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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
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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®
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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&™®
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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

25



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 grod‘ﬁ’%lt 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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