
site wallof hAGT> ! Studies in other protein systemsuchashydronitrile lyase) have shown
the formation of hydrogen bonds between chlorine ahe residuesryptophanand serine***!
Hence, thesignificantrepair efficiency observedy hAGTon dCIUMe could beattributed to
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the formation ofhalogen bonds between the &hloro groupand residues Tyr1l58 and Serl159.
In the case of Ad&,the C5chloro groupcould be participating in similar bonds with Trp161.

The average distance required for the formationhyidrogertbonds increases as the hgken

[115]

getslargerand it is normally around 3Ato 3.3A

Figure 4.5Interactions that might occur between &@hloro (gold atorpand the residues from
hAGTactive site. (Modified fronPDB 1T38 usingdd~Chimera)

Other studieshave shown that chlorine has an inclination to interact with leucine and
bromine with arginind**®! Arg160 is present in the active site of AGand despitehaving a
smaller pocket than hAGT, the presence oft@@mo groupdoes not mpare the ability ofAda
C to remove theO*methyl adduct®"! hAGTcontains Arg135, which in previous studies has

been suggested to sterically clash th&phatic prtion of its side chairwith the C5methyl
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group of T. Perhaps theC5bromo groupmight be interacting with Argl35despite thesize of
the halogen®! Tyr158 also forms part of Adé Cadtive sitepocket and thus it could possibly

hydrogenbond with the CSromo group2 NJ S@Sy G2 F2NX | KIF 23Sy 02
531,115,121]

system(Figure 4.7.

Figure 4.6Interactions that migt occur between GBromo (darker reditom) and the residues
from hAGTactive site. (Modified from PDB 1T38 using UCBifera)
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Figure 4.7 Possible favourabl interaction of C8romo (darker redatom) with Tyrl58.

(Modified from PDB 1T38 using Ug&3tfmera)

Both OGT and hOGT have residues in their active site that have been reported
interact with chloride and bromide. Residues such as Serl34, conserved Argl4l, Argl4s,
Thr148, Thr150 and Tyr25the numbering correspornglito the OGTprotein) might potentially
be interacting with the C&hloro and CSbromo groupsvia Hbonds if theyare atan optimal
distance orthey may engage ihydrophobic interaction§=>% Unfortunately, to our knowledge

no crystal structures of these proteins are available at the monb@id in this hypothesis

Other examples ofinteractionsrelated to the present studyare thosewhich occur
between aryl halides and aromatgroups™*>*?% |n addition, sulfur containing amino acids
havealsobeen found to act as halogen bonding partnEf&. Water moleculesan also engage
in halogen bonding between the oxygen atom and the halogeith( optimal distances
between 2.6Ato 3.6 A).['** The presence of halogemater bridges with different residues has

beenobserved***??! A modification of interest to expand upon the present stud§-isdo-O*-
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methykH -@eoxyuridine 5-iodouracil is used clinically in order to enaince the efficacy of

radiotherapy®® It would be interestng to investigae repair of 5-iodo-O*-methykH Q

deoxyuridineby AGTs

Figure 48: Comparison of the repair at 15 sec and 1 minAfdFUMe, (B) dCIUMe and (O
dBrU-Me by hAGT, OGT, Adaand hOGT.

4.4 Conclusion

The synthesiandincorporation of5-chloro-O*-methykH -Beoxyuridineand 5-bromo-O'-
methykH -@eoxyuridine phosphoramiditesinto oligonucleotides by solghase synthesisvas
accomplishedTheUVthermal denaturationand circular dichroismstudiesrevealeda decrease
of 11°Cupon the methylation athe O*-atom for both the 5chloro and Sbromo derivatives

andwith no major alteration on the global structure tife duplexes relative to{Borm DNA
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The repair studies aiClUMe revealedthat hAGT was efficienin fact, slightly better
relative to thefluorinated analogue) at removing th@&-methyl lesion. AGT proteirgescribed
as having smaller active sitée coliAdaC and OGT and the chimdr@G7 were able to repair

dCIUMe with 42-65%repairobserved(Figure 4.8).

Despite the fact thatchlorine is larger than fluorine and hydrogen,it demonstrates
favourableinfluenceon repair efficiencyof an O*-methyl groupby hAGTThe size of ldorine
(smaller than methyl groupand its properties might be optimal to (1)engage ininteractions
with residuesy’ G KS K! D¢ &nd assisDiriedisy thé lesios towardthe thiolate in

Cys145 and (2) not introduce stedl@shes with residues in the hAGT active.site

In the case ofdBrU-Me, the larger size ofbromide did influence repair, with hAGT
activity the most affected in spite of its slightly larger active sidative to the other AGTs
studied (Figure 4.8 C)For the O*methyl adduct only55% repair was observed by hAGT
Regardless of thelargersize andpotential steric effectschlorideandbromide have the ability
to interact via halogen bonds with residues such as tyrosine, tryptophan, arginine and, serine
which might facilitate removal ofalkyl lesions at thed’-position Furthermore, the inductive
and conjugation effects of these halogertgespite beingower than in fluorine, can influence
the 0*G bond making it moresusceptible to removal by AGTRurther investigation oC5
halogenatedO™-alkylated pyrimidineswill contribute to our understanding of AGiediated

repair.
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Chapter 5.Conclusioms and Future Directions

5.1 Conclusion

Starting from 5-fluoro-H -@eoxyuriding 5-chloro-H -@eoxyuridine and 5-bromo-H -Q
deoxyuridinevarious phosphoramidite derivates 6f-alkyl adductsvere successfully prepared
by multistep synthesis.These modified nucleosides were incorporated into oligonucleotides
(14 nucleotides in length by solid-phase synthesjsdeprotected and purifiedESIMS and
nuclease digests confirmed theéeintity and composition of these sequences, ensuring that the

deprotection conditions employed did not compromise the adducts at@heosition.

UV thermal denaturation studiesevealed a decrease of approximately°@COwith the
introduction ofalkylationat the O*-positionfor the lesions preparedihe unmodified analogues
exhibited the following trend in duplex stability: (C5methyl) > dCIU (GBKf 2 NRB U -F R. NJ
bromo) > dU (GK & RNR 3 Sy 0 -flforo) Rdisplayed /inpigure 5.1) This trend in
stabilization most likely arises frodifferences instacking interaction®f the C5group of the
H -Beoxyuridines in the duplexdrcular diclroism gectra of all the O*-modified substrates
revealed an overall Bform DNAstructure with profiles similar tothose of the unmodified
(lacking anO"-alkyl group)duplexes. The small differences in the molar elliptitikgly result
from minimal perturbationsinduced by larger lesionsin addition to the influence of the

halogenson themolar ellipticity (n the sriesfluoro > chloro > bromo51.29]
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Figure 5.1T,, values {C) ofunmodifiedduplexes containind, dU, dFU,dCIU,and dBruU.

The presence of the Cftuorine enhances susceptibility towardepair by different
AGTs.The presence othe C5fluoro group resulted in a 2fbld increase irrepair of an O*
methyl adduct byhAGTNS f | i A-dé&yurnidide (eofaining £5hydrogen)and 100-fold
incease compared to thymidin@ontaining aC5methyl group) The pesence of the GHuoro
group also had a positive influence on AGT repairanfiér O*-adducts. hAGTdisplayed more
repair activity towards dF9 G X NBf | { Ad8&yuridie anid Ktl§/midin€® analogs.
Moreover, hAGT was able to repair the largetdC4OH and dFVC70OH adducts, which was not
20aSNISR T2 N (dédxywidinedds thydtdiidtidugtsd H Q

SurprisinglyAdaCwasable to repairthe larger dFtBn and dFWC40H adductsFor the
bulky 4-hydroxybutyl and 7-hydroxyhepty adducts at the O*-position, all AGTsdisplayed
greater proficiency towards the latteexcept AdaC (where no repair of7-hydroxyheptyl
occurred).The longer adducts believed to benore capable ofadopting an optimalorientation
for the alkyl transfeias it is possible that its longer carbon chain could allow it to reach a closer
position towards the reactive cysteindda-/ Qa | OGA GBS & knab durtodIkG oS
presence of certain residues such as Trpffidventingaccommodation of th&-hydroxyhepty!
adduct Itis proposed that GHuorine atom doesnot encounterstericclashes in the active site
and that theelectronic propertiesof fluorine (inductive and resonance effects) migiftect the

O*-G bondallowing it to be more susceptible towardsicleophilic attackn the AGT active site.
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In addition,favorable interaction®f the C5fluorine with active site residuesay contribute to

the nucleobase adoptingn optimal orientatiorfor transfer of the alkyl group

The influence ofsize and electronic effects of the C5 grofipt -daoxyuridineon
susceptibility to undergo repair by AGTs veaglored with substrates containing®*-methy}5-
chloroH -Beoxyuridine (dCIUMe) and 5-bromo-O*-methykH -©eoxyuridine (dBrU-Me).
Unexpectedly (dspite to the bigger size of both atomahere the van der Waals radius of
chlorine is1.75A and bromine isl.85A comparedto 1.47 Afor fluorine), both substrates were
repaired by the 4 AGTs. ThkCIUMe was efficiently repaired by hAGT. MoreovdClUMe
repair by hAGT occurred faster relativedBUMe. This suggesthat C5chloro groupmight be
interacting with the active site residuegositioning the nucleobase to adomn optimal
orientation for the removal of thed*-methyl group. It is assumed that the bigger sizelBfU-
Me presented more of a challenge to th&GTsto repair the O*-methyl group. All the AGT
proteinsdisplayed similarepair proficiency towardsiBrU-Me with hAGT and Ad& achieving

45%and 5% repair, respectively

Fluorine has inductive {withdrawing electrons) and conjugation-fonating electrons)
effects that can alter the heterocycleontributing towardsmaking the O*-G. bond more
susceptible for the removal désiors by AGTThese effects areeaker forchlorine followed by
bromine. In similar systemsuch as in fluorotoluees or fluorobenzenes, it has been observed

that an ortho-fluoro groupor s-fluorination with respect to amino, hydxy or carboxyl groups

increases their acidity mostly due to the inductive effect. The ofthoro position with respect
to these groups ab tends to favor nucleophilic reactiorfstabilizel through the inductive

effect).!6:62!

Studies have shown that fluorine, chlorine and bromine are ableengage in
interactions with different residues. These halogens can be involirechydrophobic
interactions, which hadeen shown to occur wittbenzyl moietie$>°°®¥ Halogenscan also
decrease the a of neighbouringyroups®®® It may be that the fluorine enhances specific
interactions inthe AGT active sitkeading to apKa shiftby engagingnteractions with certain

active siteresiduessuchas Cys145 and His14&ort contacts between fluorine and the thiol
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from Cysl145 and the imidazole ring His146 canthance the formation of the niueophile
required for alkyl transfer resulting in the enhancesfficiency in repaiff®"***® Other

contributions may arise from fluorophilic moieties such as hydroxyl (present in Tyrl14 and

561,116]

Tyrl®) andguanidinium group¢found in ArgB5) (Figure 5.2

Figure 5.2 Possible interactions of @duoro (green atom) with residues in hAGT active site.
(Modified from PDB 1T38singUCSFChimerag

Halogens can patrticipate in hydrogen bonds but it is not that common and optimal
conditions and orientatiorare required forthis to occur.Any interaction with fluorineor other
halogensdepends on the distance and position relative to theteractingatoms.*>*** chloride
ando N2 Y AaBlliy @dEinteract via halogen bonds with residues such as tyrosine, tryptophan,
arginine and serine mighpromote a more optimal accommodatioand positioning of the

lesionfor removal.
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For example in human AGfhe C5chloro groupcould be interacting with Tyr158 and
Ser159 possible through halogen or hydrogen bdidsChlorine might also achieve similar
I O &' BscBninei HadisBaivdto

have an inclination to interact with arginirﬁ]é?’] Therefore it is possible that apart from

interactions with Trpl& and Tyrl59 (located on AdaQ a

interacting with the previous mentioned residudbis halogercould be interacting with Arg135
(in hAGT), whosaliphatic region of its side chais in proximity tothe C5methyl group in T,
despitesome steric issuéd? Perhaps the underlyingause of whylBrU-Me is repaired by Ada

C in spite of having a small actjvecket could be possiblénteraction with Arg166'°211°!

A summary and comparison of the repair of all the different substratgs hAGT, OGT,
AdaC and hOGT arghown inTables5.1.1, 5.1.2 and 5.1.3here still existnultiple questions
for future studies. Fst, is there space available in the active sitehe AGT$or thesemodified
substrates? Second,how does the inductive and resonance effects of fluorife other
halogens) ma& theh carbonof the lesion more prone to the nucleophilic attably the AG™P
Finally, once the substrate can fit in the active site, is fluorine able to interact with the active
site residues and (1) generate certain favorableiattions that allow the nucleophilic attack
to occur faster? and/or (2) generate interactions that might orient and accommodate the lesion
better for removal? Manyf theseeffectsalsodepend on the environment. Crystal structures
of these halogenated ndified DNAAGT complexewould contribute tounderstanding thee
interactions.lIt is evident that the CSluoro and (to a lesser exten¥5chloro and C5bromo
INER dzLJA 2 F-deoduRidireHa® Bn infli@ncen the repairof O*-alkylated adducts by
the AGT variants.

Table 51 Relative repairs of different Substrates by different AGTs

AGTs T-Me T-Et T-Bn T-4COH T-7COH
hAGT + - +++ - -
OGT =t ++++ +H++ b =
Ada-C e +++ - - -
hOGT =+ - +++4+ - .
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Table 52 Relative repairs of different dU substrates by different AGTs

AGTs dU-Me dU-Et dU-Bn dU-4COH dU-7COH
hAGT =+ + -+ - -
OGT == ++++ -+ =t -+
Ada-C - ++++ - - -
hOGT b= +4++ o=+ =+ ++ ik

Table 53 Relative repairs of different dFU, dCIU and dBrU substrates by different AGTs

AGTs dFU-Me dFU-Et dFU-Bn | dFU-4COH | dFU-7COH | dCIlU-Me | dBrU-Me
hAGT +++++ +++ +++++ ++ +++/++ +++++ ++++
OGT +++++ +++++ | +H+++ ++HH++ /4
Ada-C +++++ +++++ +H+++ ++ - ++H+++ +HH++ /44
hOGT +++++ +H+++ +H+4+ R [

+++++ (25% repambservedin < 15sec)

++++ (25% repagbservedbetweenl15sectol min)

+++ (25% repaobservedbetweenl minto 15 min)

++ (25% repaibservedoetween15 minto 30 min)

+ (25% repaiobservedin more than 30 min)

- (no repairobserved

*Columnsshadedin light orange correspond to the analyses | performed

*(olumnsthat are not shaded correspono the analyses performedly Dr. FMcManus(PhD
Thesi2014)
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5.2 Future Directions

An interesting extension of this study would be tprepare and evaluateepair of 5
iodo-O*alkykH -Beoxyuridine bythe variousAGTs. lodine has a van der Waal radius of £95
andthese resultsvould contribute to ourunderstandng of the stericand electronic effectsof
the C5group on AGT repair d@-alkyl groups 5lodouracil is a compound that issedas a

therapeutic agent thaienhance radiosensitivity®®

Another interesting modification to investigate at th&€5position would be the
trifluoromethyl (Ck) group. Ck has been usa&to replace methyl groups in residues such as in
lysine. Sudies have shown that it rght have the opposite conjugation effecelative to
fluorine. For instance in a benzene ring systemg {SFmainly an electron withdrawing
substituentwith a negative conjugation effect and a dominant inductive effé&tMoreover

from a structural perspective th€k groupcorrespondsn sizeto an isopropyl group.”!

A / B /

Figure 53: Structure of f) 5iodo-O*-methykH -Beoxyuridine and B) Strifluoromethyl-O'-
methykH -@eoxyuridine.

The introducton of fluorine at the nucleobaseaf intra- and interstrand crosslinks could
be of interestto observewhether enhancedrepairis observed for these bulky AGT substrates
Moreover, the enhaced reactivity observed with the-f@®ro pyrimidine adducts coulthe

exploited to direct the AGT reaction to produce well defined ABIA crosdinked species.

Finally,it may be interesting to explorsugarmodified nucleic acids on AGT repair. One
example of an analog are th@QdeoxyH -fuorol NJ 0 A y 2-AN3¥which Hh&€ shown
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promise asgene silencingagentsand have aglobal structure similar to DNAO*-Alkylated
ay I £ 2 3 dzSANA @ak contdnGnodifications at the @Bsition, such a2&luoro-5-iodo-1-
i -D-arabinofuranosyluracil (FIAWNnd 2&Xluoro-5-fluoro-1-i -D-arabinofuranosyluraci{FFAU)
could be interesting tanvestigate asAGT substratesMoreover, the use of these backbone

modified and base alkylated oligonucleotides may be exploited as a combhi&d inhibitor
and gene silencinggent 213

Figure 54: Structures of (A) FFAUand B8) FMAU

69



Chapter 6 References

[1]
[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

N. Kondo, A. Takahashi, K. Ono, T. Ohnlehrnal of Nucleic Aci@910 2010 1¢7.

Y. Mishina, E. M. Duguid, C. @aem. Rex2008 106, 215232.

ad® .2dzd AlyST CoP aAl 2T bo S> Bota Blochinigdj dzA & ( 2

Polonical998 45, 192,202.

Y. Mishina, C. HEhem. Re\2006 100, 670;678.

5

G. Sun, S. and Jin, R. BaskaExp, Cell Re2010 315, 3163;3175.

K. V. Shaer, R. Howse, S. A. Shah, P. D. LaBieghem. 1974 137, 303;312.

5d Y® hQCf | KOfNgiotha. Che@01&Vd

2 Af Raz

B. Rydberg, T. Lindafilhe EMBO Journa982 1, 211¢216.

S. S. Hech€Chemical Research in Toxicold§®8 11, 561¢590.

T. lwakuma, K. Sakumi, Y. Nakatsuru, H. Kawate, H. lgarashi, A. Shiraishi, T. Tsuzuki, T.
Ishikawa, M. Sekigucl@arcinogenesi$997, 18, 1631%;1635.

D. K. O. Flaherty, C. J. Wildhem. Asian Journ2016 576;583.

D. K. O. Flaherty, C. J. Wildeem. Eur. 2015 21, 10522,10529.

L. Samson, S. Han, J. C. Mardigscinogenesis997, 18, 919;924.

B. D. Preston, B. Singert, L. A. Ld&bchemistryl 986 83, 85018505.

E. L. Loechler, C. L. Greet JEssigmanniBBiochemistry1984 81, 627X 6275.

D. T. Beranek,Mutation Research/Fundamental

70

and Molecular Mechanisms of



[17]

[18]

[19]

[20]
[21]
[22]
[23]
[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Mutagenesisl 990 231, 11¢30.

M. D. Wyatt, J. M. Allan, A. Y. Lau, T. E. Ellenberger, L. D. S8mwn&wsay4999 21,
668¢676.

R. Gothgoldstein,Cancer Researd®80 40, 2623;2624.

B. Kaina, A. A. van Zeeland, A. de Groot, A. T. Natakdysdation Research Letted990Q
243 219,224,

G. T. Pauly, R. C. Moscl@&hem. Res. ToxicaD01, 14, 894;900.

P. Wang, N. J. Amato, Q. Zhai, Y. Whngleic Acids Resear2fi15 43, 1079%10803.
M. J. Hickman, L. D. Samsbful. Cell2004 14, 105116.

P. Zak, K. Kleibhll, F. LavWde Journal of Biological Chemist894, 269, 730;733.

A. Sanar, Annu. Rev. Biocheft®96 65, 4381.

K. Theis, M. Skorvaga, M. Machius, N. Nakagawa, B. Van Houten, C.Niis&gon
Researct2000, 460, 277%300.

G. P. Margison, M. F. SantilsapEssay2002 24, 255266.

Y. Mishina, C. J. Lee, C. Necleic Acids Resear2fi04 32, 1548 1554.

J. L. Tubbs, J. A. Tainencyclopedia of Biological ChemiszBi3 2, 9¢15.

A. E. Pegd;hemical Research in Toxicol@@t 1, 618;639.

S. M. O. Toole, A. E. Pegg, J. A. SwenBargeResearcii993 53, 389%3898.

J. E. A. Wibley, A. E. Pegg, P. C. E. Mblodieic Acids Resear2@00 28, 393;401.

C.Yi, C. HE€old Spring Harbor Perspectives in BioR@h3 1¢18.

71



[33] D.S. Daniels, C. D. Moal, A. S. Arvai, S. KanugHlaRégg, J. A. Tain€éhe EMBO Journal
2000 19, 1719;1730.

[34] E. M. Duguid, P. A. Rice, C. trirnal of Molecular Biolo@005 350, 657%666.
[35] J.L. Tubbs, A. E. Pegg, J. A. TdiiA Repai007, 110@;1115.

[36] K. S. Srivenugopal, X. YuanSHFriedman, F. Adsman,Biochemistryl996 35, 132&
1334.

[37] A. E. Pegdutation Researc000 83100.
[38] Q. Fang, S. Kanugula, A. E. PBai;hemistrn2005 44, 1539&15405.
[39] G. W. Rebeck, C. M. Smith, D. L. Goad, L. Satdexcteriol1989, 171, 4563;4568.

[40] M. H. Moore, J. M. Gulbis, E. J. Dodson, B. Demple, P. C. E. NlbedyMBO Journal
1994 13, 14951501.

[41] P. M. Potter, M. C. Wilkinson, J. Fitton, F. J. Carr, J. Brennad, D. P. and Cooper, G. P.
Margison,Nucleic AcidResearcii987 15, 917%9193.

[42] S. Mitra, B. C. Pal, R. S. Foote, B. Division, O. Ridge, O.JRidgal of Bacteriology
1982 152, 534;537.

[43] N. Shrivastav, D. Li, J. M. Essigm&ancinogenesi010 59%70.
[44] R. H. Elder, G. P. Margison, J. A. RaffBioghem. 1994 235, 231¢235.
[45] F.P.Mcmanus, C. J. Wild@isxicol. Re2013 158;162.

[46] Q. Fang, S. Kanugula, J. L. Tubbs, J. A. Tainer, A. BloBawd,of Biological Chemistry
2010 DOI 10.1074/jb#1109.045518.

[47] D. S. Daniels, T. T. Woo, K. X. Luu, D. M. Noll, N. D. Clarke, A. E. Pegg, J. MatTainer,
Struct Mol BioR004, 11, 714;720.
72



[48] A. E. Pegg, M. E. Dolan, R. C. MoschBkagress in Nucleic Acid Research and Molecular
Biology(Ed.:W.E.C. and K.M.B:P. in N.A.R. and M. Biology), Academic Pr3@5 pp.
167¢223.

[49] D.S. Daniels, J. A. Taindytat. Res.2000 460, 151¢163.

[50] F. P. Guengerich, Q. Fang, L. Liu, D. L. Hachey, A. Bieaggmistry2003 42, 10965,
10970.

[51] R. Coulter, M. Blandino, J. M. Tomlinson, G. T. Pauly, M. Krajewska, R. C. Moschel, L. A.
Peterson, A. E. Pegg, T. E. Sp@Gitem. Res. Toxic8D07, 20, 1966;1971.

[52] K. Goodtzova, S. Kanugula, S. Edara, G. T. Pauly, R. C. MostheeggThe Journal of
Biological Chemistry997, 272, 8332,8339.

[53] Q. Fang, A. M. Noronha, S. P. Murphy, C. J. Wilds, J. L. Tubbs, J. A. Tainer, G. Chowdhury,
F. P. Guengerich, A. E. PeBigchemistry2008

[54] F.P.Mcmanus, C. J. Wil@hiemBiolem2014 15, 1966;1977.

[55] B. C. Buer, E. N. G. MarBhotein Scienc2012 21, 453;462.

[56] B. E. SmartJournal of Fluorine Chemis2001, 109, 3¢11.

[57] A. Bondi,The Journal of Physical Chemist®g5 68, 441¢451.

[58] K. L. KirkJournal of klorine Chemistr2006 127, 1013,1029.

[59] D. 0. Hagan, H. S. RzepaegmComm 997, 645652.

[60] J. SwinsorHalocarbon Products Corporati@d05 1¢5.

[61] P. Zhou, J. Zou, F. Tian, Z. Shanghem. Inf. Mod@009, 49, 2344;2355.

[62] V.M. Vlasov, G. G. YakobsBuissian Chemical Reviel®v4 43, 1642;1668.

73



[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

H. Bohm, D. Banner, S. Bendels, M. Kansy, B. Kuhn, M. Klaus, sartdlest M. Stahl,
ChemBioCher2004, 5, 637643.

[ @ ad | | JdzLl2f Qa1 AAZ ! opRussin Chéntcd REIBR2 B3, b ® + @
64¢94.

E. Heshmati, P. Abdolmaleki, H. Mozdarani, A. S&etrganic & Medicinal Chemistry
Letters2009 19, 5256;5260.

E. B. Lamont, R. L. SchilsBnical Cancer Researt99, 5, 2283,2296.
R. Maét-Martino, R. Martino,The Oncologis2002 28&;323.

D. G. Haller, J. Cassidy, S. J. Clarke, D. Cunningham, E. Van Cutsem, P. M. Hoff, M. L.
Rothenberg, L. B. Saltz, H. Schmoll, C. Allegra, ébainal of Clinical Oncolog@08 26,
21182123.

D. Baraniak, D. Baranowski, P. Ruszkowski, J. Boryski, D. Baraniak, D. Baranowski, P.

Ruszkowski, J. BoryskKiucleosides, Nucleotides and Nucleic A2 35, 178;194.

J. Voorde, S. Liekens, C. Mcguigan, P. G. S. Murziani, M. Slusarczyk, J. Balzarini,
Biochemical Pharmacolo@p11, 82, 441¢452.

G. R. Rettig, M. A. Behlkdplecular Therap009, 20, 483;512.

T. Dowler, D. Bergeron, A. Tedeschi, L. Paquet, N. Ferrari, M. J. DNualea¢c Acids
Researcl2006, 34, 16691675.

A. Kalota, L. Karabon, C. R. Swider, E. Viazovkina, M. Elzagheid, M. J. Damha, A. M.
Gewirtz,Nucleic Acids Rez006 34, 451c461.

E. Carosati, S. Sciabola, G. Cruclamed. Chen2004, 51145125.

A. Moser, R. Guza, D. M. Yorkeor Chem Ac2009 122, 179188.

74



[76]

[77]

[78]
[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

S. S. Hecht,oxicology1998 11, 560;603.

P. D. Lawley, D. J. Orr, S. A. Shah, P. B. Farmer, MnJBiochem. J1973 135, 193;

201.

A. E. Pegdgzhem. Res. Toxic@D11, 24, 618;39.

A. K. Basu, J. M. Essigma@hem. Res. Toxic@P88 1, 1¢13.

D. J. Kalnik, M. W., Kouchakdjian, M., Li, B., Swann, P. F., andBRatetmistry1988

108¢115.

T. P. Brent, M. E. Dolan, R. Montesano, A. E. Pegg, P. M. Potter, B. Singer, J. A. Swenberg,
D. B. YarosvBiochem. 1988 85, 1759;1762.

K. B. Altshuler, C. S. Hodes, J. M. Essigndram. Res. Toxic@P96 9, 980;987.

G. T. Paly, S. H. Hughes, R. C. MoscBakcinogenesit998 19, 457%461.

S. R. Paalman, C. Sung, N. D. CIBikehemistryi997, 36, 1111&11124.

H. Takinowaki, Y. Matsuda, T. Yoshida, Y. Kobayashi, T. ORkoilet; Scienc2006, 15,

487c497.

G. W. Rebeck, S. Coons, P. Carroll, L. Safeorticsl 988 3033;3043.

F. P. McManus, A. Khaira, A. M. Noronha, C. J. \Bilgspnjugate Chen2013 24, 224

233.

Co tod alOYl ydzas
7078;7090.

5 Yo h

Q TCrg: BadIICRERO1R, @, a ® b 2

F. P. Mcmanus, Q. Fang, J. D. M. Booth, A. M. Noronha, A. E. Pegg, C. @rdVilds,

Biomol. Chen201Q, 8, 4414,4426.

[90] W. J. Bodell, T. Aida, M. S. Berger, M. L. RosenlBlowsonmental Health Perspectives

75



198562, 119;126.

[91] Y. Cai, M. H. Wu, M. Xuelliver, A. E. Pegg, S. M. Ludeman, M. E. DGancer Research
2000 60, 5464;5469.

[92] R. Loeber, E. Michaelson, Q. Fang, C. Campbell, A. Pegg, N. and TreGladowaRRes.
Toxicol2010 21, 612,626.

[93] E. M. Duguid, PA. Rice, C. Hapurnal of Molecular Biolo®005 350, 657%666.

[94] P. Shah, A. D. Westwellpurnal of Enzyme Inhibition and Medicinal Chemi2@¥6
6366 527540.

[95] J. Wang, J. Luis, C. Pozo, A. E. Sorochinsky, S. Fustero, V. A. SoloshoyGkehh. Rev.
2014 114, 2432,2506.

[96] L. Heidelberger, C., Chaudruri, N.K., Dannerberg, P., Mooren, D. and Grid¢dtach,
1957, 4561, 663;666.

[97] Y. Xu, P. F. Swaricleic Acids Researtf90 18, 4061X4066.
[98] R. Stolarski, W. Egan, T. L. JarBex;hemistry1 992 31, 702%7042.

[99] Q. Zhu, M. O. Delaney, M. M. GreenbeBgporganic and Medicinal Chemsitry Letters
2001 11, 11051107.

[100] A. E. Pegg;hem. Res. Toxic@D11, 618;639.
[101] N. Shrivastav, D. Li, J. M. Essigm@&ancinogenesid010, 31, 5%70.
[102] J. E. Wibley, A. E. Pegg, P. C. Maddgleic Acids Re200Q, 28, 393;401.

[103] M. Sriram, G. A. van der Marel, H. Roelen, J. van Boom, A. Blaolgemistryl992 31,
11823;11834.

[104]5® Y® hQCf I KCHBaNTIEUZ2015@1, WE220320.R & =
76



[105] D. K. O. Flaherty, F. P. Mcmanus, A. M. Noronha, C. J. @ihdsnt Protocols in Nucleic
Acid Chemistrg013 5.13.15.13.19.

[106] M. Sassanfar, M. K. DosanjhlliiMl. Essigmannv, L. Samsdme Journal of Biological
Chemistryl991, 266, 276 %2771.

[107] A. E. Pegg, M. Boosalis, L. Samson, R. C. Mosche, T. L. Byers, K. Swenn, M. E. Dolanl,
Biochemistryl993 32, 1199&12006.

[108] P. F. S. and G. P. M. M.C. Wilkinson, P. M. Potter, L. Cawkwell, P. Georgiadis, D. Patel,
Nucleic Acids Researt89 17, 847%8484.

[109] B. Sedgwicks, P. Robins, N. Tottygll, T. Lindabinal of Biological Chemistt988 263,
443054433.

[110] R. JGraves, B. F. L. Li, P. F. Swaancinogenesit989 10, 661¢666.

[111] V. Valinluck, W. Wu, P. Liu, J. W. Neidigh, L. C. S@¥ens). Res. Toxic8006 19, 556
562.

[112] B. Puffer, C. Kreutz, U. Rieder, M. Ebert, R. Konrat, R. MNucégic Acidskesearch
2009, 37, 7728,7740.

[113] J. Graton, Z. Wang, A. Brossard, D. G. Monteiro, Y. Le Questel, B. Angawuandte
Communication2012, 61766180.

[114] N. MartinPintado, M. Yahyae&nzahaee, G. F. Deleavey, G. Portella, M. Orozco, M. J.
Damha, CGonzalezJournal of the American Chemical Soci¥3 135, 5344;5347.

[115] S. Kortagere, S. Ekins, W. J. Welshrnal of Molecular Graphics and Modellz@p8 27,
170c177.

[116] P. Zhou, J. Lv, J. Zou, F. Tian, Z. Shamgal of Structural Biajy 2010 169, 172;182.

[117] J. P. Henderson, J. Byun, J. W. Heineck&ipl. Chenl999 274, 33441,33448.
77



[118] J. P. Henderson, J. Byun, M. V. Williams, D. M. Mueller, M. L. McCormick, J. W. Heinecke,
Journal of Biological Chemis2901, 276, 7867 7875.

[119] Q. Jiang, B. C. Blount, B. N. Amisyrnal of Biological Chemist®p03 278 3283%
32840.

[120] R. IvarieNucleic Acids ReseartB87, 15, 997%9983.

[121] S. Sirimulla, J. B. Bailey, R. Vegesna, M. Nardgamal of Chemical Informah and
Modeling2013 53, 278%2791.

[122] P. Bolognesi, P. O. Keeffe, Y. Ovcharenko, M. Coreno, L. Avaldi, V. Feyer, O. Plekan, K. C.
Prince, W. Zhang, V. Carravetta, et'Bhe Journal of Chemical Phy£044 133

[123] L. Storchi, F. Tarantelli, 8eronesi, P. Bolognesi, E. Fainelli, L. Aval, Journal of
Biological Chemistr008 129.

[124] L. C. Sowergpurnal of Biomolecular Structure and Dynarie@0 17, 713;723.

[125] L. C. Sowers, B. R. Shaw, W. D. Sedwmchemical and Biophysic&esearch
Communication4987, 148, 790;794.

[126] { ® %® . 2 NB I | yChmp{tational Bioldgyi eh@Chgh#sEA 347, 231239.
[127] M. FourmiguéCurrent Opinion in Solid State & Materials Sci@@9, 13, 36¢45.

[128] T. Steiner, E. Kristallographie, F. Universita, E. BerlirBdin, Acta Crystallographica
1998 456;463.

[129] P. A. Hart, J. P. Dawsurnal of the American Chemical Soci€y2 139, 2572,2577.
[130) Wb t 21 y I Z &RBiokhimic eb bidpligesizactaR0E3 1834 138Xk6.
[131] H. Cali, Z. Li, P. S. CoNticlear Medicine and Biolo@p11, 38, 653;666.

[132] D. M. Noll, a M. Noronha, P. S. MillerAm. Chem. Sd001, 123 340%3411.
78



[133] J. D. Puglisi, I. J. Tinobtethods EnzymolLl989 180, 304;325.
[134] S. Cohen, M. R. Loeb, J. Lichtens®iochemistryi958 44, 1004,1012.

[135] D. Baraniak, D. Baranowski, P. Ruszkowski, J. Boryski, D. Baraniak, D. Baranowski, P.
Ruszkowski, J. BoryskKiucleosides, Nucleotides and Nucleic A20ds 35, 178;194.

[136] H. Zheng, M. Xiao, Q. Yan, Y. Ma, S. Xigaan. Chem. Sd2014, 10194;10197.
[137] V. P. Antao, I. Tinocblucleic Acids Rek991, 19, 5901%5905.

[138] P. C. Bevilacqua, J. M. Blodanu. Rev. Phys. Che2008 59, 79;103.

[139] J. M. Blose, K. P. Lloyd, P. C. Bevilad&joahemistry2009 48, 878%8794.

[140] B. F. Eichman, J. M. Vargason, B. H. Mooers, P. Rrétwedings of the National
Academy of Sciences of the United States of Am2aog 97, 3971 3976.

79



Appendix I: Supporting Informatioior Chapter 2

| 2yiaSyia t

Supporting Methods

Al.1 Synthesis and characterization of dFU nucleosides and oligonucleotides
Al1.2 UV thermal denaturation

A1.3 Circular dichroisnfCD) spectroscopy

Al4 AGT repair assay of diile DNA duplexes

A15 Molecular modelling

A1.6 Geometry Optimization

Supporting Figures

CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA

CA

CA

CA

CA

3 1dzmB
SRS
J1dzp5
JldzRS
3 d2pS
S RS
JidamB
Jida B
3 ld S
3 1dain
3 Idz¢nIm
3 IdzinTs
3 dzn1
3 dznTs
3 ld2mB
3 dznss
3 dzmB

3 2ty
3 Idz4nish

Jdz I

3 1dz0H I

Different adducts ad substrates mentioned iGhapter 2

500 MHZ'HNMR spectrum of compoun@)( V-t ®S )2y S
125.7 MHZ3C NMR spectrum of compoun8)(® V-t ®S ) 2 v
nTnon"€alblaw &LISOG NI 26Hh GIRRZLYR
HnH®o’talblaw &LIJSOG NI 26Fh RR2LY2
500 MHZ'*H NMR spectrum of compoun8)((in CDG)

125.7 MHZC NMR spectrum of compouns) (in CDG)
ntTnon"€alblaw &LISO0 NHZP B2 Y LI2
500 MHZ'H NMR spectrum of compoun@)((® ye-t ®S )2y S
125.7 MHZ3C NMR spectrum of compoun) (& V-t ®S ) 2 v
nTnon"€alblaw &LISO0 NIRD 26 GHRR2LYR
HnH®o’talblawdS Ol NHzY 2 80 QORRYP&izyyR
9{ L af{ LISOG NHzZYR@!F 2f A 32y dzOf
9{ L af{ LISOG NHzZYR@HFS 2t A 32y dzOf
My -lwt[ / LINBFAE S 2RCHIz0f SI &8s
-kt [/ LINRPFAES RGADONHZRS | YR

+ GKSNXIf RSyl GdzN} GAZ2Y SELIS
CRIC IRYCR S

/ ANDdzZf F NJ RAOKNRAAY aLISOGREL W
RC&S

Time course repair gel of duplexes containitig}Me by (A) hAGT,
(B) OGT,© AdaC and D) hOGT

Molecular models of unmodified control dupleX)(and duplexes
containingdFU and dFUMe that were geometry optimized usin
the AMBER forcefield

Geometry optimization of unmodified control duplex) (and
duplexes containingdFU and dFUMe using Gaussian 09 ani

a
a

/
{
|
|
o

80

I 3S

81
85
86
86
87
88

yy
89

90
91
92
93
94
95
96
97
98
99
100
101
102
103
103

104

105

=

06

107



B3LYP/&1+G(2d,2p) mode

Al.1 Synthesis anatharacterization of nucleosides and oligonucleotides
Al.1.1General

5-fluoro-H -@eoxyuridine (compound) was purchased from Berry Associates (Dexter,
Michigan). & Cl & R S LINEP-Q-Sirdethaxytriyén -Qeoxyridonucleosid® -Q-6 |
cyanoethyiNNNRA A & 2 LINR LI f 0 LIK 2 & LIK 2 NI Y-dedxjriboButleosibeZ G LINE
supports were purchased from Glen Research (Sterling, Virginia). Congp2wr 4 were
prepared according to previolyspublished procedure§***®IA|l other chemicals and sants
were purchased from the Aldrich Chemical Company (Milwaukee, WI) or EMD Chemicals Inc.
(Gibbstown, NJ). Flash column chromatography was performed using silica gel 680230
mesh) purchased from Silicycle (Quebec City, QC). Thin layer chromato{ffagh)ywas carried
out with precoated TLC plates (Merck, Kieselgel &0, ©.25 mm) purchased from EMD
Chemicals Inc. (Gibbstown, NJ). NMR spectra were recorded on a Varian 500 MHz NMR
spectrometer at room temperature'H NMR spectra were recorded at &duency of 500.0
MHz and chemical shifts were reported in parts per million (ppm) downfield from
tetramethylsilane *C NMR spectraifi decoupled) were recorded at a frequency of 125.7 MHz
and chemical shifts were reported in ppm with tetramethylsilaneaaseference.’®F NMR
spectra were recorded at a frequency of 470.4 MHz and chemical shifts were reported in ppm
with trichlorofluoromethaneas a reference®P NMR spectrafl decoupled) were recorded at
a frequency of 202.3 MHz and chemical shifts wengorted in ppm with HPQ used as an
external standard. Highesolution mass spectrometry of modified nucleosides were obtained
using an 7ALTQ FT ICR instrument (Thermo Scientific), at the Concordia University Centre for
Structural and Functional Genoraid’he mass spectrometer was operated in full scan, positive
ion detection mode. ESI mass spectra for oligonucleotides were obtained aCdheordia
University Centre for Biological Applications of Mass Spectronf€BAMpusing a Micromass
Qtof2 mass sparometer (Waters) equipped with a nanospray ion source. The mass

spectrometer was operated in full scan, negative ion detection mddepolynucleotide kinase
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6tbYO g1a& 200GFAYSR FTNRY b PHUTPIWAS purchaBed from2 [ | 6 &
PerkinElmer (Wodbridge, ON)The Bcllrestriction enzyme wapurchased from New England
Biolabs (Ipswich, MA).

0 -Q-(2-Cyanoethoxy(diisopropylaminophosphino}p -Q-6 n -Hime@hoxytrityl)-  5-fluoro-H -Q
deoxyuridine (3) DIPEA (0.19 mL, 1.12 mmol) was added to a solutiorp@06 nxn Q
dimethoxytrityl)-5-fluoro-H -@eoxyuridine(0.204 g, 0.372 mmol) in THF (3.7 mL), followed by
the dropwise addition of N,Miisopropylamino cyanoethyl phosphonamidic chloride (0.2 mL,
0.893 mmol). After 30 min, the solvent was evaporatiedvacug the crude product was taken

up in ethyl acetate (40 mL), the solution was washed \8#h (w/v) solution of NaHG@2 x
50mL) and once with brine (50L). The organic layer wdsied over anhydrous N&Q (~ 49),

and concentratedn vacuo The crude product was purified by flash column chromatography
using a hexanes/ethyl acetate (2:8) solvent system to afford Ogl@7%) of a colorless foam.

R (SiQ TLC): 0.87 (100% EtOA&haxmecn)= 268 nm.HRMS (ESMS) m/z calculated for
GeoHa7FNiOsP™: 749.3110; found 749.3104 [M +'H}H NMR (500 MHz gehcetone, ppm): 7.93

(d, J= 6.3 Hz, 0.5H; H6), 7.91 (d, J= 6.3 Hz, 0.5H; H&).328m, 9H; Ar), 6.96.93 (m, 4H;

Ar), 6.28c ®oH OYI MAAN OWIDOEI MdHmMQUUWY Zn MEASE (M 0L Z o0 D
NCH, ArOGHCHOP), 3.3 ®pn 0 Y X HI| #2.70 (1,3xrD Hillp; CHONG2.632B7

(t, J=6 HZ1H; CHCN),2.47-H ®p H O Y X wHI AN Tl HOMZS wH.@Pn(ol, 0K O > ™M PH N
1.131.14 (m, 2H; CH 13C NMR (125.7 MHz, dfetone, ppm)160.99,158.82,156.61, 148.65,
144.96,139.64,137.15,135.65, 135.55, 130.12, 130.09, 128.07, 128.03, 127.81, 126.80, 126.77,
117.84,113.11, 86.67, 86.61, 85.42, 85.39, 85.08, 85.01, 63.29,56 58.71, 58.56, 54.64,
51.09,43.11, 43.0139.33,24.02, 23.96, 23.93, 19.85, 19.78¢ NMR (470.4 MHzg@cetone,
ppm): -167.84,-167.85,-167.90,-167.91.*'P NMR (202.3 MHz,c@cetone, ppm): 148.31,
148.34.IR (thin film);Amax (Cr‘n"l = 31953066, 2967, 2932, 2836, 2362, 2336, 2252, 1717, 1607,
1508, 1464, 1251, 1179, 1125, 829, 736.

p-0-6 n -Dim@hoxytrityl)-5-fluoro-O*methyl-H -Beoxyuridine 6): To a solution of triazole
(0.28g, 4.07mmol) in anhydrouseCN(6 mL) at C under stirringwas addeddropwisePOJH
(0.084ml, 0.91 mmol) followed by triethylamine @13 mL, 3.89YY2f 0 ® ! aef dziA2y
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(tert-butyldimethylsily)-p -Q-6 n -Hime@hoxytrityl)}5-fluoro-H -@eoxyuridine (0.300 g, 0.45
mmol) in anhydrousMeCN (6 mL) was added to thetriazole solution.After 40 min, an
additional solution of triazole (0.28&, 4.07 mmol), POGI (0.084 mL, 0.91 mmol) and
triethylamine (0.543mL, 3.89mmol) in anhydrous MeCN (®L) was added dropwise with
stirring at 0C to the solution containing the oleoside. This extra addition was repeated for a
second time after 40 minAfter 1 h, the solvent was evaporatéa vacug the crude was taken
up in MeOH (7 mL) and a solution of NaOMe (0.686.6mmol) in MeOH{ mL) was added
After 30 min, aradditional solution of NaOMe (0.08f 1.6mmol) in MeOH (3nL) was added

to the nucleosideAfter 16 h, the solvent was evaporat@d vacuoand the crude product was
taken up in ChCh (40 mL), washed with a 3% (w/v) solution of Nakl(2x 50ml), driedover
anhydrous NgSQ (~ 4g), and concentratedh vacuo The crude product was taken up in THF
(45 mL) and TBAFL M in THF) (0.543 mL, 0.6¥mol) was added drovise. After 30min, the
solvent was evaporateth vacuoand the crude product was taken up in £OH (40 mL), washed
with a 3% (w/v) solution of NaHG@ x 50ml), dried over anhydrous N&Q (~ 4g), and
concentratedin vacuo The crude product was purified by flash column chromatography using a
gradient of CHCL/MeOH (49.5:0.54 49:1) as eluentto afford 0.189g (74%) of a colorless
foam. R (SiQ TLC): 0.63 (100% EtOAQ)axmecn= 283 nmHRMS (ESNS)m/z calculated for
Gs1He:FNINaG: 585.2008; found 585.2006 [M + NaH NMR (500 MHz, CRQbpm):8.06 (d,

J= 5.6 Hz, 1H; H6), 77141 (m, 9H; Ar), 6.836.85 (m, 4H; Ar), 6.26 ®PHT O6YZ M| T
nepT O0YZ mMlIdAMTI o6MZ mldPIv pl @) B.ER(s, GHPArQGHB.42Xm, 8H; T
| pQS 1 pQQOS o @By cO DY ALBHT PTrh Yl HENOUIEONMR (1257 Ridz) &

h/

CDG, ppm): 162.68, 162.58, 158.63, 153.55, 144.31, 137.68, 135.72, 135.42, 135.25, 129.98,

129.96, 127.98, 127.93, 127.68, 127.43, 127.02, 113.31, 113.29, 87.10, 87.02, 86.59, 63.11,

55.22, 55.07, 42.03°F 470.4 MHz, CD&lppm):-168.60,-168.62.IR (thin film):Anax (cnf?) =
3423, 2362, 2335, 1652, 1635, 1 506, 1497, 1403, 1251, 1176, 1035, 828.

0 -O-(2-Cyanoethoxy(diisopropylaminoyphosphino)}p -0-6 n -BHimethoxytrityl)-5-fluoro-0°-
methyl-H -@eoxyuridine (6): DIPEA (0.14 mL, 0.80 mmol) was added to a solutios) ¢0 (150

g, 0.266 mmol) in THF (2.7 mL), followed by the dropwise addition cfiiédpropylamino
cyanoethyl phosphonamidic chloride (0.14 mL, 0.64 mmol). After 30 min, the solvent was
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evaporateal in vacug the crude product was taken up in ethyl acetate (40 mL) titne solution

was washed witha 3% (w/v) solution of NaHG@2 x 50ml) and once with brine (5@nL). The
organic layer waslried over anhydrous N&Q (~ 4g) and concentratedn vacua The crude
product was purified by flash column chromatography using a hexanes/ethyl acetate (2:8)
solvent system to afford 0.178 (86%) of a colorless foar® (SiQ TLC): 0.11, 0.26 (1:1
Hexanes/EtOAC)Smaxmecn) = 283 nm.HRMS (ESNS) m/z calclated for GoHigFNOsP':
763.3267; found 749.3104 [M +H{H NMR (500 MHz, CRQbpm): 8.16 (d, J= 6.3 Hz, 0.5H;

H6), 8.13 (d, J= 6.3 Hz, 0.5H; H6), 73 (m, 9H; Ar), 6.89%.93 (m, 4H; Ar), 6.18.23 (m,

Ml T | MQOGEY ndYE mI290 Y20 OWIZT 3198+ BH; OGHIBI623.88 (M,

10H; NCH, ArOGHCHOP), 343 ®pH O YS H | T-2.80( O=5.9IHgl&;DWCN), H ®T T
2.602.70 (t,J=5.9 HZH; CHCN)2.3%H ®n T O0YZXZ MH @n 1 HAOQXD ZMIBTEMIcH QQU
9H; Ch), 1.121.14 (m, 3H; CHi *C NMR (125.7 MHz, CRGipm): 162.27, 162.17, 158.83,
152.36, 144.93, 137.15, 137.12, 135.62, 135.60, 135.51, 135.47, 135.21, 135.18, 130.11, 130.08,
128.06, 127.82, 127.81, 127.68, 127.65, 126.81, 126.79, 118.07, 117.94, 113113, 86.70,

86.65, 86.58, 86.51, 85.73, 85.70, 85.46, 85.41, 73.18, 73.05, 72.71, 72.58, 63.00, 62.80, 58.73,
58.67, 58.58, 58.52, 54.65, 54.63, 53.98, 43.13, 43.11, 43.03, 43.01, 40.36, 40.34, 40.17,
40.13,19.90, 19.86, 19.84, 19.81F (470.4 MHzjs-acetone, pm):-171.63,-171.64,-171.68,-
171.70.*'P NMR (202.3 MHz,g@cetone, ppm): 148.35, 148.21R (thin film); Anax (cnt?)

=3071, 2966, 2869, 2836, 2362, 2335, 2252, 1683, 1652, 1607, 1541, 1506, 1457, 1401, 1336,
1252, 1179, 1116, 1035, 97829, 734.

Al.1.2 Preparation, purification and characterization of the dFU oligonucleotides

The sequences containing the dFU adducts, which are showigure 2.1, were assembled
with an Applied Biosystems Model 3400 synthesizer on a rn%l scale using -
cyanoethylphosphoramidite chemistry supplied by the manufacturer with slight modifications
to coupling times. The nucleoside phosphoramidites protected with “dlagtrotecting” groups

were prepared in anhydrous MeCN at a concentration of 0.1 M for tHeO-3
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deoxyphosphoramidites. Oligomer sequence assembly was carried out as previously
described® ) The capping step of the assembly was carried out using phenoxyacetic
anhydride/pyridine/tetrahydrofuran 1:1:8 (v/vlv; solution A) and -niethytimidazole/
tetrahydrofuran 16:84 (w/v; solubn B). Coupling wait times for phosphoramiditdsand 7

were extended to 10 min (compared to 2 min for the commercially available
phosphoramidites). Protecting group removal and cleavage from the solid support was carried
out by treatment with 0.05M ¥CQ in MeOH for 4 h at room temperature with mild rocking in

2 mL screwcap microfuge tubes fitted with teflon lined caps. The base was neutralized with an
equimolar amount of AcOH and crude oligomers were transferred and lyophilized in a Speedvac
concentrata. Purification was achieved by strong anion exchange HPLC using a Dionex DNAPAC
PA100 column (0.4 cm x 25 cm) purchased from Dionex Corp, Sunnyvale, CA using a linear
gradient of @52% buffer B over 24 min (buffer A: 100 mm Tris HCI, pH 7.5, 10% MeCN and
buffer B: 100 mm Tris HCI, pH 7.5, 10% MeQW NACI) at 55C. The columns were monitored

at 260 nm for analytical runs or 280 nm for preparative runs. The purified oligomers were
desalted using @8 SEP PAK cartridges (Waters Inc.) as previouslytescif! The molecular

mass of the modified oligomers was identifidqry deconvolution of the E®IS and the
measured values were in agreement with the expected magseage sed-igures A1.13 and
Al.l4for MS spectra)dFUMe (0.05Az60 units) was also characterized by enzymatic digestion
(snake venom phosphodiestera€e28 units and calf intestinal phosphatase: 5 units, in 10 mM
Tris, pH 8.1 and 2 mMIgC}) for 48h at 37°C. The resulting nucleoside mixture was analyzed

by reversed phase HPLC carried out using a Symmetmy@ Cp >Y 02 f dzYyiaado n ®n c
linear gradient of 67/0% buffer B over 30 min (buffer A: 50 mM sodium phosphate, pH 5.8, 2%
MeCN and buffer B: 50 mM sodium phosphate, pH 5.8, 50% MeCN). Results and nucleoside

ratios from digestion are shown FigureA1.15.
Al.2 UV thermal denaturatiam

Molar extinction coefficients for the unmodified and dFU modified oligonucleotides
were calculated from those of the mononucleotides and dinucleotides using the nearest

neighbor approximations (Mcm?). All duplexes were prepared by mixing equimolarants
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of the interacting strands and lyophilizing the mixture to dryness. The resulting pellet was then
dissolved in 90nM sodium chloride, 10 mM sodium phosphate, 1 mM EDTA buffer (pH 7.0) to
give a finaduplexconcentration of > a ® t NA 2 Ndalirih, sénfolSs werk G&dtssed by
placing them in a speedac concentrator for 2 min. Annealing curves were acquired at 260 nm
starting at 95°C and decreasing temperature at a rate of cooling of°@.5min* until 15 °C,
using a Varian CARY Model 3E sppbotometer fitted with a 6sample thermostated cell
block and a temperature controller. The samples were then denatured by heating fré@ ttb
95°C at an increasing temperature rate of 6G min' to show reversibilityProcessing of the

UV thermaldenaturation data was carried out as described by Puglisi and TiBtand

transferred to Microsoft Exc8Y for viewing.
A1.3 Circular dichroism (CD) spectroscopy

Circular dichroism spectra were obtained on a Jasgbbbpectropolarimeter equipped
with a Julaba F25 circulating bath. Samples were allowed to equilibrate for 5 mir’@tih®0
mM NaCJ] 10 mM sodium phosphate, 1 mM EDTA (pH 7.0), at adunalex concentration of
36>a® 9 OK & LJSO0 NYzY scank, &ollectiyig at ar&eNdf DS m ghifwithoa
bandwidth of 1 nm and sampling wavelength of 0.2 nm using fused quartz cells (Sta€ra 29
10). The CD spectra were recorded from 350 t0 220 nm & 1® ¢ KS Y2 I NJ St £ A LJ{
calculated fromtheedzt GA2y . T sk/f3X gKSNB ¥ Aa (GKS NBf
concentration of oligonucleotides (moles/L), and | is the path length of the cell (cm). The data
were processed using software supplied by the manufacturer (JASCO, Inc.) anerteahisito

Microsoft Excél” for viewing.

ALl4 AGT repair assay dhe Modified DNA duplexes

DNA substrates were labeldd (i (-é0&dzapAQ[ BPFATP as previously describgd.
NASTFEE&Z || wn >a azftdziAzy 2F S5b!{*PHEtYIORS »Y A
> " and 5 units of T4 PNK. The labeling reaction peaformedfor 1 h at 37 °C after which
the reaction was terminated by boiling the sample for 5 min. p@tol of labeled DNA was
FRRSR G2 mmn LIY2f 2F GKS O2YLIX SYSyid &adNIyR A\
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>a Ras5b! &az2fdziAz2y ¢ A ddnagadon-m&lifed Srand. TReFsolulidk S y 2 v
was boiled for 2 min, cooled slowly to room temperauand kept in a refrigerator at 4 °C

overnight to ensure proper annealing of the duplex. The repair reaction mixtures were
O2y&aiAddziSR 2F w LWIY2f 2F G(KS 5b! RdzJ SE | yR
Activity Buffer [LO mM TreHCI (pH 7.6), ITDmM NaCl and 1 mM DTT] and allowed to react at

37 °C for 2.5 hours and overnight. The samples were boiled for 5 min and>11.660.1M

MgC;} followed by 7.5 units oBcllenzyme were added. Samples were incubated for at least 45

min at37 °C. Thereagty ol & GSNNAYlI G0SR 06& (KS | RRAgAZY 2°
HCI, 81 mM boric acid, 1.8 mM EDTA and 1% SDS (sodium dodecyl sulfate) (pH 8.0) in 80%
F2NXYIFYARSEG F2f{t26SR 0& 02AFfAy3 F2NI H YAYy®D { )
20% 7 M vea denaturing polyacrylamide gel (19:1) for separation. The gels were run using 1X

TBE for 1h at 460 V and the gels exposed to a storage phosphoroscreen. The image was
captured on a Typhoon 9400 (GE Healthcare, Piscataway, NJ) and the autoradiograghy cou
obtained by Image dzI Yy un 0! YSNBKIFIY . A2a0ASyO0Saoe C2NJ (K
YAESE 2F T1p >[ O2 ¥Yddpaf B&T agdf20 pmolof ONX Bubstratepwere
prepared. Each sample was placed at®87 | YR | & SI OK Ulsirefidvedddhy (X 1
the master mix and placed in a tube with &8 0.1M MgC}. 7.5 units oBcllenzyme were then

added to each tube and they were incubated for at least 45 min at 37 °C. 12 pL of stop reaction
buffer were then added and analysis wpasrformed as described above. All reactions were
analyzedby polyacrylamide gel electrophoresis (using 1X TBE Ifoatl40 V) and visualized as

described above.
AL5 Molecular modelling

Molecular modeling was performed by using the Hyperchem 7.5 software package from
Hypercube utilizing the AMBER force fidltybridized oligomers containing a T-dikUdA, and
dFUMe-dA base pair were constructed from the nucleic acid template optiongusiBform
RdzLJt SE® { SljdzSy 0SS O2y GDEH G &¢ - 606 NS¢ /i KISCGTAXE DABISW i J o
TGG TC for proper solvation. Duplexes were solvated with water using a perioditdmiard

A

Amber99 parameters were used with the dielectric set to constagtS (2 F2dzNJ 401 £ S
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and non-bonded interactions were set to 0.5 (both electrostatic and van der Waals). Cutoffs
GSNB LI ASR (2 dagAliOKSReé (G2 Fy 2dziSNJ I yR
geometry optimized using Pold&kibiere onjugate gradient until the RMS gradient was less

than 0.1 kcal/(A mol) using the periodic boundary condition option.

AL1l.6 Geometry optimization

GaussViewvas the visualization software employed aG@ussian 09vas the software
used for the calculation fothe geometrical optimized structures undethe B3LYP/6
31+G(2d,2p) modée3¢t3?

FigureAL1: Structures of(A) O®-benzylguanine (hAGT inhibitd?}<* (B) 5fluorouracil!®®*3
(O 2deoxy2&luoro-arabinonucleic acid (ANA)2

A (B) ©)
o) 3
O Base
@)
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C A JAENEAL25.7 MHZ3C NMR spectrum of compoung) (in d-acetone)
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C A JAENIN70.4 MHZ°FNMR spectrum of compound)(in d-acetone)
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C A JAENIR02.3 MHZ'P NMR spectrum of compoung)((in d-acetone)
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C A JAENIBH00 MHZ'H NMR spectrum of compoun8)((in CDG)
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C A JAENFL25.7 MHZ3C NMR spectrum of compoung) (in CDG)
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C A JAENFH00 MHZ'H NMR spectrum of compoun€)((in d-acetone)
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C A JAENIB 125.7 MHZ3C NMR spectrum of compoung) (in d-acetone)
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C A JAENIM470.4 MHZ'F NMR spectrum of compouné)((in c-acetone)
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C A JAENE 202.3 MHZ'P NMR spectrum of compoun@)((in d-acetone)
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C A JAENIS ESI MS spectrum of oligonucleotidEU(expected mass of 4268.5)
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C A JAENIB ESI MS spectrum of oligonucleotidEUMe (expected mass of 4282.1)
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Figure A1.15 G18 reversed phase HPLC profile of nuclegigesteddFUMe. The column was
eluted with a linear gradient of -@0% buffer B over 30 min (buffer A: 50 mM sodium

phosphate, pH 5.8, 2%eCN and buffer B: 50 mM sodium phosphate, pH 5.8, 50% MeCN).
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Al

Hgure A1.16- SAXHPLC profile alFUMe crude(A) and pure(B). The column (Dionex DNAPAC

PA 100) was eluted using a linear gradient e7@% buffer B over 30 min (buffer A: 100 mM
Tris HCI, pH 7.5, 10eCNand buffer B: 100mMris HCI, pH.5, 10%MeCN 1 M NacCl)
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C A I AN Circular dichroism spectra of duplexes containifid)(t ), dFUMe (t T 1) and

unmodified controlT5 b ! 6 WwWWL
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FigureA1.19 - Time course repair gel of duplexes containitij}Me by (A) hAGT (B) OGT (O
AdaCand D) hOGT (A) Denaturing gel of the repair of 2 pmol @FUMe by 10 pmol hAGT as
a function of time: lane 1, 2 pmol Control; laned@ 2 pmol + 10 pmol hAGT incubated for
0.25,0.5,0.75, 1, 1.5, 2, 5, 15, 45 min, respectivB}yDénaturing gel of the repair @ pmol of
dFUMe by 10 pmol OGT as a function of time: lane 1, 2 pmol Control; lai€s 2 pmol + 10
pmol OGT incubated for 0.25, 0.5, 0.75, 1, 1.5, 2, 5, 15, 45 min, respect@yé)enaturing gel
of the repair of 2 pmol ofiFUMe by 10 pmol Ad&C asa function of time: lane 1, 2 pmol
Control; lanes 20, 2 pmol+ 10 pmol Ad&C incubated for 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 5, 1b, 45
150min, respectively.) Denaturing gel of the repair of 2 pmol@fFUMe by 10 pmol hOGT as
a function of time: lanel, 2 pmol Control; lanes-20, 2 pmol + 10 pmol hOGT incubated for
0.25,0.5,0.75, 1, 1.5, 2, 3, 5, 15, 450min, respectivelyAll the time courses were performed

at room temperature.
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FigureA1.20 ¢ Molecular models of unmodified control duplek @nd duplexes containingdfU

anddFUMe that were geometry optimized using the AMBER forcefield

Unmodified Control
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Figure A121¢ Geometry optimization othe dFUMe, dU-Me and T-Me nucleobaseswith a
methyl group at theN1 atom usingGaussian 09 and B3LYR/6+G(2d,2p) modéRed sphere:

oxygen; White sphere: hydrogen; Grey sphere: carbon; Blue sphere: nitrogen; Light blue

sphere: fluorine)

g

g D
dFU-Me dU-Me T-Me
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A2.1 Synthesis and characterization of nucleosides adjonucleotides

A2.11 General

5-fluoro-H @eoxyuridine was purchased from Berry Associates (Dexter, Michiga®): & {
RS LINE G SOl A y @-©dimethoxytritylH -Seoxyribonucleosid® -0-6 icyanoethydN,N-
diisopropyl)phosphoramidites and protected -Q@eoxyribonucleosideCPG supports were
purchased from Glen Resear¢Bterling, Virginia). Compountl was prepared according to
previousy published procedure$>*°" 8|l other chemicals and solvents were purchased from
the Aldrich Chemical Company (Milwaukee, WI) or EMD Chemicals Inc. (Gibbstown, NJ). Flash
column chromatography was performed using silica gel 60 @230 mesh) purchased from
Silicycle (Quebec City, RChin layer chromatography (TLC) was carried out with precoated TLC
plates (Merck, Kieselgel 6@sk 0.25 mm) purchased from EMD Chemicals Inc. (Gibbstown, NJ).
NMR spectra were recorded on a Varian 500 MHz NMR spectrometer at room temperature.
NMR pectra were recorded at a frequency of 500.0 MHz and chemical shifts were reported in
parts per million (ppm) downfield from tetramethylsilan€C NMR spectra'i decoupled)
were recorded at a frequency of 125.7 MHz and chemical shifts were reportedninvgih
tetramethylsilane as a referenc&F NMR spectra were recorded at a frequency of 470.4 MHz
and chemical shifts were reported in ppm witfichlorofluoromethaneas a referencé’P NMR
spectra tH decoupled) were recorded at a frequency of 202.3 MHd chemical shifts were
reported in ppm with HPQ,used as an external standard. High resolution mass spectrometry of
modified nucleosides were obtained using anl/TQ FT ICR instrument (Thermo Scientific), at
the Concordia University Centre for Stru@lrand Functional Genonsic The mass
spectrometer was operated in full scan, positive ion detection mode. ESI mass spectra for
oligonucleotides were obtained at thfeéoncordia University Centre for Biological Applications of
Mass SpectrometryCBAMYusinga Micromass Qtof2 mass spectrometer (Waters) equipped
with a nanospray ion source. The mass spectrometer was operated in full scan, negative ion
detection mode.T4 polynucleotidekinase (PNK) was obtained frodew England BiolLabs
6 b 9 . -BRATRowas puhased from PerkinElmer (Woodbridge, OByl restriction enzyme

was obtained from New England Biolabs (Ipswich, MA).
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p-0-6 n -Dim&hoxytrityl)-5-fluoro-O*-ethyl-1 -Beoxyuridine (2a): To a solution of triazole
(0.28¢g, 4.07mmol) in anhydrousMeCN(5.6 mL) at @C under stirring, was addedropwise

PO (0.084ml, 0.91 mmol¥ollowed by triethylamine (®43mL, 3.89Y Y2 0 & ! &2f dzil A 2
O-(tert-butyldimethylsily)-p -Q-6 n -Hime@hoxytrityl) -5-fluoro-H -@eoxyuridine (0.300g,
0.45mmol) in anhydrou$1eCN(5.6mL) was added to the triazole solutiofter 40 min, an
additional solution of triazole (0.28, 4.07 mmol), POGI (0.084 mL, 0.91 mmol) and
triethylamine (0.543mL, 3.89mmol) in anhydrous MeCN (®@L) was added dropwise with
stirring at 0C to he solution containing the nucleoside. This extra addition was repeated for a
second time after 40 minAfter 1 h the solvent was evaporatad vacug the crude was taken

up in EtOH (6 mL) and a solution of NaOEt (0dLaBL mmol) in EtOHG mL) was addedAfter

30 min, an additional solution of N&D(0.108 g, 11 mmol) inEtOH (3mL) was added to the
nucleoside After 16 h, the solvent was evaporatéd vacuoand the crude product was taken

up in CHCh (40 mL), washed with a 3% (w/v) solutioh NaHC® (2 x 50ml), dried over
anhydrous NgSQ (~ 4g), and concentratedh vacuo The crude product was taken up in THF

(45 mb and TBAKL M in THF) (0.543 mL, 0.6¥mol) was added drovise. After 30min, the

solvent was evaporateth vacucand the crude product was taken up in £CH (40 mL), washed

with a 3% (w/v) solution of NaHG@ x 50ml), dried over anhydrous M&Q (~ 4g), and
concentratedin vacuo The crude product was purified by flash column chromatography using a
EtOAc/hexang (6:4A 7:3) gradient as eluento afford 0.154mg (59%) of a colorless foafR.

(SIQ TLC): GO (100% EtOAC)<maxmecn)= 283 nm.HRMS (ESHS) m/z calculated for
GeoHssFNNaG™: 599.2164 found 599.2165 [M + N&]*H NMR (500 MHz, CRQbpm): 8.00-

8.01 (d, J= 8.0 Hz, 1H; H6), Z242 (m, 9H; Ar), 6.846.86 (m, 4H; Ar), 6.28.25 (dd, J= 6.24

| T2 ™I T-nldwPo 30 YiEdjpd0dn dvopQ 36 YVZI M1 T | nBEL348y n 0 &
OYZ HIT | plQEc b pOQND 2 MARTOCIH QW IZT H1d#H @GV .2 Hzv3BIn m
CH). °C NMR (125.7 MHz, CRGbpm): 158.65, 135.37, 135.25, 129.98, 128.01, 127.94,
127.05, 113.31, 87.07, 86.72, 86.20, 77.25, 76.99, 76.74, 71.53, 64.22, 62.91, 58.23, 41.83,
14.11.%F (470.4 MHz, CRXCbpm):-168.43,-168.44.IR (thin film):Ana (cnY) = 3420, 3054,

2966, 2837, 2362, 2331, 1675, 1652, 1549, 1495, 1457, 1385, 1332, 1250, 1177, 1093, 1034,
828, 736.
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p-0-6 n -Dim&hoxytrityl)-5-fluoro-O*-benzytH -Beoxyuridine (2b):To a solution of triazole
(0.1889g, 2.72mmol) in anhydrousMeCN(3 mL) at @C under stirring, was addedropwise

POd (0.056 mL, 0.60 mmol) followed by triethylamine @62mL, 2.6YY2f 0 ® ! &2f dz A 2
O-(tert-butyldimethylsily)-p -Q-6 n -Hime@hoxytrityl}5-fluoro-H -@eoxyuridine (0.200g, 0.30

mmol) in anhydrousMeCN (3 mL) was added to the triazole solutiorAfter 40 min, an
additional solution of triazole (@88 g, 2.72 mmol), POGI (0.066 mL, 060 mmol) and
triethylamine (0362 mL, 2.6 mmol) in anhydrous MeCN2 (mL) was added dropwise with

stirring at 0C to the solution containing the nucleosid&his extra addition was repeated for a
second time after 40 minAfter 1 h the solvent was evaporateid vacuoand the crude was

taken up inMeCN(4 mL). BhOH (820 mL, 3.1 mmol) was added dropwise followed by the
addition of DBU (@04 mL, 1.02mmol). After 16 h, the solvent was evaporat@dvacuoand

the crude product was taken up in &k (40 mL), washed Wi a 3% (w/v) solution of NaHGO

(2 x50 mL), dried over anhydrous N&Q (~ 4g), and concentrateth vacuo The crude product

was taken up in THF (dL) and TBAFEL M in THF) (0.36 mL, 0.86nol) was added drowise.

After 30min, the solvent was evaporat@dvacuoand the crude product was taken up in i

(40 mL), washed with a 3% (w/v) solution of Nakl(X 50ml), dried over anhydrous N8Q

(~ 4g), and concentratedn vacuo The crude product was purified byash column
chromatography usin@€HCL/MeOH (49:1)as eluentto afford 0.111mg (58%) of a colorless

foam. R (SiQ TLC): 0.66 (GBLYMeOH (47.5:2.5))Smaxmecny= 283 M.HRMS (ESIS) m/z
calculated forGs7/HssFNNaG™*: 661.2321; found 661.2322 [MNa]. 'H NMR (500 MHz, CRCI

ppm): 8.068.07 (d, J= 8.06 Hz, 1H; H6), €287 (m, 15H; Ar, Bn), 6.88.86 (m, 4H; Ar), 6.26

cdPHYy ORRI WI c®dHT | [pBn) 4593Tdplpm QOYET pMAATHM|ABTO H | ATd
Il TQOS 0®T 3,840 PakTo! NI/ HI FPTt pQBYEp QABIEN| H QD &
MI T .R@ BOMR)(125.7 MHz, CRGipm): 162.12, 162.01, 158.66, 153.36, 144.29, 137.56,
135.59, 135.37, 135.23, 134.80, 129.98, 129.96, 129.12, 128.62, 128.57, 127.92, 127.58, 127.04,
113.33, 113.30, 113.17, 87.08, 86.45, 85.98, 77.26, 77.01, 76.75, 71.63, 69.50, 63.00, 55.23,
41.96, 0.01°F (470.4 MHz, CQCppm):-168.09,-168.10.IR (thin film);Anay (cnt?) = 3384,

2929, 2836, 2361, 2337, 1683, 1645, 1540, 1507, 1487, 1456, 136D, 1177, 1094, 1034,

828, 735, 699.
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0 -O-(2-Cyanoethoxy(diisopropylamino}phosphino)p -0-6 n -Himethoxytrityl)- 5-fluoro-O*-

ethyl- H -@eoxyuridine (3a). DIPEA (0.14 mL, 0.80 mmol) was added to a solutidzap{.154

g, 0.266 mmol) in THF (2.7 mL), followed by the dropwise addition ocdisdpropylamino
cyanoethyl phosphonamidic chloride (0.14 mL, 0.64 mmol). After 30 min, the solvent was
evaporatedin vacuq the crude product was taken up in ethyl acetat#) (mL), the solution
washed with3% (w/v) solution of NaHG@2 x50 mL) followed bybrine (50mL). The organic

layer wasdried over anhydrous N&Q (~ 4g), and concentratedh vacuo The crude product

was purified by flash column chromatography usindiexanes/ethyl acetate (2:8) solvent
system to afford 0.163g (79%) of a colorless foani® (SiQ TLC): 0.18, 0.36 (1:1
Hexanes/EtOAC). <naxvecn)= 283 Nnm.HRMS (ESNS) m/z calculated for GHsoFNiINaQP':
799.3243; found 799.3238 [M + NalH NMR (50(MHz, CDG| ppm): 8.118.15 (m, 1H; H6),
7.24¢7.54 (m, 9H; Ar), 6.206.93 (m, 4H; Ar), 6.0 dHn oYX wmMild ATyl MAOQYZ mIdF n
4.424.47 (m, 2H; CiEH), 4.22n dHd O Y I Mm3.9% (m, 108 (2% NGHP 2 xm ArQCH
CHOP), 3.4 ®pH OYZX Hp DQIIYtIA @GHg 2H; CHCN), 2.622.70 (m, 4H;

| HQEW)|23% dnc 06Y3Z wmLZB (M, $HOCH) E12MId gnm 3H; CHL °C NMR

(125.7 MHz, CD&lppm): 161.91, 161.81, 158.83, 152.42, 144.93, 137.11, 135.62, 135.47,
135.20,130.11, 128.06, 127.88, 127.81, 127.63, 127.59, 126.84, 126.75, 118.06, 117.96, 113.11,
86.69, 86.65, 86.55, 86.47, 85.68, 85.47, 85.44, 85.39, 73.23, 73.09, 72.76, 72.63, 63.37, 63.03,
62.83, 58.72, 58.68, 58.57, 58.52, 54.64, 54.62, 43.12, 43.11, 43.02, 40.36, 40.33, 40.17,
40.14, 24.04, 24.01, 23.98, 23.95, 23.93, 19.89, 19.86, 19.83, 19.80, ]fB.MYOA MHz, #
acetone, ppm):-171.28,-171.29,-171.34,-171.35.%'P NMR (202.3 MHz,c@cetone, ppm):
148.34, 148.21IR (thin film):Anax (cnP) = 3421, 2966, 2930, 2361, 2336, 1684, 1652, 1558,
1540, 1506, 1495, 1457, 1251, 1178, 1034, 977, 828.

0 -O-(2-Cyanoethoxy(diisopropylamino}phosphino)}p -Q-6 n -Himethoxytrityl)-5-fluoro-O°*-
benzytH -Qeoxyuridine (3b) DIPEA (0.091 mL, 0.52 mmol) veakled to a solution of2p)
(0.111 g, 0.1274 mmol) in THF (2 mL), followed by the dropwise addition of N,N
diisopropylamino cyanoethyl phosphonamidic chloride (0.092 mL, 0.42 mmol). After 30 min,
the solvent was evaporateith vacug the crude product was t&n up in ethyl acetate (40 mL),
the solution was washed with 3% (w/v) solution of NaHG@2 x50 mL) and once with brine
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(50mL). The organic layer wdsied over anhydrous N&Q (~ 4g), and concentrateth vacuo

The crude product was purified by $la column chromatography using hexanes/ethyl acetate

(2:8) as eluentto afford 0.102g (70%) of a colorless foar® (SiQ TLC): 0.36, 0.51 (1:1
Hexanes/EtOAC)smaxmecny= 283 nm.HRMS (ESMNS) m/z calculated for GHs:FNiNaGQP':
861.3399; found861.3395 [M + N&] *H NMR (500 MHzs-acetone ppm): 8.158.20 (m, 1H;

H6), 7.2£7.54 (m, 14H; Ar, Bn), 68%.93 (m, 4H; Ar), 6.16 PHp O0Y= MI T | MQU X
CHBn), 47in T ¢ 6 Y= il dlo nl 060  MBLYTHo] 10H) B ENCHI, @eQCH,

CHOP), 3.4 ®po O6YZX HI T280 @Ir5.0 HAH)OHLN)2.620 ™y H 6YX HI T
CHCN), 24 ®nd O6YI ML (n, AH 8% GH 18M30A5(m, 3H; CH °C NMR

(125.7 MHz, CD&lppm): 161.72, 161.57, 158.87, 152.2644.94, 144.93, 137.05, 137.03,
135.61, 135.60, 135.58, 135.49, 135.45, 135.11, 135.09, 130.11, 130.09, 130.08, 128.57, 128.49,
128.38, 128.29, 128.27, 128.04, 128.01, 127.82, 126.81, 126.78, 113.13, 113.11, 86.71, 86.66,
86.58, 85.77, 85.74, 85.49, 85,48.21, 73.08, 72.75, 72.62, 68.86, 63.01, 62.81, 58.73, 58.68,
58.58, 58.53, 54.64, 54.62, 43.13, 43.11, 43.03, 43.02, 40.39, 40.36, 40.20, 40.16, 24.04, 23.99,
23.93, 19.90, 19.84, 19.81% (470.4 MHz, gacetone, ppm):-171.22,-171.23,-171.28, -
171.29. %P NMR (202.3 MHzg@cetone, ppm): 148.36, 148.28 (thin film);Anax (cnt?) =

3423, 2361, 2336, 1652, 1506, 1456, 1251, 1178, 1035, 735.

p-0-6 n -Dim@hoxytrityl)-5-fluoro-O*-(phenoxyacetyloxputyl)-H -Beoxyuridine  (4a): A
convertible nucleoside was prepared by slowly adding triethylamine (in#5 10.4mmol)
followed by dropwise addition d?OC] (0.105mL, 1.13mmol)to a solution containing triazole
(0.703g, 10.8mmol)and compound in anhydrousMeCN (4.5nL) at ®Cunder stirring After 2
hours the reaction was over andhe solvent was evaporateéh vacuo To a solution of
convertible nucleoside (0.32 g, 0.45 mmol) and-didanediol (0.29 g, 3.2 mmol) in MeCN (3
mL) was addediropwiseDBU (0.15 mL, 1.0 mmol). Aft&6é h, the solvent was evaporated
vacuoand the crude product was taken up in £OH (40 mL), washed with a 3% (w/v) solution
of NaHC®@(2 x50 mL), dried over anhydrous N8Q (~ 4g), and concentratedh vacuo To a
solution ofthis intermediate and triethylamine (0.11 mL, 0.81 mmol) in THF (5 mL) was added
dropwise PacCl (0.094 mL, 0.68 mmoRhile stirring at C. After 30min, the solvent was
evaporatedin vacuoand the crude product was taken up in £ (40 mL), washed with &8
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(w/v) solution of NaHC£2 x50 mL), dried over anhydrous N8Q (~ 4g), and concentrateth

vacua The resulting residue was taken up in TR and TBAF (1 M in THF) (0.68 mL, 0.68

mmol) was added dropwise. After 30in, the solvent was evaporatad vacuoand the crude

product was taken up in GBL (40 mL), washed with a 3% (w/v) solution of NaklCOx 50

mL), dried over anhydrous N8Q (~ 49), and concentratedh vacuo The crude product was

purified by flash column chromatography using EtOAc / Hex (4s &uentto afford 0.16 g (47

% over 3 steps) of a colorless foa(SiQ TLC): 0.32 (100% EtOAG)axmecn= 276 NMHRMS

(ESIMS) m/z calculated for GHisFNNaOyo™: 777.2794; found 777.2807 [M + NajH NMR

(500 MHz, CD&lppm): 8.03 (d, 1H; H6, b5 Hz), 7.447.38 (m, 2H; Ar), 7.32.20 (m, 9H; Ar),

6.98 (m, 1H; Ar), 6.€26.89 (m, 2H; Ar),6.86 ®dyH O6YZXZ nl T ! NOZ c®dPHNn O Y:
COCHDPh)n ®po 6 Y mIAT (M) 261;A006GH 41204124 (m, 2H; COOQH4.12 (m,

Ml T | nQg@H, 2xdOCH 3410 PnH O6YZ HI THDPPMQZIOYP QIO [HHPQ H
6YSZ Ml T -1.7 Q) dHE ClaHP Y°@ NMR (125.7 MHz, CRGipm): 171.14, 168.99,

162.27, 162.17, 158.64, 157.75, 153.43, 144.30, 137.56, 135.59, 135.38, 135.23, 129.97, 129.95,
129.55, 127.99, 127.92, 127.67, 127.42, 127.02, 121.74, 114.60, 113.31, 113.29, 87.04, 86.95,
86.45, 71.61, 67.45, 65.29, 64.64, 63.68,38, 55.22, 41.95, 25.08, 24.95, 21.03, 141B.

(470.4 MHz, CD&lppm):-168.40,-168.41.IR (thin film);Anax (cnt ¥ = 3391, 3066, 2956, 2931,

2837, 2362, 2336, 1760, 1679, 1542, 1510, 1492, 1458, 1379, 1251, 1176, 1090, 1034, 829, 755.

p -0-0 n -Dim@hoxytrityl)-5-fluoro-O*-(phenoxyacetyloxyheptybH -@eoxyuridine  (4b): A
convertible nucleoside was prepared by slowly adding triethylamine (in#5 10.4mmol)
followed by dropwise addition d?OCd] (0.105mL, 1.13mmol)to a solution containindriazole
(0.703g, 10.8mmol)and compound 1n anhydrousMeCN (4.5nL) at C under stirringAfter 2

h the reaction was over anthe solvent was evaporateih vacuo To a solution of convertible
nucleoside (0.32 g, 0.45 mmol) and -bgptanediol (0.073, 0.54 mmol) in MeCN (6 mL) was
addeddropwise DBU (0.088 mL, 0.59 mmol). After 16 h, the solvent was evaponatedcuo

and the crude product was taken up in £ (40 mL), washed with a 3% (w/v) solution of
NaHC® (2 x 50ml), dried over anhydrous N&8Q (~ 4g), and concentratedn vacuo To a
solution of the intermediate and triethylamine (0.11 mL, 0.81 mmol) in THF (5 mL) was added

dropwise PacCl (0.094 mL, 0.68 mmoRhile stirring at GC. After 30min, the solvent was
11F



evaporatedin vacuoand thecrude product was taken up in gEb (40 mL), washed with a 3%

(w/v) solution of NaHC£2 x 50ml), dried over anhydrous N&Q (~ 4g), and concentrateth

vacua The resulting residue was taken up in T and TBAF (1 M in THF) (0.68 mL, 0.68

mmol) was added dropwise. After 3fin, the solvent was evaporatad vacuoand the crude

product was taken up in G8b (40 mL), washed with a 3% (w/v) solution of Nakl@& 50ml),

dried over anhydrous N&Q (~ 4 g), and concentratedn vacuo The crude pyduct was

purified by flash column chromatography usiBgODAc / Hex (7 : 3s eluentto afford 0.084 g

(23 % over 3 steps) of a colorless fodR(SiQ TLC): 0.54 (100% EtOAG)axmecny= 276 nm.

HRMS (ESNS) m/z calculated for GHioFN:NaQo" 819.3263; found 819.3266 [M + NajH

NMR (500 MHz, CRCppm): 8.01 (d, 1H; H6, J = 6 Hz), 7438 (m, 2H; Ar), 7.30.20 (m, 9H;

Ar), 6.98 (m, 1H; Ar), 6.85.89 (m, 2H; Ar),6.88 ®dy H oO0YZ nl T ! NOUX c®dPHRm OY
COCKOPh), 451X S M| T 4.41Qm,2H; ArOG)H4.20 (t, 2H; COOGH = Mz), 4.11

O0YZ wMI T | neB2Xx OGHp3.4t0 dmH a&YXZ HI T | pQX | pQQOZEZ HC
MI T hlOS H®PHN OYZ 4064, BH) QDIBIMBDMEH; GRCBCH).I T/ |
13C NMR (125.7 MHz, CR@pm): 169.07, 162.45, 162.35, 158.64, 157.80, 153.48, 144.30,
137.65, 135.68, 135.38, 135.24, 129.97, 129.95, 129.52, 127.99, 127.92, 127.41, 127.16, 127.02,
121.69, 114.60, 113.31, 113.29, 87.04, 86.84, 86.3%07 68.21, 65.35, 65.29, 62.99, 55.22,

41.91, 28.76, 28.43, 28.26, 25.64, 258F.(470.4 MHz, CRCppm):-168.19,-168.20.IR (thin

film); Amax (Cfo’ Y = 3394, 3065, 2935, 2836, 2362, 2336, 1760, 1679, 1607, 1542, 1510, 1492,
1458, 1377, 1251, 1176090, 1034, 829, 755.

0 -O-(2-Cyanoethoxy(diisopropylamino}phosphino)}p -Q-6 n -Bimethoxytrityl)-5-fluoro-0°*-
(phenoxyaetyloxybutyl)-H -@eoxyuridine (%) DIPEA (52 pL, 0.30 mmol) was added to a
solution of @a) (0.075 g, 0.098 mmol) in THF (1.5 mL), followed by the dropwise addition of
N,N-diisopropylamino cyanoethyl phosphonamidic chloride (53 pL, 0.24 mmol). After 30 min,
the solvent was evaporateith vacug the crude product was taken up in ethyl acetate (4D),

the solution was washed with 3% (w/v) solution of NaB(X 50ml) and once with brine (50
mL). The organic layer was dried over anhydrougsSRea(~ 4g), and reconcentrateth vacuo

The crude product was purified by flash column chromatograplygusn ethyl acetate solvent

system to afford 0.80 g (82%) of a colorless foBn¢SIQ TLC): 0.73, 0.85 (EtOAG)axmecn)=
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276 nm.HRMS (EIS) m/z calculated for gHsgFN\NaQ1P" 977.3872; found 977.3868 [M +

NaJ". H NMR (500 MHz geéhcetone, ppm)8.168.11 (m, 1H, H6), 7.§2.49 (m,2H; Ar), 7.38

7.24 (m, 9H; Ar), 6.96.88 (m, 7H; Ar), 6.286dmy O0YZ MO DTAMQYXZ o®TT
COCbBLDPh), 4.431.31 (m, 2H; ArOGH 4.284.21 (m, 3H; H4', COO£H3.933.60 (m, 10H;

POChH 2Xx NCH, 2 x0gH3.510 ®nH 0 YZX HI TF2.7b (mQH; CHPN), Q:U®DO (nw, T y
HIT [/ 1/ bZHOHQIEY X OV (Ml 4HQ0EEY. 1.3%1K29 tm, 3H; CHi 1.20

1.19 (m, 6H; 2 x GH 1.131.11 (m, 3H; C#)l Residual EtOAc solvent peaks are obserVig.

NMR (125.7 MHz, CRQbpm): 169.98, 168.59, 161.93, 161.83, 158.82, 158.20, 152.36, 144.93,
144,92, 137.12, 137.09, 135.61, 135.58, 135.49, 135.46, 135.17, 135.15, 130.11, 130.09, 129.39,
128.05, 128.01, 127.97, 127.94, 127.82, 127.72, 127.69, 122829, 121.19, 118.07, 117.95,
114.51, 113.13, 113.12, 86.70, 86.65, 86.58, 86.50, 85.73, 85.69, 85.44, 85.39, 73.18, 73.05,
72.74, 72.61, 66.91, 64.78, 64.14, 63.00, 62.81, 61.90, 61.86, 59.64, 58.71, 58.66, 58.56, 58.51,
54.66, 54.64, 47.31, 47.27, 43, 43.11, 43.02, 43.01, 40.37, 40.35, 40.18, 40.14, 24.95, 24.84,
24.05, 24.02, 24.00, 23.96, 23.94, 21.92, 21.90, 20.43, 20.41, 19.95, 19.90, 19.86, 19.84, 19.81,
18.95, 18.88, 13.65F (470.4 MHz, ¢acetone, ppm)-171.19,-171.21,-171.25,-171.26.*'P

NMR (202.3 MHz, sehcetone, ppm): 148.32, 148.1R (thin film):Anax (cnF ¥ = 3069, 2968,

2831, 2872, 2252, 1760, 1683, 1648, 1542, 1510, 1492, 1459, 1409, 1364, 1252, 1180, 1087,
1035, 977, 830, 755.

0 -O-(2-Cyanoethoxy(diisopropylamino}phosphino)}p -0-6 n -Bimethoxytrityl)-5-fluoro-0°*-
(phenoxyaceyloxyheptyl)-H -Qeoxyuridine (%): DIPEA (49 pL, 0.28 mmol) was added to a
solution of @b) (0.075 g, 0.094 mmol) in THF (1.5 mL), followed by the dropwise addition of
N,N-diisopropylamino cyanoethyl plsphonamidic chloride (50 pL, 0.23 mmol). After 30 min,
the solvent was evaporateh vacug the crude product was taken up in ethyl acetate (40 mL),
the solution was washed with 3% (w/v) solution of Nakl(@X 50ml) and once with brine (50
mL). Theorganic layer was dried over anhydrous,8@ (~ 4g), and concentrateth vacuo The
crude product was purified by flash column chromatography using ethyl acastuentto
afford 0.74 g (78%) of a colorless foa(SiQ TLC): 0.83, 0.90 (EtOA€}axmecn)= 277 nm.
HRMS (ESNS)m/z calculated for €HssFN\NaQ1P" 1019.4342; found 1019.4332 [M + NaH
NMR (500 MHz, ghacetone, ppm): 8.18.10 (m, 1H, H6), 7.§2.48 (m, 2H; Ar), 7.41.22 (m,
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9H; Ar), 6.9%6.88 (m, 7H; Ar), 6.28 dMy 0O Y S4.7%l T 1l MY 0,0Ph), 439 Q> / h/
4.32 (m, 2H; ArOGH 4.284.21 (m, 1H; H4'), 4.18.16 (m, 2H; COO@H3.933.60 (m, 10H;

POChH 2XxNCH,2x0gH3.50 ®nH 0O0YZX HI F2.75 (mQH; CHPN), Q:U®DO (nw, T y
HIT /1 / b3I238KW00 M| 7Oi-b7Q@pZH; Qi d6s1.62 (m, 2H; CH 1.46

1.35 (m, 6H; C}€HCH), 1.321.29 (m, 3H; CH 1.221.19 (m, 6H; 2 x GH 1.131.11 (m, 3H;

CH). Signals foresidual EtOAc solvent peaks asoobserved.’*C NMR (125.7 MHz, CRCI

ppm): 169.97, 168.62, 162.03, 161.92, 158.81, 158.21, 152.39, 144.93, 144.92, 137.15, 137.12,
135.61, 135.58, 135.50, 135.46, 135.21, 135.18, 130.11, 130.08, 129.39, 128.05, 128.01, 127.89,
127.86, 127.82, 127.64, 127.61, 126.81, 126.78, 121.19, 118,064, 114.48, 113.13, 113.11,
86.69, 86.64, 86.56, 86.48, 85.72, 85.68, 85.43, 85.38, 73.20, 73.07, 72.75, 72.62, 67.40, 64.80,
64.53, 63.01, 62.82, 61.90, 61.86, 59.64, 58.71, 58.66, 58.56, 58.51, 54.65, 54.63, 47.31, 47.27,
43.12, 43.10, 43.02, 43.040.36, 40.34, 40.17, 40.14, 25.50, 25.49, 24.05, 24.02, 23.99, 23.96,
23.94, 21.92, 21.90, 20.42, 20.41, 19.95, 19.89, 19.86, 19.84, 19.80, 18.95, 18.88%E3.63.
(470.4 MHz, glacetone, ppm)=-171.20,-171.22,-171.26,-171.28.5'> NMR (202.3 MHz¢d
acetone, ppm): 148.32, 148.1MR (thin film);Anax (crrf’ Y = 3068, 2966, 2834, 2864, 2252, 1759,
1683, 1647, 1607, 1541, 1510, 1492, 1458, 1409, 1365, 1252, 1179, 1086, 1035, 978, 829, 755.

A2.1.2 Preparation, purification and characterization of the dRiligonucleotides

The sequences containing the different dFU adducts, which are showigume 3.1,
were assembled with an Applied Biosystems Model 3400 synthesizer ommablScale using
i -cyanoethylphosphoramidite chemistry supplied by the manufaatwvith slight modifications
to coupling times. The nucleoside phosphoramidites protected with “dagtrotecting” groups
were dissoved Ay | YK@RNRdza aS/ b I d | O2y Oy i NI G Az
deoxyphosphoramidites, and 0.15 M for timeodified phosphoraidites @a, 3b, 5a and 5b).
Oligomer sequence assembly was carried out as previously deséfifiéthe cappingtep of
the assembly was carried out using phenoxyacetic anhydride/pyridine/tetrahydrofuran 1:1:8
(v/viv; solution A) and dmethykimidazole/ tetrahydrofuran 16:84 (w/v; solution B). Coupling
wait times for phosphoramidite8a, 3b, & and 5b were extended to 10 min (compared to 2
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min for the commercially available phosphoramidites). Protecting group removal and cleavage
from the solid support was carried out by treatment with 10% DBU in their corresponding
alcohol (ethanol for the ethyl adducbenzyl alcohol for the benzyl adduetc) overnight at 50

°Cin 2 mL screveap microfuge tubes fitted with Teflon lined cdp$The base was neutralized

with an equimolar amount of AcOH and crude oligomers were transferred and lyophilized in a
Speedva concentrator. Purification was achieved by strong anion exchange HPLC using a
Dionex DNAPAC PAO0 column (0.4 cm x 25 cm) purchased from Dionex Corp, Sunnyvale, CA
using a linear gradient of¢82% buffer B over 24 min (buffer A: 200 mm Tris HCI, pHL@%,
MeCN and buffer B: 100 mm Tris HCI, pH 7.5, 10% MeCN, 1M NaCiLaffs& columns were
monitored at 260 nm for analytical runs or 280 nm for preparative runs. The purified oligomers
were desalted using-C8 SEP PAK cartridges (Waters Inc.) as quslyi described:*? The
molecular mass of the modified oligomers was identified by deconvolution of thiM&Sind

the measured values were in agment with the expected massg&igures A2.30, A2.31,

A232 and A2.33 for MS spectra)OligonucleotidesiFUEt, dFUBn, dFUC40OHand dFUC70H

(0.05 Agsp units each) were also characterized by enzymatic digestion (snake venom
phosphodiesterase: 0.28 units and calf intestinal phosphatase: 5 units, mMdTris, pH 8.1

and 2 mM MgG) for 48h at 37°C. The resulting nucleoside mixture was analyzed by reversed
phase HPC carried out using a Symmetry@a®@ p >Y O2f dzYyviaafintarc E
gradient of 670% buffer B over 30 min (buffer A: 50 mM sodium phosphate, pH 5.8, 2% MeCN
and buffer B: 50 mM sodium phosphate, pH 5.8, 50% MeCN). Results and nucleoside ratios
from digestion are shown iRigures A234, A2.35, A2.36 and A2.37. The molecular mass of the
modified oligomers was identified by deconvolution of the-ESI and the measured values

were in agreement with the expected masses
A2.2 UV thermal denaturation

Please refer to section Al.2 for the experimental details. The results obtained are shown
in Figure A2.42



A2.3 Circular dichroism (CD) spectroscopy

Please refer to section Al1.3 for the experimental detdits results obtained are shown
in Figure A243.

A2.4 AGT repair assay @NA duplexes

Please refer to section Al.4 for the experimental details.

FigureA2.1: (A) 2eoxy2&luoro-arabinonucleic acid (ANA)"**" (B) 5fluorouracil®’ %!
(O Capecitabiné”**and Q) Fluorobenzen€&®!
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C A JA2NFB00 MHZ'HNMR spectrum of compoun@4) (in CDG)




C A JA2NEL25.7 MHZ3C NMR spectrum of compoungd) (in CDG)
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C A JA2NIN70.4 MHZ’F NMR spectrum of compoungd) (in CDG)
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C A JA2IB00 MHZ'H NMR spectrum of compoundd) (in d-acetone)
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C A JA2NFL25.7 MHZ3C NMR spectrum of compoungd) (in d-acetone)
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C A JA2NIN70.4 MHZ’F NMR spectrum of compoun8d) (in d-acetone)
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C A JA2NIP02.3 MHZ'P NMR spectrum of compoungd) (in d-acetone)
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C A JA2NF500 MHZ'H NMR spectrum of compoundl) (in CDG)

O
F XN
DMTrO |N/g0
o
OH
h L ol ] Jt PN N B
9.5 8.5 7.5 6.5 5.5 4.5 3.5 2.5 1.5

pPPmM
12¢



C A JA2NIB 125.7 MHZC NMR spectrum of compoun2h) (in CDG)
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C A JA2MIM470.4 MHZF NMR spectrum of compoungh) (in CDG) (in d-acetone)
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C A J A2\ 500 MHZ'H NMRspectrum of compound3p) (in d-acetone)
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C A JA2NI 125.7 MHZC NMR spectrum of compoungh) (in d-acetone)
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C A JA2\IB 470.4 MHZF NMR spectrum of compoungh) (in d-acetone)
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C A JA2NIB 202.3 MHZ'P NMR spectrum afompound 8b) (in d-acetone)
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FigureA2.16 - 500 MHZ'*H NMR spectrum of compoundg) (in CDG)
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FigureA2.17 ¢ 125.7 MHZH NMR spectrum of compoundd) (in CDG)
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FigureA2.18 ¢ 470.4 MHZ°F NMR spectrum of compounda) (in CDG)
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FigureA2.19 - 500 MHZ*H NMR spectrum of compoun8d) (in d-acetone)
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FigureA2.20 ¢ 125.7 MHZH NMR spectrum of compoun8g) (in d-acetone)
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FigureA2.21 ¢ 470.4 MHZ°F NMR spectrum of compounga) (in d-acetone)
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C A JA2NI 202.3 MHZ'P NMR spectrum of compounga) (in d-acetone)
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FigureA2.23- 500 MHZ*H NMR spectrum of compoundk) (in CDG)
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FigureA2.24 ¢ 125.7 MHZH NMR spectrum of compoundt) (in CDG)
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FigureA2.25¢ 470.4 MHZ°F NMR spectrum of compoundhi) (in CDG)
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FigureA2.26 - 500 MHZ*H NMR spectrum of compoun8h) (in d-acetone)
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FigureA2.27 ¢ 125.7 MHZH NMR spectrum of compoun8h) (in d-acetone)
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FigureA2.28 ¢ 470.4 MHZ°FNMR spectrum of compoundlf) (in d-acetone)
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C A JA2NIH202.3 MHZ'P NMR spectrum of compounghi) (in d-acetone)
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C A JA2MIB ESI MS spectrum of oligonucleotidEUEt (expected mass of 4295.1)
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C A JA2NIMESI MS spectrum of oligonucleotideUBn (expected mass of 4358.1)
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C A JA2MIB ESI MS spectrum of oligonucleotidEUC40Hexpected mass of 4341)
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C A JA2MI6 ESI MS spectrum of oligonucleotidEU-C70Hexpected mass of 4382.9)
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Hgure A2.34- G18 reversed phase HPLC profile of nucledigesteddFUEtL The column was
eluted with a linear gradient of-80% buffer B over 30 min (buffer 30 mM sodium phosphate,

pH 5.8, 2% MeCN and buffer B: 50 mM sodium phosphate, pH 5.8, 50% MeCN).

260 nm P\ dG

0.3004 H

AU

0.200 ‘ T
i dA dFU-Et

o000}— 0 J ~ ) J_J

0.100

0.020

300 nm dFU-Et

0.015

0.010
0.005
0.000-

T T T T T T T T T T T T T T T T T
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00

AU

Oligomer Nucleoside Nucleoside Ratio
composition Expected Observed
dC 4 3.8
dG 4 4.2
dFUEL dA (dI) 3 28
dT 2 1.8
dFUEt 1 0.4
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Hgure A2.35 G18 reversed phase HPLC profile of nucledigesteddFUBN. The column was
eluted with a linear gradient of-@0% buffer B over 30 min (buffer A: 50 mM sodiphosphate,
pH 5.8, 2% MeCN and buffer B: 50 mM sodium phosphate, pH 5.8, 50% MeCN).

0.600:

os0d 260 Nm PG
2 0.300+ dT
0.200] dC r‘ |
T | da
0.100] “u‘ “U‘\ M “A“ dFU-Bn
1 300 nm
‘ dFU-Bn
Oligomer Nucleoside Nucleoside Ratio
composition Expected Observed
dC 4 4.0
dG 4 4.3
dFUBN dA (dI) 3 25
dT 2 1.8
dFUBN 1 0.4

154



0500% 260 nm A dG
2 04300—§ dl‘
dc M a7
1 | I
I dFU-C4OH
| 300nm dFU-C40OH
Oligomer Nucleoside Nucleoside Ratio
composition Expected Observed
dC 4 4.1
dG 4 3.3
dFU4COH dA (dI) 3 2.4
dT 2 2.0
dFUC40H 1 0.3

Hgure A2.36- G18 reversed phase HPLC profile of nucledigesteddFUC40OH The column

was eluted with a linear gradient of-1% buffer B over 30 min (buffer A: 50 mM sodium

phosphate, pH 5.8, 2% MeCN dndfer B: 50 mM sodium phosphate, pH 5.8, 50% MeCN).
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Hgure A2.37- G18 reversed phase HPLC profile of nucledigesteddFUC70OH The column
was eluted with a linear gradient of-1% buffer B over 30 min (buffer A: 50 mM sodium
phosphate, pH 5.8, 2% MeCN and buffer B: 50 mM sogiumsphate, pH 5.8, 50% MeCN).

0.800 G
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2 0.400- dT
0.200] I “ ‘
' o dA dFU-C70H
0000 _J U B
¢! 300 nm
] dFU-C70H
o.ooo—f N A
Oligomer Nucleoside Nucleoside Ratio
composition Expected Observed
dC 4 3.9
dG 4 4.1
dFU7COH dA (dI) 3 21
dT 2 2.3
dFUC70H 1 0.3
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Hgure A2.38 SAXHPLC profile oiFUEt crude (A) and pure(B). The column (Dionex DNAPAC
PA 100) was eluted using a linear gradient ef@% buffer B over 30 min (buffer A: 100 mM Tris
HCI, pH 7.5, 10eCNand buffer B: 100nM Tris HCI, pH 7.5, 100eCN 1 M NaCl)

0.304 (A)

0.00 ’JL— ﬂ ‘JJ ML._

0.40 (B)

L

000 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400
Minutes

Hgure A2.39- SAXHPLC profile adiFUBnN crude (A) and pure(B). The column (Dionex DNAPAC
PA 100) was eluted using a linear gradient ef@% buffer B over 30 min (buffer A: 100 mM Tris
HCI, pH 7.5, 10%eCNand buffer B: 100nM Tris HCI, pH 7.5, 100eCN 1 M NaCl)
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Hgure A240- SAXHPLC profile otlFUC40OHcrude (A) and pure (B). The column (Dionex
DNAPAC RAO0O0) was eluted using a linear gradient e¥@% buffer B over 30 min (buffer A:
100 mM Tris HCI, pH 7.5, 108eCNand buffer B: 100mM Tris KCI, pH 7.5, 10%1eCN 1 M
NacCl)
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Hgure A2.41- SAXHPLC profile oflFUC70OHcrude (A) and pure (B). The column (Dionex
DNAPAC RAO0O )was eluted using a linear gradient 0f7f0% buffer B over 30 min (buffer A:
100 mM Tris HCI, pH 7.5, 108€CNand buffer B: 100mM Tris HCI, pH 7.5, 10M4eCN 1 M
NacCl)
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C A 3 éaNiB+ Hyperchromicity changeAgso) versustemperature {C) profiles of duplexes
containingdFUcontrol { ), dFUEt6 w wdBUBNh (T T 1), dFUC40H(T wr ) anddFUC70OH

(T ww).

C A 3 AUNMI® Circular dichroism spectra of duplexes containifd)control (T ), dFUEt60 w w w0
dFUBN(T 1 1),dFUC40HT w1 ) anddFUC70OHT ww).




FigureA2.44 - Repair of A) dFUEL (B) dFUBN, (Q dFUC40Hand (D) dFUC70Huy hAGT, OGT,
AdaC, and hOGT for 215 at 37C. Denaturing PAGE of repair reactions as describdkein

experimental section with $old protein concentration. Panél; Lane 1, 2 pmaliFUEt DNA
lane 2, 2 pmotFUEt+ Bclt lane 3, 2 pmotiFU Et+ 10 pmol hAGT,; lane 4, 2 pnafUEt+ 10
pmol hAGT Bclt lane 5, 2 pmotiIFUEt+ 10 pmol OGT; lane 6, 2 pnafiUEt+ 10 pmol OGT+
Bclt lane 7, 2 pmotiFUEt+ 10 pmol Ad#C; lane 8, 2 pmaFUEt+ 10 pmol AdaC +Bcll lane
9, 2 pmoldFUEt + 10 pmol hOGT; lane 10, 2 pnd##UEt + 10 pmol hOGT Bcl. PanelB;

Identical to panelA except withdFUBnN instead ofdFUEt PanelC Identicd to panelA except

with dFUC40Hnstead ofdFUEL PanelD; Identical to panelA except withdFUC7OHnstead

of dFUEL
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FigureA2.45 - Time course repair gel of duplexes containdtg)JEt by (A) hAGT (B) OGT (O
AdaCand Q) hOGT (A) Denaturing gel of the repair of 2 pmol @FUEtby 10 pmol hAGT as a
function of time: lane 1, 2 pmol Control; laned4.@, 2 pmol+ 10 pmol hAGT incubated for 0.25,
0.5,0.75, 1, 1.5, 3, 5, 15, 45 min, respectiv@8y Denaturing gel of the repair @ pmol ofdFU
Etby 10 pmol OGT as a function of time: lane 1, 2 pmol Control; lad€s 2 pmol + 10 pmol
OGT incubated for 0.25, 0.5, 0.75, 1, 1.5, 2, 5, 15, 45 min, respect@dder(aturing gel of the
repair of 2 pmol olFUEtby 10 pmol Ad&C as a function of time: lane 1, 2 pmol Control; lanes
2-10, 2 pmol + 10 pmol Ad&C incubated for 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 5, 15, 45 min,
respectively. D) Denaturing gel of the repair of 2 pmoldfUEtby 10 pmol hOGT as a function
of time: lane 1, 2 pmol Control; lanes1®, 2 pmol + 10 pmol hOGT incubated for 0.25, 0.5,
0.75, 1, 1.5, 2, 3, 5, 15, 45 min, respectivéllf.the time courses wergerformed at room

temperature.
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FigureA2.46 - Time course repair gel of duplexes containgdtg)JBn by (A) hAGT (B) OGT (O
AdaCand O) hOGT (A) Denaturing gel of the repair of 2 pmoldfUBnby 10 pmol hAGT as a
function of time: lane 1, 2 pmol Control; laned4@, 2 pmol+ 10 pmol hAGT incuted for 0.25,
0.5,0.75,1, 1.5, 2, 5, 15, 45 min, respectiv@8y Denaturing gel of the repair of 2 pmol dFU
Bnby 10 pmol OGT as a function of time: lane 1, 2 pmol Control; lad€s 2 pmol + 10 pmol
OGT incubated for 0.25, 0.5, 0.75, 1, 1.%,315, 45 min, respectivelyC(Denaturing gel of the
repair of 2 pmol ofiFUBN by 10 pmol Ad&C as a function of time: lane 1, 2 pmol Control; lanes
2-10, 2 pmol + 10 pmol Ad&C incubated for 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 5, 15, 45 min,
respectively.(D) Denaturing gel of the repair of 2 pmol dFUBNn by 10 pmol hOGT as a
function of time: lane 1, 2 pmol Control; laned.@, 2 pmol+ 10 pmol hOGT incubated for 0.25,
0.5,0.75, 1, 1.5, 2, 3, 5, 15, 45 min, respectiviliythe time courses were penfimed at room

temperature.
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FigureA2.47 - Time course repair gel of duplexes containdi))C40Hoy (A) hAGT (B) OGT
(© AdaCand D) hOGT (A) Denaturing gel of the repair of 2 pmol dFUC40Hby 10 pmol
hAGT as a function of time: lane 1, 2 pmol Control; land®,22 pmol + 10 pmol hAGT
incubated for 0.25, 0.5, 0.75, 1, 1.5, 3, 5, 15, 45 min, respecti\®\Dgnaturing gel of the
repair of 2 pmol ofdFUC40Hby 10 pmol OGT as a functiontohe: lane 1, 2 pmol Control;
lanes 210, 2 pmol + 10 pmol OGT incubated for 0.25, 0.5, 0.75, 1, 1.5, 2, 5, 15, 45 min,
respectively. © Denaturing gel of the repair of 2 pmol dFUC40Hby 10 pmol Ad&C as a
function of time: lane 1, 2 pmol Controlnes 210, 2 pmol+ 10 pmol AdeC incubated for 0.25,
0.5, 0.75, 1, 1.5, 2, 3, 5, 15, 45 min, respectiv@y.Denaturing gel of the repair of 2 pmol of
dFUC40Hby 10 pmol hOGT as a function of time: lane 1, 2 pmol Control; lat®s 2 pmol +
10 pmolhOGT incubated for 0.25, 0.5, 0.75, 1, 1.5, 3, 5, 15, 45, 150 min, respedcil/¢he

time courses were performed at room temperature.
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FigureA2.48 - Time course repair gel of duplexes containit)}C70Hoy (A) hAGT (B) OGT

(O AdaCand D) hOGT (A) Denaturing gel of the repair of 2 pmol dFUC70Hby 10 pmol
hAGT as a function of time: lane 1, 2 pmol Control; land®,22 pmol + 10 pmol hAGT
incubated for 0, 0.25, 0.5, 0.75, 1, 1.5, 3, 5, 15, 45, 150 min, respectBelelaturinggel of

the repair of 2 pmol olFUC70Hoy 10 pmol OGT as a function of time: lane 1, 2 pmol Control;
lanes 210, 2 pmol + 10 pmol OGT incubated for 0, 0.25, 0.5, 0.75, 1, 1.5, 3, 5, 15, 45, 150 min,
respectively. © Denaturing gel of the repair of 2 pmof dFUC7OHby 10 pmol AdeC as a
function of time: lane 1, 2 pmol Control; lane€l@, 2 pmol + 10 pmol Ad&C incubated for O,

0.25, 0.5, 0.75, 1, 1.5, 3, 5, 15, 45, 150 min, respectiva)yDénaturing gel of the repair of 2
pmol of dFUC70OHoy 10 pnol hOGT as a function of time: lane 1, 2 pmol Control; larE3, 2

pmol + 10 pmol hOGT incubated for 0, 0.25, 0.5, 0.75, 1, 1.5, 3, 5, 15, 45, 150 min, respectively.

All the time courses were performed at room temperature.
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