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0O°-AlkylguanineDNA alkyltransferases (AGT) are responsible for the removal of
numerousmutagenicO®-alkyl 2 -@leoxyguanosingO®-alkyl dG) and O*-alkyl thymidine
(O*alkyl dT) adducts.The function of AGT in the recognitionand removalof both
moncadducts and DNA interstrand crelgsks (ICL) were undertaken. To achieve this,
oligonucleotide probes containing alkylelinkers varying in length that tethered ti@#
atoms ofthymidine (dT) or 2 -@leoxyridine (dU) and O° atoms of2 -@leoxyguanosine
(dG)wereprepared These ICLwere generatedsinga combination ofolution and solid
phase synthesi¥arious O*alkyl dT andO*alkyl dU monoadducts were also prepared
by similar methods andnalyzedto further elucidate the limitation of AGWith respect
to damage detection and repdiihree AGT homologues (human AGT/hAGENd E.
Coli OGT and AdeC) and an engineered chimera waeedin repair and binding studies
with the O* and O® modified oligonucleotides tnotevariations amongst specietudies
with the AGTs and modified DNA probes reveatet) hAGT is capable of repairin@°-
2 dleoxyguanosineéutyleneO®-2 -dleoxyguanosing0°dG-butylene0°dG) and 0O°-2 6
deoxyguanosin@eptykene0°-2 -dleoxyguanosin¢0°dG-heptyleneO°dG) ICLsi n -a 5 6
GNC sequence motifdesigned to mimic the configuration tfe ICL generated by
hepsulfam(1, 7-disulfamoyloxyheptane 2) O*thymidine-alkylene O*thymidine (O*dT-
alkyleneO*dT) ICLs evae repair from all AGB studied whereas th€©*-butyl-4-ol and
O*-heptyt7-ol dT moncadductsundergoegepair by OGT 3) Creating an hAGD*-



alkyl dT covalent complexfor crystallography by employing®-2 -@leoxyguanosine
alkyleneO*-thymidine (O%dG-alkyleneO*dT) ICL DNA shows promise since covalent
complex formation is obseed with O°dG-heptyleneO*dT crosslinks; 4) Introducing
the active site of OGT into the hAGT scaffadnfersthe chimerawith enhanced repair
capabilities ofO*alkyl dT adductswith respect tchAGT while maintaining ICL repair
activity; 5) AGT mediated epair ofO*-alkyl dT damage is hindered by the presence of
the C5 methyl (up to 3fbld). This effect is most notable with hAGT and the chiméja
0*-2 -@leoxyuridinealkylene0*-2 -@leoxyuridine O*dU-alkyleneO’dU) ICL DNAs are
not repaired byAGT. This dusive propertyis attributedto the E conformationadopted

by the linkerabout the C4* bond of the modifieddU, as demonstrated from NMR
studies There are no working models that provide a feasible hAGT based repair
mechanism for ICL damagéCL DNA:hAGT crystalstructures are needéalshed light

onthis poorly understood activity.
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CHAPTER |

General Introduction



1.1 Preamble

DNA encodes the information required for biosynthesis of RNA and proteins, it is
therefore essential for lifdNA is the source of information in the cell, it dictates the
amino acid sequence of eagtotein. It is clear that the integrity of the genomic DNA
should not be compromised or else the ramifications of these modifications in the DNA
will be felt on multiple levels. The DNA thabnstitutesour genome is constantly under
attack byendogenousral exogenous agent§he damageinduced by these agents can
have aharmful effect on the hostlue to their ability to induce mutationsndbr
modificationsin the DNA.Mutationare more prone to occwhen the agent damages the
heterocyclicbase of the DNA while alkylation of the phosphbtriester moiety, for
example,are virtually silent on the nucleotide conteKELs are very cytotoxic since
complementary DNA strands are covalently bound together, inhibiting DNA replication,
RNA transcription and ultimalg gene expression.

Cells have evolved repair mechanssta deal with DNA damage that arise from
exposure to modifying agentShe ultimaterole of all DNA repairmechanismsre the
samejevert the modified DNA back to itsativestate Each DNA repair rachanism has
its set of substratesyhere some overlap amongst mechanismknswn The repair
mechanismsare not ubiquitous in all kingdoms of life. Different organisms have
differentextra classes of repair systems withost of the repair pathwayshowirg
overlapamongstspecies Thesevastarrays ofrepair mechanismand variation amongst
speciesconstitutea fine balance between DNA damage formation and DNA damage

removal



1.2 DNA alkylation

1.2.1 Classesof DNA alkylati ng agents

Most dkylating agents can & broken down into two general classesono
functional and bfunctional. As the namimfers monoafunctional alkylating agents cause
one alkylation event in the DNA per molecwiereas the Hiunctional alkylating agents
can cause two alkylation events.

Mono-functional alkylating agentsan be harmful to the cell by impeding the
ability of certain DNA polymerases to continue DNA replication and hence stop cell
growth. The ability of an alkylation event to impede DNA polymerase function depends
on the atm in questionundergoing modificationModification of theN3 atom of2 -6
deoxyadenosine (dA)the second most predominant point of alkylatideads to
replication inhibition(1,2,3) Somesites have virtually no effect gmolymeraseactivity,
such aghe N7 atomof dG, the most predominant point of alkylati¢t)

Monofunctional alkylaing agentscanalsoinducemutationsin both genomic and
mitochondrial DNA.For example, lylation atthe O° atom ofdG is mutagenic sinceit
participats in basepairing which will be elaborated upon later in the introduciiéb)

Bi-functional alkylaing agentshave shown an increased abilttysuppresgsumor
cells with reports dating bacl60 years(6) Bi-functional alkylatiy agents are more
harmful to the cell than their moffanctional counterparts dugeir ability to introduce
moncadducts androsslinks in DNA duplexeq7) The crosdinks induced by this class
of alkylaing agentson DNA can either be intrastrand crdgss, where both alkylation

events occur on the same DNA strandjrmterstrand crosinks (ICL), where the two



alkylation eventsoccur on complementary DNA strandd har ability to cause ICL
lesionsin DNA is thought to be the reason for the cytotayi@f these compounds)
The introduction of acovalent linkage between twoomplementarystrands of DNA
inhibits DNA strandsegregatior{7,9) Many cellular processely on this segregation
for function with DNA replication and RNA transcriptioas examples This entails that
all processes downstream of these twial events will also be inhibited, ultimately

leadingto cell arrest and apoptosis
1.2.2 Sites of DNAalkylation and their biological consequences

Not all atoms of the DNA duplex are acted upon by alkylating agents. Alkylating
agents perform their function due to their electrophilic properties with the exception of
psoralens and other agents which act by intercalating between DNA [mésedo
photoadtivation.(7) There exist no alkylating agents capableeg€lusive selectivity in
targeting alefinednucleophilic centre

DNA alkylation occus via a reaction ofa nucleophilic centein the DNA on the
electiophilic moiety of thealkylating agentand can be described to follow a mechanism
that is eitherunimolecular (R1) or bimolecularin nature(S\y2).(10) In the Sy1 type
mechanism theate of the reaction is governed solely by the nature of the electrophile
(alkylating agent) making compounds that fall under this category less specific. In the
Sn2 type mechanism the rate of the reaction is not only governed by the electrophile but
also by the nucleophile (nucleophilic centerstloé DNA) making theseagents mee
selective

The "sdter", more charged delocalizedlkylating agents undergon3 type

mechanisms yielding predominantly7flkyl dG. The "harder”, higher charge density
4



alkylating agents undergay$ type mechanisms yielding less ofddlkyl dG and more
of the exocyclic oxygeradducts such a0®-alkyl dG and O*-alkyl dT.(1,10,11) Table
1.1 shows how the nature of the alkiyley agent can alter which atoms in the DNA
undergo modification.

Table 1.1: Percentage dbtal alkylation of eachnucleophilicatom in DNA whentreated

with methyl methanesulfonat@®IMS) or N-methykN'-nitrosoureg MNU) (adaptedrom
12)

MMS (Soft) MNU (Hard)
: i
Atom Methylated \0/&8')\ HNT N
N\\O
In vitro In vivo In vitro In vivo
Adenine N1 3.8 1.3
N3 10.4 8.7 9.0 4.2
N7 1.8 2.4 1.7 3.1
Guanine N3 0.6 1.3 0.8 0.5
o° 0.3 0.3 6.3 5.1
N7 83.0 83.0 67.0 69.0
Thymine 0? nd 0.11 5.1
N3 0.1 0.3
o* nd 0.4
Cytosine 0? nd 0.1
N3 <1 <1 0.6 0.4
Diester 0.8 17.0 9.0

The carcinogenicityof the variousalkylatingagents are natirectly correlated with

the magnitudeof alkylating eventsbut raher with the mutagenidy of the lesions.
Despite the relatively low proportion @®-alkyl dG formed with respect to the total
DNA damage, this lesion along with*-alkyl dT, are used abiomarkersto rank the
mutagenigcarcinogenidactor of the different alkylating agents.

O°-alkyl dG is mutagenic due to the tendency of DNA polymerases to incorporate

an erroneous dT nucleotide opposite ttee modification during DNA replication and
5



repar by the mismatch repair (MMR)nachinery(13) In humanQ®-akylguanineDNA
alkyltransferase (hAGT) deficient tumor celtsie lethal event occurs for every 6 650
methyt2 -@leoxyguarosine (0°-MedG) produced in the genon(&4)

Studies conducted witAGT deficient cellsrevealedthat the MMR pathway was
detrimental to the celin the presence oD°-MedG(1516) The MMR machinery
perceives arD®-MedGA d fair as a substrate for repais this base pairing does not
constitute one of the two natural interactidoand in DNA In the case where th@®-
MedG s on the noremplate strand thBIMR machinerycan repair the lesion correctly
by removing the incorrectly incorporatedodified nucleotidesince it is on the newly
synthesized strand. In the opposite cagker the lesion is present in themplate
strand the MMR machinerycannot excis¢éhe modifiednucleotideand thus itremoves
the dT erroneously incorporated opposite to @feMedG This is followed by the
misincorporation ofiT opposite to0®-MedG. Multipl e rounds of futile MMR eventually
signal the cell to commiapoptosisin order to conserve genetic integrify7) This
property has been exploited during chemotherapeutic reginMethylating agents
capable of forming considerable amounts @tMedG, suchas temozolomide, are
commonly used in the treatment of brain cancers where hAGT levelst atteeir
lowest(18) If theO%-alkyldGAd T pair evades al l repair
genomi ¢c DNA a dGAdi€ultinaely gréddicedB,19 r ansi t i on

The termal stability of various duplexes consisting of sefcomgementary
Dickerson dodecamef€GXGAATTCYCG), where Xis O°>-MedG and Y is any of the
four natural 2 -@leoxynucleotidesrevealed thatthe themal stability of the duplex

decreasedaccording to thefollowing trend: dGdC > dGW > O°-MedGAIC > O°-
6
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MedGKIA > OP-MedGAIG > O°-MedGAT.(20) These results areounterintuitive
considering that dT is generally incorporated opposite G®MedG by DNA
polymemseq21) If H-bonding propertiegioverned the incorporation of thmeicleotide
opposite to O°>~MedG then dT should be incorporateléast Rather, preferential
incorporation of dT opposite ©°-MedGis governed by Watse@rick geometry. NMR
studiesrevealedthat O°-MedG forms a norawobble base pair only with dBeeFigure

1.1.(22,23)
(A) (B) ©)

O I o
Nr/ NH___N>/ \\/ N /—<N---H2N ( al >\—\€

/N R NT m
N= N
drR N3 R NH,~-- N N N—< “_O}*NR
g dr

Figure 1.1: WatsonCrick pairing of (A) d G@®)}o&Me d GAd (C)@-Md d GAd T
Much like O%-alkyl dG, O*alkyl dT is highly mutagenicO*-alkyl dT is mutagenic

due to its ability to causBNA polymeraseso incorporate dGnstead ofdA oppositeto

it during DNA replication(4) O*-methytthymidine ©*-MedT) is a minor alkylation

product with respect to i8°-MedG counterpartMNU treated DNAproducesl 26 times

more O°-MedG than O*-MedT.(24) As with O°®-MedG, misincaporation of dG atO*-

MedT sites is govermeby the geometry of the base pair. NMR studiesionstratethat

0O*-MedT forms a nonwobble base pair only with dG esEigure 1.2.(25,26)
(A)

O'“"H,N 7 — N
4 N\ -- N
_<NH N\_ N’ HZNW iR
N N

dR o dR o -- H2N

Flgure 1.2. WatsonCrick pairing of (A)  d T(B)cDAI\/Ie dTAdE)G-MddTAdG



In repair proficient cells transforned with singlestranded DNA $sDNA)
containingspecific lesions mutationsrose 12%oppositeto the O*-MedT while a < 2%
mutation ate was observed opposite@-MedG.(27) A similar trend was observed for
doublestranded DNA(dsDNA) in Escherichia coli(E. coli), where O*-MedT caused a
45% mutation ratas opposed t6% by 0°-MedG.(28) In mammalian cellsO*-MedT is
more toxic tharD®-MedG both in normal and repair deficient systef®8,30) Unlike O°-
MedG, O*-MedT is not affected by the expression or suppressiomA@T activity nor
by MMR, explaining its added toxicity.(29,30) Nucleotide excision repair (NER)
deficient cells exhibit added sensitivity 1©0°-MedT indicating that this lesion is
eliminated via the NER pathwayin mammalian cell§31) E. coli has evolvedtwo
proteins from the direct repapathwayto processO*-MedT lesions OGT andthe ¢
terminal of the adaptive response prot&ife-C.(4,32,33,34) As a resulO*-MedT is less
toxicin E. colicells.

ICL formation representthe mostethal evenof all the possible reactiarithat can
occur upon exposureto bi-functional alkylating agent (showm Figure 1.3).(8) The
presence of 40 ICL lesns in repair deficientmammalian cell is sufficient to cause cell
death while onlyoneICL is enough to kill repaideficient bacteria and yea$85,36)
Due to their lethal propertid€L forming agents aremployedin manyinstancesiuring
chemotherapy37,38,39) Some of themore commonly used and potent actancer
agents used today are créisging agents such as: nitrogen mustards, platinum drugs,
alkyl methamsulfonatesand mytomycin G9) In a study of 234 chemicals, which were

tabulated in order of genotoxicity, dunctional alkylating agents repeatedly appeared in



the most toxic chemicalglO) Moreover, 12 out othe 15 most potent anitancer drugs

were crossinking agentq41)
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Figure 1.3: Possiblgates othi-functionalalkylating agents(42)

In general ICLs arechallengingto eliminatecausingtheir prolongedoresence in
the cellwith respect to monalkylation(9) This property atbws ICL to target faster
proliferating cels such as tumor and cancer c€8% As previously introducedmono
functional alkylating agentgan react withmultiple atoms on the nucleobases- Bi
functional alkylaing agents caneact withthose same atoms witin additionaktep of a
second alkylation event increasing the number of different lesions induced by these
agents. Thevarious bi-functional alkylating agentslisplay specific properties which
include whid atoms are targeted and more importantly which nucleotide sequences are

targeted for ICL formatio42)



1.2.3 Sources of DNAalkylation

The mostprevalentendogenou®NA damage ighe N7-methyl dG adduct It is
thought that on a daily basis 4000dmethyl dG adducts fornper celland its steady
state level isaround 300Ccopiesper cell(43) S-adenosylmethioninghe major methyl
donor in cellsjs the mainendogenous factaesponsible for the formation df7-methyt
dG adductq44,45) S-adenosylmethionines alsoresponsible for théormation 600 N3-
MedA and 10-30 0°-MedG events daily.(46) Other endogenous sources of DNA
alkylation include:N-nitrosoglycocholic acidN-nitroso bile acid conjugateshat form
O°-carboymethyl dG and O°-MedG;(47,48,49,50) and Ipid peroxidationproducts, such
as malondialdehyde that generate an array of ad(hE2 53)

DNA modification by exogenous factors have been extensively analyizes
adverse effects of tobacdmve beeractively investigatedfor decadesThe metabolic
activation oftobacco leadso the formation othe methyldiazoniumion, a known DNA
methylating agentwhich is responsible fathe production oN7-methyl dG, O°-MedG
andO*MedT.(54) Other tobacco deriveadducts inaide: N7-[4-(3-pyridyl)-4-oxobutyl
dG, O°[4-(3-pyridyl)-4-oxobuty] dG, N2[4-(3-pyridyl)-4-oxobuty] dG, O*[4-(3-
pyridyl)-4-oxobuty]l dT, O%*[4-(3-pyridyl)-4-oxobutyl dC, N7-[4-(3-pyridyl)-4-
hydroxybutl-yl] dG, O°[4-(3-pyridyl)-4-hydroxybutl-yl] dG, N[4-(3-pyridyl)-4-
hydroxybutl-yl] dG, O*[4-(3-pyridyl)-4-hydroxybutl-yl] dT and O*[4-(3-pyridyl)-4-
hydroxybutl-yl] dC.(55,56,57,58)

If alkylation damage to DNA is not repaired, this may have various negative
outcomes in the celDn the other hand, thetroduction of lesions in DNA by the action

of alkylating drugs can be beneficial overall; such is the case with chemotherapeutic
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agents. In this scenario, the lesions induced exert their toxic influence to the foreign body
(such as a cancer) to a grea&tent than to the hosti|timately resulting inelimination
of the foreign body without being lethal to the host.

Despite its original purpose in chemical warfare during World Wartipgen
mustard (mechlorethamin&as the firstalkylating agent empmyed to combat cancer
dating back t01946(59) As shown inSchemel.l, the nitrogen mustards form DNA
ICLs via reactions involving the displacement of the chlorine atom to form a
aziridinium ion. This ionis involved in the first alkylation eventon guanine and

generated agaito ultimately formthe ICL.(35)

o th/—\'\/\C}
|
N & _~_Cl HN A\
R — [N — Y
R H,NT N7 N
drR

()
o h'}'ﬁ o o h'}l
® © +

Ne R oN dG  un Ne R
HN NH
O D I ~— g U
H,NT N7 N N™ “N” “NH, HNT “NT N
drR dr dR

Schemel.1: ICL formation bynitrogenmustards where R=Me for mechlorethamiggé)

ThemainICL induced by nitrogen mustartistherthe N7 atoms ofdGin a5-GNC
motif where thecrosslink lies in the major groove of dsDN@0,61,62) Alkylation at
the N7 atom of dG is unstable and for this reason the cHodss induced by nitrogen
mustards are generalghort livedwith half-lives of one hourat room temperaturender

physiological condition$63)
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Chemotherapeutic alkyitrosourea produce I€@s in DNA by a different
mechanismdepicted inSchemel.2. ICL formation is catalyzed by base to initially yield
a chloroethyl diazonium compound, which is resploliesior the alkylation of DNAThe
first alkylation event involves chloroethylatiarf the O° atom ofdG. This is followed by
cyclization to form an unstable five membered ringo alleviate the formal positive
charge the cyclic structure is broken upoeaction witha nearby2 -@leoxycytidine(dC)
at its N3 atom. Chloroethylating agents form ICLs between two complimentary

nucleotideson opposite DNA strand4,1 motif), which is unique to these agenggl)

i Ok

/\/

RaNE TN

)k /—\‘ + N, O/\ﬁ:l

v Chon * o +dG Ny
( ® N
R

~

NI
OH
OH l

Ha

)

@] NH O”>
N +dC N \ﬁ
N N
NTSNTNH, 07 N N™ °NT TNH,
drR drR dR

Schemel.2: ICL formation bynitrosoureacompoundg65)

Alkyl sulfonates and the derivatives have also found use in the fight against
cancer.The reactivity of alkyl sulfonates arldeir derivatives toward®NA nucleophilic
centers stem from the stability of the leavingup as a result of the delocalization of the
negative charge over three oxygen atomsgerest inbi-functional alkyl sulfonatess
chemotherapeuticsoriginate from the discovery of busulfan (1,4-butanediol

dimethanesulfonateh the earlyl950s(66) Sinceits early stages busulfan was and is still
12



used to treat cases [@ukemia though its use is lesommon due to newgless toxic
agentg67) Busulfanpredominantlyalkylates dG at the N7 atomlt is capable of forming
crosslinks in DNA thoughthe natureof the crosdinks are openfor debatedue to the
length of the linker (® A) and the distance between the two nearest N7 atdém& on
complementarystrands (8.0A).(68,69,70) The general consensus is thaisulfan
predominantly generates intrastrand cedeks at 5-GA-3' sites To date three

dimethanestibnates andone sulomate have entered clinical trialsgeFigure 1.4 for

structureg71)
H
Z ° Lo 18
S0~k ; J\‘Ao‘ﬁ—
° o OH O
Busulfan Treosulfan
Q 0 Q Q
—§—O O_g_ HN=S-0. _~_ ~_~_0~"S—NH,
] I O O
o]
Dimethylbusulfan Hepsulfam

Figure 1.4: Structures ofilkyl sulfonates andlerivatives

Of the later generation alkyl sulfonates addrivatives generated hepsulfam
received the most attention due to its increased activity agansersn vitro.(72,73,74)
Hepsulfam alkyhtes DNA mostly at the N7 atom @G to form monaealkylation adducts
involving the displacement of a sulfamate moiety by waireover,ICL lesionswere
characterizedwhere the linker joired two N7 atoms ofdG in a 5*GNC motif (see

Schemel.3), which was never isolated for the other alkyl sulfonéi&s
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Schemel.3: ICL formation byhepsulfam

1.3 DNA repair

The various sources of DNdamaging agents generally lead toastvdiversity of
lesions, which require a range of repair mechanisms, each with their specific lesion
detection and repair librarjt is estimated that on a daily baghe average adult human
requires10'®% 10'® repairevents per dayThe repair mechanisms are broken down to
general classes: base excision repair (BER), nucleotide excision repair, (NiERpatch
repair (MMR), homologous recombination (HRjionhomologous r& joining (NHEJ)
and direct repair (DR()76,77)

1.3.1 Baseexcision repair

BER recognized and removes modification on the heterocyclic bases of DNA.
Lesions includeO®-MedG, thymine glycolsN3-MedA, 8-oxo-2 -dleoxyguaosine, N7
alkyl dG derived formamidopyrimiding, deamination products and base

mismatchse.(78,79) BER requires multiple enzymes, as showirigure 1.5. The repair

14



mechanisms initiated by removal of the damaged base by a DNA glycosylase, which
cleaves the glycosidic bon8(@) Various DNA glycosylasesra present in the cell, each

with specific substrate(s) they can repair. The glycosylase rearugndonuclease to the

DNA, where the endonuclease cleaves the damaged strand 5' of the newly formed
apurinic/apyrimidinic(AP) site. Polymerasb i s subsequently recrui
the 5-deoxyribosephosphateith its AP lyase activity and incorporates the proper
nucleoside where the damaged heterocycle was previously located. The repair cycle is

concluded by the cking of the 5' nick by DNA ligase I.

SLEEE -
E O T A R R
Base damage in DNA 5 3
o TTIELLE
7 Glycosyldse 3—tilllil g
5 A F'OH/5'P
SRR — o
SR I B S Ligase
AP-sit 5 3
AP TIXEERES
- c GATCGTGC
l Endonuclease' -4 5
Repaired DNA
P
5 Oﬁ\ ¥
CTTTERTE
CATCGT GO
O T
3'OH/5'dRP iermini

Figure 1.5: Generakhort patctBER repairpathway(81)

1.3.2 Nucleotide excisionrepair

NER is responsible for the repair of most exogenous DNA adducts such as adducts
produced when DNA is treated with cisplatin and UV li@d®28384) This repair
pathway is versatile in its capability &iminatea wide variety of damage ranging from
the bulkier DNA adducts that cause distortion to the DNA dugdesmall lesions such as

0°-MedG, O*alkyl dT and N°®-methyl dA.(79,85 NER recognizes a wide array of
15



distortionsincluding base mispairing, helix unwinding, helix bending and transcription
blockage.86,87)

As shown inFigure 1.6, the basic NER pathway begins with the recognition of the
lesions. Incisions are then created on the damaged strand a fewtidasl® and 3' of
the lesion where the incised DNA is excised out of the duplex. The ¢gethep is filled
with new nucletides by a DNA polymerase and the 3' nick is then sealed by a DNA
ligase. The illustrated mechanism shows how NER can repair a wide array of lesions due
to the incisions being far from the actual lesion. Indeed, very be#igns can easily be

removed without inhibiting the repair process.

1) DNA Lesion 4) Repair Synthesis

g —
PR T T
L20P0P0R0P0P0RePeBeRctoReRct  ReBoPePoPoROPOBOROROPPROPOR
2) Recognition and Incision (90O EOEOEIZIZIZIZIZIEOER
! | 2
SBbechcRoRotoisobobohchey ) Liaton
/X

3) Excision

1 SCGOZILCPIRCS 4 PoPoRoPoPpPoPoRoPePoPoPOPOP
ESESESESH ESESESE
L20P0PoPoPoPoPopoRoPoPboPoPoR

Figure 1.6: Overview ofNER mechanism(adapted fron88)

1.3.3 Mismatch repair

The main substrates for the MMR pathway are DNA base pair miseste/hich
can arise from improper incorporation of nucleotides by polymerases, spontaneous
mutations or by mutations brought about by alkylating ag@&®sl(terestingly, thekE.

coli MMR machinery can repair any kind of base pair mismatch excephdaiCAIC

16



mismatch(90,91) E. mli DNA is methylated at thsl® atom ofdA in 5~GATC sequences
except for newly synthesized daughter DNA. Methylation of tfe€2ATC sequences
allows MMR to distinguish between the template and the newly synthesized DNA. MMR
requres three proteins specific for this pathway which are: MutS, MutL and MutH. Aside
from these proteins, the pathway also requires a DNA helicase, an exonuclease; a single
stranded DNA binding protein, a polymerase and a ligg@®eThe repair process is
initiated by a MutS homodimer, which recognizes the lea®illustrated irFigure 1.7.

This is followed by the recruitment of a MutL homodimer, which aids in the mismatch
detection and is responsible for the sulbeed binding of MutH to the complex. MutH,
which recognized unmethylated DNA, is activated by MutS and MutL as a result of ATP
hydrol ysi s. Mut H cl eaves t h¥-GAlG sequeriteAl at e d
helicase subsequently unwinds the DNA altoves the exonuclease to cleave the newly
nicked strand slighy past the misatch at which point the singigranded DNA binding
protein caps the single strand to inhibit further DNA digestion. The newly generated gap

is filled by a DNA polymerase andtBe6 ni ck seal ed by a | igase.
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Figure 1.7: MMR pathwayin E. coli (adapted fron89)

1.34 Nonhomologousend joining

lonizing radiation from Xr a y s -raysy INA damage from alkylating agents,
replication errorsand recombinatioal eventsare all sources of double strand breaks
(DSBs).03) These DSBs are repaired by the NHEJ repair path@gyli mammalian
cells, after formation of a DSB a Ku heterodimer, comga¥eKu70 and Ku80 binds the
ends of the dsDNA created. The Ku complex translocates away from the DNA ends
which allows recruitment of DNAPKcs, a serine/threonine protein kinase. This new
complex, termed DNA°? K , promotes the f orhichaotcurewhenof t h e
the two DNA fragments are brought back together. This is followed by DNA processing
by various enzymes to remove overhangs or DNA damage ensued in the DSB formation
process. DNA ligase IV is recruited to the site of lesion and the -PKAcomplex

released from the DNA. Ligation completes the repair c\@396)

18



1.3.5 Homologousrecombination

HR repais DSB in an erroiffree manner but unlike NHEJ requires a second copy of
the genomic DNA entailing that the cell must be in the G2 or S phases tukesister
chromatid is preserseeFigure 1.8).(97) Primary response to the DSB is initiated by
activation ofAtaxia-telangiectasiamutated protein kinas@ATM) which phosphorylate
Nijmegen breakage syndrome 1B8I1). Phosphorylated NBS1 in complex with RAD50
and MREL11 is thought to process the DSB using i& &konuclease activity whereby 3'
overhangs are created at the original DSB 8i82.RAD51 proteins polymerize as the
site of the 3' overhang with the padf replication protein A (RPA) and RAD52, forming
nucleoprotein filaments. The nucleoprotein filaments recruit the homologous sister DNA,
which is used as a template by the polymerase. The nicks are later sealed by a ligase and

resolvases restore the DN@ the duplex form resulting in the fully repaired DN#QY
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Figure 1.8: Homologousecombinatiorpathway(100)
1.3.6 Direct repair
The direct repair pathway is unigsecethe original nucleotide remairedter the
repair event Two direct repair pathway exist in mammalsoxidative
demethylases/dioxygenases (ABH2 and ABH3) and AGT, which will be discussed later.
ABH2 and ABH3 repair methylation and ethylation at the N1 atondAfand
methylation at the N3 atorof dC, which are known to be cytotoxic due to DNA
replication inhibition.£01,102 ABH proteins require ¢ Fe(ll) and 2oxoglutarate to
perform their functioa In the process2-oxoglutarate isdecarboxyhted to form

succinate generag a hydroxymethylatedor hydroxyethylated nucleotide The
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hydroxylated alkyl group ispontaneously released as formaldehgdecetaldehyde

producing the native nucleotide.
1.4 O°-Alkylguanine-DNA alkyltransferases

Organisms have evolveliGT proteinsto repair the highly mutagenalkyl lesions
at theO® atom of dGand O* atom of dTby a single step reaction without the nded
cofactorsor other proteins The single step reaction irreversibly alkylates the protein
making each protein able to accept only one alkyl grpep actve site(103) Once
alkylated, the protein is degraded by the ubiquitin pathd@x)(Theimportance oAGT
for maintaining genomic integrityis evidentconsideringits presencen Eubacteria,
Archea and Eukaryotg405) Interestingly, the variouAGT homologueslisplaydiverse
substrate specificities.

All AGT have theotally conservedPCHR active site motif anasparagindiinge
and a DNA recognition helixgs shown irFigure 1.9. The alkyl group is transferred from
the point of lesiorocated on an exocyclic oxygen the centraCys residue of the active
site motif by an §2 type reaction.The conservedsparaginehinge isresponsiblefor
protein degradation due to a rotation about this hinge that highly destaliiees
alkylated form of the proteilAGTs bind the mino groove of DNA rather than theajor

groovedue tothar DNA recognition helix(106)
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Recognition
Helix Asn-Hinge

120 . 150
H.sapiens LAGNPRAARAVEGAMRGNPVPILIES
O.cuniculus EGHPWWMSHPVPILI
R.norvegicus I.-P..GﬂmthPILI
M.musculus LAGNPKAARAVGGAMRSNPVPILIE -
C.griseus LAGNPKAARAVGGAMRNNPVPILIE:
D.melancgaster BMGRPTAVRAVASAVAKNELAILIE
E.coli AIGKPKAVRAVASACAANKLAIVIE:
5. typhimurium NWDDRAVRRAVGAANGANPISI
S.muenster QLGRPGAARAVGAANGANFISI
T.pallidum DIGCPRAARAVGOALHRNPLLLLI
M.leprae QVGAPGAARAVGLANSRNPIAIIVE-
M.avium paratuberculosis QIGhPGHﬂRhHELANGHHPIhI?:E
B.subtilis DINKPAAVRAVGAAIGANPVLI |
Pseudeoalteromonas ALNNAKAVRAVATANGMNRVAIIVE -HRVIG
H.pyleori LINNPRSCRAVGNANRNNPISLIVE-HRVVR
S.cerevisiae RIGKPTAARSVGRACGS] “HRIVG
C.pneumcniae ETDTH--FRTVGAACKONPFLLFFE-HRVVG
M.thermoautotrophicum RAGGS--PRSAAGALSRNPFPLVIE-HRVIR
P.horikoshii ALKTS--PIAVG [PYPIIVE-HRVVG
P.kodakaraensis ALNTS--PRAVG _PYPI “HRVVA
P.abyssi ELKTS- -A!I:.ut:ﬁmh mWG
P.aerophilum VLGTS--P
A.aeolicus LTDLH--F] zrcmcrgﬁwn ,Hmrxs
T.maritima KLGTS--F PLPLYIE-HBVVS

RAVG PCHRV
Figure 1.9: Sequence alignment attive site, asparaglnehlnge andrecognitionhelix of
AGT homologueg106)

141 AGT homologues

hAGT 1 -- MDKDCEMKRTTLDSPLGKLELSGCEQGLHEIKLLGKGTSAADAVEVPAPAAVLGGPEP
Ada 181 RHGGENLAVRYALADCELGRCLVAESERGICAILLGDDBAT LISELQQMFPAAD

OGT 1 - MLRLLEEKIATPLGPLWVICDEQFRLRAVEWEEY¥SE RMVQLLDIHYRKEG
hAGT 59 L ---- MQCTAWLNAYFHQPEAIEEFPVPALHHPVFQQESFTRQVLWKLLKVVKFGEVISY
Ada 235 ---- NAPADLMFQQHVREVIASLNQRDTPLTLPLDIRGD®QVWQALRTIPCGETVSY

OGT 51 YERISATNPGGLSDKLREYFAGNLS -- IIDTLPTATGGTPFQREVWKTLRTIPCGQVMHY

hAGT 115 QQLAALAGNRAARAVGGANMIRPVPILI PCHR/VCSSGAVGNYSGGLAVKEWLLAHEGH
Ada 291 QQLANAIGKP  KAVRAVASACANKLAIVI PCHR/VRGDGSLSGYRWGVSRKAQLLRREAE
OGT 109 GQLAEQLGRP GAARAVGAAI\SIéIPISIVV PCHR/IGRNGTMTGYAGGVQRKEWLLRHEGY

hAGT 175 RLGKPGLGGSSGLAGAWLKGAGATSGSPPAGRN
Ada 351 NEER
OGT 169 LLL  —cremecmcceceees e

Figure 1.10: hAGT, Ada and OGTsequencealignments

The first AGT protein discovered was is@dtfrom E. coli cells and given the

name Ada, short for "AdaptivResponse to Alkylating Damaggl07) Its discovery
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stemmed fromE. oli's ability to withstand greater lewelof N-methylN'-nitro-N-
nitrosoguanidingMNNG) levelswhen the cells were pretreated with a lower dafsthe
drug(108109 This resistance was later attributéd Adas ability to repair O°-
MedG(110111) Ada can repai®-MedG, O%-ethyl dG, O*-MedT, O*ethyl dTand the
S, diastereomer of the methylphospiester(33,34,112,113114)

This 354 amino acid proteimas three discrete functions. Thedé¥minal domain of
the protein, Ad&N, is responsible for two of these activitighis 20 kDa domains
responsible for the regulation of the adaptive response pathwaypratined repair of the
S, diastereomer of the rtteylphosphotriester addut15116)

The third activity of the Ada protein, whidhvolvesthe repair 0f0°-MedG, O°-
ethyl dG, O*-MedT andO*-ethyl dT, is attributed to the ®rminal domainThis protein
whose substrate range is limited, shows faster regfai®®-MedG than it doesD™
MedT.(117) Moreover, the repair dd°-ethyldGis 1000 times slower tha®®-MedG but
is still more than 10 times faster than the repai®bMedT.(34) Clearly, DNA damage
repair by AdaC is not only affected by theature of the alkylatedtom but is also very
sensitive to sterieffects

The crystal structureof AdaC has been solvedndresembles the true nature of
AGT proteinswith the telltale-PCHR motif in its active site, unlikets N-terminal
domain(118 Ada Cys 321 (or Cy446 for AdaC domair) is the alkyl acceptor group.
Normally, the K, of a Cys side chain is ~8.duchthat a physological pH the thiolate
anion should not be predominant. Th&pof Cys 146 isreduced due t@a nearby
hydrogen bond network involving the His residue from tREHR motif, a Glu and

water moleculeRough experimental data places g of Cys 146 at ~5.1119)
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DNA damage recognition byAda-C has been attributed, through criiaking
experimentsto weakened hydrogen bonding between complimenmtacjeotideg120
This mode of recognition is efficient since tlesions deteetd by AdaC disrupt normal
WatsonCrick base pairing between either T:A in the cas®béalkyl dT or G:C in the
case of0%-akyl dG.

E. ooli possess a second coplyan AGT proteircalledOGT.(32) The necessityfor
a second AGT arisesrdm the low basal level ofAda prior to its adaptive response.
Before the adaptive response Adapresent ah level of1-2 moleculesper cells. After
the adaptive response, Ada is preserapgroximately3000 molecules per cellOGT is
presentatroughly 30 moleculeper celland isconstitutivelyexpressed121,122) OGT is
therefore required fdE. li cells to survive mild initial alkylating damage.

OGT has shown the greatest actiatyeliminatingO*-MedT from DNA. Its ability
to repair this lesion is virtually identical to that ©f-MedG.(117) Unfortunately, OGT
has not been crystallized and hence its increased rate of rep@feNsédT cannot be
concretely explainedlrhe currenbeliefis that the shape of the active site of OGT differs
from most other AGT proteins, which would explain this increaaetivity.(123) To
date,OGT'sknown substrates include®-MedG, O°-ethyl dG, O°-benzyldG (©°-bndG)
O°-n-propyl dG, O°-n-butyl dG, O°-hepyl-7-ol dG, a dG nucleoside linked through &8
atom to an oligonucleotide through tB8 atom of a dG by a heptarhgtene linkerand
0*-MedT (34,124,125

Like AdaC, substrate repair by OGT is hindered by increasivegsize of the
lesion. The steric effect is less pronounced in OGT as observed by comparing repair rates

of 0°-MedG andQ®-ethyl dG. For instance OGT and AdeC have virtually identical
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repair rates foD°-MedG while OGT is 173 times more efficient at repait®fgethyl dG
damagg34)

hAGT is the most studied AGTLike OGT, hAGT is constitutively expressed
though itslevelsvary depending on the tissuEhe liverdisplaysthe highest levels and
the brain the lowesBp) Its knownsubstrate range is more vast than the oth@f#é\due
to the increased interest in this system. hAGT has the ability to repair large lesions at the
O° atom ofdG, which has not been observed in other homologt®&nbwn substrates
are depicted ifFigure 1.11.(126,127,128129) Its inability to repairO*-MedT efficiently

distinguishes this protein from tlie coli homologue$117,130,131)
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Figure 1.11: Known hAGT substrategadapted froni32)

In vivo, hAGT canrecognize and bin@*-MedT lesions butamot remove them
efficiently.(133) In effect, hAGT physically shieklthe lesion from the NER machinery
rendering it counterproductiy@23 hAGT variantswith increased repair capabilities of
O%MedT have been investigatedrhe Loeb group employed a random sequence
mutagenesis approacho generate multiple variants followed by functional

complementatiorassayto obtain a variant with 8alterations(C150Y, S152R, A154S,
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V155G, N157T, V164M, E166Q, and A170T)his variantdisplayeda rate of repair of
O%-MedT that was roughly 11.5 times that of native hAGI34,135 The Pegg group
used a method that resengéemix of mtional design (based on information frétbB
1738 and sexual PCR (horizontal gene transfer from OGT to hAGT) to genvarates
hAGT-OGT chimera.(123) Their most promisingconstruct harboured8 alterations
(V149I1, C150G, S151R, S152N, A154T, V155M, G156T and N1531&) displayed a
47-fold increasen rate of repair oD*MedT.

O°-benzylguaningas afree base)a purely synthetic molecule, has shown great
variation in repair rates betwedmmologues AdaC has shown no repair of this
substrate whether as a free base or in an oligonucletuiel¢o steric congestion in the
active site Site-directed mutagenesis studies revealedtti@i\336A andA316P double
mutant of Ada-C is capable of repairingO®-benzylganine and O°-BndG in
DNA.(127,136) O°-benzylguaninewas repaired more rapidly by this variant in the
presencef spectator DNAjndicating a conformational change upon DNA binding helps
the AdaC perform its repair function

OGT showed greatepair activity of O°-BndG in an oligonucleotide while the
repair of the free base was more modest. Finally, hAAGT showed a high level of repair of
0°-benzylguanine@ndO®-BndGin an oligonucleotide. hAGT repaid O°-BndGin DNA
with similarease as OGT but was 400 times meffient at repairingd®-benzylguanine
than OGT(137) Interestingly, competition experiments revealed that hAGT reg@iirs
BndG more efficiently tha O°>-MedG in short oligonucleotidegl27) Alternatively, O

benzylthyminewas not repagdby hAGT, OGT nor AdeC.(138)
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hAGT repairs O%-benzylguanineso readily that this molecule has undergone
clinical trials for use during chemotherapeutic regimdngeed, increased levels of
hAGT have been shown to cause cellular resistance to certain chemotherapeutic agents
including the chloroethylating agents and nitrogen mustd@$140141) Two hAGT
inhibitors have undergone clinical trialto date O°-benzylguanineand O°-(4-
bromothenyl)guanineseeFigure 1.12 for structureq142143) The later molecule has
shownanincreasechAGT inhibitory effectover O°-benzylguaninewhereits Isois 0.003

as opposed t0.04¢ M 144)

(A) (B) o

S~

o] o]

/NfN /NfN

<H | N/)\NHZ <” | N/)\NHZ
Figure 1.12: Structures ofA) O°-benzylguanine an(B) O°-(4-bromothenyl)guanine

AGT homologues also show dramatic differences in the processi@idésions

AGT repair studies conducted with ICL DNAvhere the crosknk tetheredtwo O°-
atoms ofdG in a directly opposed motif (1 orientatior) by a 7or 4 methylene chain
were investigate{L45146) hAGT repaied bothICL DNAs, while AdaC and OGT
wereunable to doso. It was proposedhat the increased size of the hAGT active with
respect to the other homologueas responsible for this unique property. This hypothesis

was further supported by theobservedlack of repair wih the smaller active site

containingP14X hAGT variant.
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1.4.2 hAGT structure

N-Terminal

C-Terminal

Figure 1.13: Crystalstructure of hAGT(PDB 1T38)

hAGT is a 21 kDa monomeric proteib47) It consists of two distinct domains, as
depicted inFigure 1.13, that when expressed separately show no actifi§) (The N
terminal domain (residues85) providesstructural stabilityto the protein This domain
is responsible for the bindingf Zn?*, a known cofactofor higher eukaryote AGTThe
binding of Zrf* is believed to increasstructural stability bycausingbetter packing
betweerthe N- and Gdomairs due to the interaction ddelix 3 and the ®-strandsof the
N-terminaldomainvia theion, as exemplified irFigure 1.14. Zn** is coordinated by the
protein by Cys5, Cys24, His29 and His85 residuesmore than 20 A away from the
active site{148) Zn** bound hAGT has shown an increase in repair@d-fold for both
O°-benzylguanineand methylated DNAThis increase in activity correlates with the

observed decrease irKp of the active site Cydor the holoproteinversusits apo

29



form.(119 Zn** bindingby hAGT stabilizes the proteias assessed lyea denaturation

experimentssupporting theotionthat the role of Zf is purely structura{149

Figure 1.14: N-terminaldomain of Zi+ bound hAGT(PDB 1EH6)

The Gterminal domain (residues 926) shown inFigure 1.15, contains the
alkyltransferase activity and all the residuleat make up the binding pocket as well as
those conferring DNAinding capabilitis. This domain is absolutely conserved in all

homologues as opposed to the highly variatteidinal domain.
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Eb Asn
Hinge
92 ESFTRQVLWKLLKVVKFGEVI®QLAALAGNPKARVGGANRGNPVPI

143 LI PCHRNVCSSGAVGNYSGGLAVKEWLLAHEGHRL

Figure 1.15: C-terminaldomain of hAGT(PDB 1QNT). (A) Cartoonrepresentation and
(B) secondarystructurerepresentation

AGT binds DNA through the use offelix-turn-helix motif (HTH). HTH motifs
are usually reserved rfanajor groove bindersvhereas this motif in hAGDbindsto the
minor groove. ThenAGT HTH motif is composed of Helix 5, a loop and Helix 6,
underlined inFigure 1.15B.(150) Helix 6, also known as therécognition hdix", is
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responsible for interacting with DNAIt partially interactsvia its small hydrophobic
residues that pack well into the minor grooféso, Ala 127 and Ala 12%elp widen the
minor groove by clashing with the sugars on opposite strdfidally, Arg 128, also
called the "arginine finger", plays the critical role of flipping out the damagetkdide
and maintaining the DNA edormation(151) These 3 properties of Helix 6 allows for
the minor groove to expand by 3 A relative tddm DNA making it 45 A widewhile
bending the duplex by 150ncethe modified nucletide is flipped out of the duplex an
orphandCis formed and is stabilized by a hydrogen bond by Arg 128

Downstream of th&lTH motif is theasparaginéinge. The Asn hinge is comprised
of two tight turnswhich contains Asn 13Asn 137 makes hydrogen bonds with the main
chains of Val 139 and lle 143 and the thiol group of Cys 145. The Asn hinge also
interacts with the Merminal domain and is responsible for roughly 40% of the surface
buried area between the doma{h80) Upon alkylation of the protein a steric clash is
producedbetween the Cys 145 thiol and Asn 1&usingthe hydrogen bond network
that make upthe Asn hings to be disrupt¢ti48 This cause the hinge to open and
expose hydrophobic areas of the protein. This confoomaltichange in turn leads to
ubiquitination of the protein and ultimatly degradation of alkylated protsinthe
proteosomg104)

Opening of theAsn hingeexposeshe 98-VLWKLLKVV -106 sequencandallows
hAGT tobind to the estrogen receptor. This inhibits the bindingh@festrogen receptor's
natural partner,steroid recefor coactivatorl. The steric blocking of the estrogen

receptor thus causes a reduction in cell proliferaites(152)
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Lys 125, Ala 126, Ala 12and Arg 128(KAAR) make up a nuclear localization
signal allowing hAGT to be targeted to the nucleus whereA Rianscription
occurs.153 This motif is similar to that of histone H1 (KAAKRNA polymerase does
not stall atO®-MedG sitesandintroducesmutationsin the RNA. t is thereforeessential
that theDNA damagebe repaied prior to transcription As a result hAGT must be
concentrated in the area of trangtion to remove the lesions as rapidly as possibbe)(

The current hypothesis stipulates that hAAGT binds vacated areas of DNA where histone
H1 is absentuch as the areas of DNA that undetgmscrption. This partly explairs

how hAGT can detect lesions in the 3 billion bp human genome while having only a
modestinding preference~+3-fold) for 0°-MedG overdG.

The highly conservedPCHR- active site motif is present ondix 7, a 3o helix.

Cys 145 of theePCHR motif, known to bethe catalytic residue, resides in a ridge
measuring 7 x 9 x 14 A which corresponds to the binding pocket where the alkylated
nucledide is inserted for repaifl06) Tyr 114, Gly 131 Met 134,Asn 137, Pro 140, lle

143, Pro 144, Cys 145, His 146, Arg 147, V148, Val 149, Val 155, Gly 156, Asn 157,
Tyr 158, Ser 159 and Gly 1@0ake up the binding pockét48)

The benzylaed form of hAGT has leen crystallizedThe structure showsow the
adductstacks in the active site between the side chain of Prpothd @, of Ser 159%nd
contacts the side chain of Tyr 15& a hydrophobic interactioas observed ifrigure

1.16.

33



Figure 1.16: Interaction ofbenzylgroup in hAGThinding pocket DB 1EHS8)

hAGT recognizesiG andO®-MedG over the other natural nucleotides due to steric
factors and specific hydrogenmts.O®-alkyl dG fits specifically in the active site due to
steric factors imposed by Met 1,3dal 155,Gly 156, Asn 157, Tyr 158, Ser 159 and Gly
160 residuesthat form the proper hydrophobic ridg&he exocyclic amine of the
nucleotidehydrogen bonds uh the carbonyl groups of Cys 145 and Val 148e
hydroxyl group of Tyr 114 donates a hydrogen bond to the N3 atom of guanine while the
amide nitrogen of Ser 159 donates a hydrogen bond t®treom. In summary, the
steric factors allow a better fit fggurine bases while the hydrogen bond netwak
shown in Figure 1.17, allows hAGT to discriminate between guanine and

adening(150155
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\ . o
Figure 1.17: Hydrogenbondingnetworkbetween hAGT an®°-MedG PDB 1T38)

The interaction of0*-MedT andhAGT has not been studied as thoroughly as that
of O°-MedG resulting in a poor understanding of how hAGT can repair this adchet.
cocrystallization of hAGT with a modified oligonucledd containing N*p-
xylylenediamine2 -@leoxycytidinehas given some insight as to how hAGT interacts with
pyrimidinenucledides The onlyinteractionobserved with this probe was that of Tyr 114
donating a hydrogen bond to thé atom ofthe modifieddC as seen ifFigure 1.18. It
should be noted that Ser 159 was not tbinto the final structure indicating that
flexibility of the sheet on which this resid resides was observed supporting the lack of a
hydrogen bond between Ser 159 and the prb5#.(The O% atomof dCis also present in

dT, indicatingthat the Tyr 114 interactioshould be present with*-MedT.
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Figure 1.18: Hydrogen bonding network of hAGT andN"-p-xylylenediamine2 -0
deoxycytidine(PDB 1YFH). Hydrogen bonds shown with black dashes represent those
that are present witt®>-MedG and 1YFH, whilegrey dashes depict those found only
with 0°-MedG.

Figure 1.19 displays an owday of hAGT cocrystallized withO°-MedG (DB
1T38) andO*-MedT (generatedrom N*-p-xylylenediamine2 -@leoxycytidinefrom PDB
1YFH). The first apparent difference between both structures is the distance between the
t hiol recei ving gr o-caponfofrtte mkylQyosp. Fidd-Med@ nd t h e
this distances 2.68 A while forO*-MedT this distance is 4.00 A. This marked difference
explairs why hAGT repair€D®-MedG more rapidly tha®*-MedT. Uponsubstituting\*-
p-xylylenediamine2 -@leoxycytidinewith O*-MedT inPDB 1YFH it can be observed that
the Ser 159 amide nitrogen can hydrogen bond withahatomwith some movement of

b-strands 6 and 7to help coordinate thadduct Tyr 114 hydrogen bonds with eithétre
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N3 atom of dG or O® atom of dT with similar distances due to the virtually identical

location of these atoms in the active site.

Ser 159

Cys 145

Figure 1.19: Overlay of O*MedT (generated fronPDB 1YFH) and 0°-MedG (DB
1T38) in hAGTactive site. Interaction ofO°-MedG and hAGT shown in blue ar@f-
MedT and hAGT shown in green.

1.4.3 hAGT repair mechanism

Prior to repaiy the alkylated nucleatle must be flipped out of the DNA scaffold
and placedinto the active sitef the AGT,where the catalytic triad composed of Glu
His-Cys can transfer the alkyl group to ti@ys residueThis task is achieved partly by
the binding of the AGT protein whees observed bend of 15° (for hAGT) is introduced
into the dsDNA, widening the minor groove. The nucleotide is flipped out of the duplex
by Tyr 114, due to steriand electrostatic interactions, as well as by AR, which

helps stabilize theregulardsDNA structureas eluded to earli€d55 156)
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The Cys responsible for AGT activity is made highly nucleophilic as a result of the
formation of its thiolate anion which is promoted by a-Eys-Glu catalytic triad148)
The flipped out alkylated nucleotide is oriented by the hydrophobic ridge of the AGT
active site, thus promoting repair. In hAGT, @Qld2 activates Hisl46 via a hydrogen
bond His 146 abstracts a protdrom a near by watenolecule which in turn abstracts a
proton from Cys145 to form the thiolate anion. The thiolate anion performs a
nucl eophi | i ccarhdn bfahe kikylgmup throegh ahZStype mechanism
generating the alkylated proteincadeprotonated form of the restored nutiis(106)
Tyr 114 donates a proton to the nutide forming the fully repaired DNA and abstracts
a protonfrom Lys 145 shown inSchemel.4.(157) The repaired DNA strand is then

released by the protein.

0 N
H R0} N\j NN,
~d T g ) o
- ~ R —_— N _ \N ~ —_—
O-H-N_| Oy /W DNA ~> 0 --H-N o g N
0 | >;N - 9 — H\\é HoN |-_|\
SV HN L —_ N O---H,N
His 146 W 2 + His 146
Cys 145  O---HgN Cys 14
Glu 172 Glu 172

Tyl’ 114 Lys 165
Schemel.4: hAGT mediatedrepairmechanism oD®-alkyl dG

According to grantummechanical/moledar-mechanical studs hAGT mediated
repair of O°-MedG follows a distinctly different mechanism than the one usually
accepted, noted abovEs® Unlike previously accepted, the proposed repair mechanism
occurs in two distinct steps rather than one. The esstgd model stipulates that the first
step, being rate limiting, is the formation of the methyl carbocation, which is then

followed by nucleophilic attack by the active site Cys residue.
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1.4.4 DNA damagedetectionmodel

The modeby which AGT proteins are capablof locating damage in such a vast
number of nucleotides as the genome is still a mystery. Three mechanisms have been
proposed by Dr. Havhich all assumé¢hat AGT bind the DNA atrandom sites prior to
movemeni1) 1) AGT actively flips out everpucleotideinto its active site as it migrates
along the DNA until damage is detected. 2) The protein migrates along the DNA and
flips out nucleotides that participate imealened base pairsvhich are intrahelical.)3
The protein migrates along the DNA and only captures transiently flippetolgotides
(extrahelical) that arise from improper base pairing.

Crosslinking experimentswere conducted with hAGTusing a modified dC
containing a disulfide moiety capable fufrming a crosdink with the reactive Cys
residueof the proteinwere undertaketo probe the proposed modél$9 hAGT could
capture both damage that was transiently flipped out (hypothesis 3) and damage that was
still intrahelical (hypothesis 2) ater experiments revealed theAGT selectivelyflips
out O°-alkyl dG from the duplex, supporting th8%hypothesig160)

Findings inferredfrom the crosdinking experiments are in accordance wilie
structural datal51,155 hAGT is documented by both crystallographic groups as
imposing a bend in the DNA duplex upon binding. Such a stress on the DNA scaffold
could hold a fine balance where only weakened base pairdavilisrupted, while the
normal WatsorCrick base pairsemainunaffected. Such a "pinching” mechanism has
been put forth for other DNA damage repair proteins, such as DNA glycosylédes. (

The position of the modified nucleotide in the DNA sequence @ayde on how

efficiently hAGT can perform its activityStudies involving the repair of bo®f-MedG
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and 0°-BndG at varying positions in short oligonucleotides revealed hAGTs poor
capability to remove lesions that are 4 nucleotides or less from the B ssldNA. This
effect is virtually eliminated when the damaged nucleotide is introduced into dsDNA,
where the modified nucléide must be 2 or more nucleotides from the 3' end for efficient
repair. This positional effect is naxistent when the lesion & the 5' end of the DNA
(dsDNA or ssDNA).L62) hAGT binds the DNA in the same orientation when the lesion
is found in s®NA; while adding the complement strand allows hAGT to access lesions

further down the 3' end, perhaps by interacting with the complestrand
1.4.5 DNA binding by hAGT

Many binding experiments have been conducted with hAGT and DNA where
dissociation constantKg) ranging from 300 nM to M are reported}63164,165
hAGT interacts with ssDNAand dsDNAwith a similar affinities yet hAGT repairs
damage in dsDNA more efficiently than it does in ssD(182,166,167)

The binding affinity of hAGT tounmodified DNA, whether in duplex or single
stranded form, igengthdependanf166167) Experimental evidence indicated that hAGT
binds DNAwith higher affinitywhen the nucleotide length is a multiple of 4 and when
the DNA is longer than 11 nucleotides. A model watablshedby Dr. Fried to explain
the DNA length dependence observed by hA@dpicted inFigure 1.20.

The model proposes that hAAGT occludes 4 nucleotides but spans 8. It also suggests
that a strong contact exists beewn then andn+3 protein on the DNA. Indeed, the model
implies that few contacts are made betweenrthend n+1 or n+2 neighbours. This
hypothesis was later validated witmodelling crosslinking and site directed

mutagenesis experiments68169 From the nodel, one can see that a DNA length >11
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nucleotides would allow at least 4 proteins to bind to the DNA and thus allowing the
and n+3 contact to form. Lastly, hAGTs ability to occlude 4 nucleotides supports the
notion that DNA length that are multiples 4hucleotides would promote tighter binding

since all the DNA is occupied by the proteins favouring tptetein contacts.

16bp
Figure 1.20: Model of hAGT binding tounmodified DNA The proteins are depictes
filled ovals and DNA as a black rod. Left, side view of the complex, where the n and n+3
proteins are similarly coloured and in close contact. The model proposes-artitee
repeating motif where the n and n+3 proteins are on the same face of the DN
Sequential proteins are rotated 138° with respect to their neighbours abplanbef
the DNA.Right, crosssection of the DNA showing the protein arrangment about the axis
of the duplex(167)

The computaonal model produced by Dr. Fried, though rudimentary in nature,
reveas other important properties of both hAGINA and hAGTFhAGT interactions.
According to thecomputationatesults, hAAGT makes iBnic contacts witlthe phosphate
backbone otlsDNA (Lys125, Arg 128 and Arg 135) but only makes 2 with ssDNA (Arg
128 and Arg 135)168 More importantly, the irsilico data revea a large protein
protein interface between tmeandn+3 proteins which is responbie for the high level
of cooperativityobserved upon binding ainmodified DNA by hAGT.(163166167)
This interface spans ~1108% which represent§0% of the prote#DNA interface
(~1600 A?). The proteirprotein interface is peppered with ionizable residues, which

point to potential ionic interactions amongst proteifsch ionic interactions would
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promote the adoption of a hegwitail pattern by hA&T monomers upon multimerization
along the DNA scaffold.

Residues1-7 and 163169 of hAGT are important for the protepnotein
interaction. Altering these two regions not only redscthe cooperativity of DNA
binding but also reduseahe binding affinity highlighting theimpactof cooperativity on
binding affinity for this system1©9)

hAGT interacts withmodified dsDNA differently thanit does with unmodified
DNA. The binding of hAGT to either a 2#eror 26mer harbouring a singl@®-MedG
displaysa binding stoichiometry of 2:1 hAGT:DNEL70) This valueis substantially less
than those reported for unmodified -@%r and 2é6mer DNA (~6:1).(167) Binding
experimentsconducted withO®-MedG containing DNA revealed the presence Ioi
hAGT:DNA complex which formed at lower hAGT concentration than the 2:1 complex
This lead to thdinding that hAGT binds théD®-MedG in the duplex first directly or
throughmigration fromdistal portions of the DNA. This is followed laysecond hAGT
molecule binthg the DNA to form the cooperative protgmotein complex. This
preliminary localization of hAGT ta0®-MedG prior to recruitment of another hAGT
molecule was not observed with $¢B, validatingthatmodified dsDNA and ssDNA are
processed differentlgy the protein

Binding cooperativity takes on a new role when hAGT interacts with larger
unmodified DNA fragments (1000 bp).atger DNA substrates are not saturated with
hAGT, unlike $orteroligonucleotidesbut rather clusters of proteins are formed with up
to 11 proteins per cltsr.(171) The finite size of the hAGT clusters believedto be a

result of the deformation of the DNA upon hAGT binding. Every hAGT added to the
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cluster adds stress to the DNA structure until this stress outweighs the protaiein
interaction energy causing the cluster size to cease increasing. This hypothesis also
supports hAGTs preference for DNA ends.

The observed cooperativity of binding by hAGT to Al not conserved amongst
AGTs since AdeC has been reported to lack this propetfy Further dissimilarities
exist amongst these AGTs. Two A@aproteins bind to dsDNA while only one binds to
SSDNA, irrespective of DNA lengthBut like hAGT, AdaC bindsboth ssDNA and
dsDNA with similar affinitiesKq~ 2 atel® mM NaQland spans 7 = 1 nucleotides

showing some paralleisith regards to substrate bindi(g/2173)

1.5 Objectives andarrangement of thesis

1.5.1 Objectives

The purpose of this research is to shed light on theafokGT on ICL damage
recognition and repair. The occurrence of ICL damage has been known for years but the
exact mechanisms of repair are not fully elucidated and appear to be different depending
on the nature of the ICL lesion. If AGT does play a rolédh detection and repair, its
inhibition may be beneficial during chemotherapeutic regimens. Indedased levels
of hAGT are correlated with resistance to certain chemotherapeutic agents such as the
chloroethylating agent carmustine anthe nitrogen mustards chlorambucil,
mechlorethamine and cyclophosphamisieggesting thahAGT may play a role in ICL
damage processin@39140141)

To achieve this goal, various AGT proteivere used in binding and repair assays

with diverse ICL damage. These ICL containing either 4 or 7 methylene groups as cross
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links were designed to mimic the effects of busulfan or hepsulfaatetteDNA,
respectively. Based on the known AGT substrates, ICL involvin@fretom of dG and

O* atom of dT were originally investigated, as these were the only potential ICL that
could be repaired by the proteins. Repair results demonstrated hAGTRstal®liminate
0°dG-alkyleneO®dG ICLs but not theD*dT-alkyleneO*dT ICLs.

The next aim was then to determine the cause for this elusive behavior and to
design an AGT protein capable of processd{dT-alkyleneO*dT ICLs. The first means
employed to gai an understanding of the elusive properties ofQfdT-alkyleneO*dT
containing ICL was to generate AGTL DNA covalent complexes to aid in
crystallization studies, since there are no crystal or NMR structures reported for AGT in
complex withO*alkyl dT.

A modelling approach was also invoked to determine the absence of repair of
OdT-alkyleneO*dT ICLs by modelling O*-MedT into the hAGT active site. The
modelling results spearheaded research that focussed on the design of a chir®ra and
alkyl dU subgrates, includingd*dU-alkyleneO*dU ICLs. The AGTs failure taepair
0OdU-alkyleneO*dU ICLs lead tothe solution structurg of O*dU-heptyleneO*dU and
0°dG-heptylene0®dG ICLs to establish structural causes for the selective repair by

hAGT.

1.5.2 Arrangement of thesis

CHAPTER |

This chapter highlights the importance of DNA damage and repair in the cells. A

brief overview of different classes of alkylating ageatsd the DNA damage they
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produce igrovided with a focs on the cytotoxic nature of ICL lesions. The mechanisms

of ICL formation by nitrogen mustards, nitrosoureas akyl sulfonates andtheir
derivativesare elaborated uparnThe general mechanisms and substrate ranges of BER,
NER, MMR, NHEJ, HR and direcepair are covered. The properties and roles of AGT
homologues are discussed in great detail. An extra emphasis is placed on hAGT mediated

DNA damage repair and binding.
CHAPTER Il -CHAPTER VII Overview

CHAPTER [FCHAPTERV constitute published work, whilEHAPTER VI and
CHAPTERVII are manuscripts to be submitt@HAPTER Il ("0°-2 -@leoxyguanosine
alkylene Q-2 @leoxyguanosine interstrand crdsk in a 5*GNC motif and repair by
humanO®-alkylguanineDNA alkyltransfersé) andCHAPTER Il ("O*alkyl thymidine
crosslinked DNA to probe recognition and repair b@°alkylguanine DNA
alkyltransferases") are published work in Organic & Biomolecular Chemistry (Royal
Society of Chemisy), CHAPTER IV ("Preparation of Covalently Linked Complexes
Between DNA andO°-AlkylguanineDNA Alkyltransferase Using Intstrand Cross
linked DNA") is published in Bioconjugate Chemistry (American Chemical&gcand
CHAPTER V (“Engineering of a0°-AlkylguanineDNA alkyltransferase Chimera and
Repair of O*Alkyl Thymidine Adducts andQ®-Alkylene-2 -®eoxyguanosine Cross
Linked DNA") is published material in Toxicology eRearch (Royal Society of
Chemistry) CHAPTER VI ("Effect of the C5 Methyl onO°-AlkylguanineDNA
Alkyltransferase Mediated Repair 6f-alkyl Thymidine Adducts") anCHAPTERVII
("Structural Bas for hAGT Selective Mediated Repair @°-2 -®eoxyguanosine

heptylene0®-2 -@leoxyguanosine and  not O*2 -®eoxyuridineheptylene0*-2 6
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deoxyuridine Interstrand Cro¢snked Containing DNA") are to besubmitted for
publication in thenear future.

The relationships between chapters will be made evidethis sectiorrather than
between chapters for clarigndbrevity. This section provides a quiakanceinto each
chapter; the major goals, including their experimental rationahllifjnthe most note
worthy results and drawn conclusions, which were used as a stepping stone for the
subsequent chapter, are given.

CHAPTER Il

This chapter presents the synthesis of clioged amidites linkingtie O° atoms of
dG by a butylene and heptylene linkaged their incorporation into oligonucleotides in a
1,3 orientation for hAGT based studidhese ICL DNAs were prepared to supplement
previously published data involving similar ICL DNAs where the civds were
introduced in a directly opposed manrférl motif). This 1,3 motif was employed to
generate a more accurate mimic of the clivds formed by hepsulfam (se&Scheme
1.3). hAGT was capable of repairirtgpth 1,3 ICL DNAs and did so at similar rates as
was previously reported for the 1,1 motif. The orientation of the dmadssloes not play
a substantial role on how it is processed by hAGT.

CHAPTER Il

Despite wihat its name infers, AGTs are capable of répgi©*-alkyl dT adducts in
addition to OP-alkyl dG damage.This chapter presents the synthesis of cliogsd
amidites linking theO* atoms ofdT by butylene and heptylene tetheradatheir

incorporation intooligonucleotides in airectly opposed motifo gain an understanding
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of the AGT ICL substrate rang&€heselCL DNAs wereprepared tcwomplimentresults
obtained iInCHAPTER 1, which demonstrate AGTs ability to @p crosslinks. These
OdT-alkyleneO*dT ICL DNAs evaded repair by hAGT, OGT and Ada The
respective monadducts O*butyl-4-ol dT and O*-Heptyl7-ol dT weresynthesizednd
used as probe® note the limitations of AGT with respect @-alkyl dT repar. These
monoadducts were repaired solely ®GT. The cause for the poor repair@f-alkyl dT
moncadducts and crodmks is not understood considering AGTs have never been
crystallized withO*-alkyl dT containing DNA.

CHAPTER IV

The synthesis 00°dG-alkyleneO*dT containing ICL DNAscontaining butylene
and heptylene linkages and their use as substrates for AGT are reported in this chapter.
Since hAGT is capable of repairing crdsis involving theO® atom ofdG (CHAPTER
1) but not those involving th&* atom ofdT (CHAPTER Ill) the repair of such cross
links should, in theory, lead to the formation of a covalent complex ceedpof hAGT
linked to theO* atom of the modifiediT. Such covalent complexes could show use for
crystallographic studies, which would shed light into hAGT mediated rep&@f-afkyl
dT damageFor this reason crogmks of different lendt were testedotobtain an idea of
the optimal length forproteinDNA crosslink formation The O%dG-heptyleneO*dT
containing ICL DNA was repaired by hAGT but not 18&G-butyleneO*dT one The
identity of the covalent complex formed with tB8dG-heptyleneO*dT contahing ICL
DNA was confirmed to be as hypothesiz&the results indicated that use @°dG-

alkyleneO*dT containing ICL DNAs for the formation of covalent complexes to be used
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for crystallographic purposesiows promissince theO°dG-heptyleneO*dT containhg

ICL DNA generated considerable levels of hAAGNA crosslinks.
CHAPTER V

An attempt to generate an AGT prote@mpableof O*dT-alkyleneO*dT ICL repair
is presented in this chapter. The engineered chimerampreés generated by replacing a
portion of the active site of hAGT with the respective amino acids in OGT, with the
omission of one amino acid for solubility purposes. The chimera was prepared in hopes
that it would harbour propertief hAGT (capable of ggairing ICL DNA, CHAPTER I
andCHAPTER IV) and O@ (capable of repairin®*-alkyl dT damageCHAPTER II),
therefore granting therotein with the ability to remov®*dT-alkyleneO*dT crosslinks.
The chimeradisplayedaugmentedepair of O*-alkyl dT moncadducts, with respect to
hAGT, and was able to proce§¥dG-alkyleneO°dG and O%dG-alkyleneO*dT with
similar rates as hAGTThe chimera was unable to eliminaB¥dT-alkyleneO*dT cross
links. According to the modelling data, the chimera showed increased ref@iraiyl
dT moncadducts due to the increased flexibility of its active site. Mbeellingresults
exposeda potentialclash between the protein's active site and the C5 meti®yl-akkyl
dT, supporting whyO*-alkyl dT monoadducts are not processed readily by the
chimerawhen compared tOGT.

CHAPTER VI

This chapter providedhe synthesi©*alkyl dU moncadduct containing DNA and
their use as AGT substrates. Thesebeswere generated to verify ttegverseeffect of

the C5 methyl ofi T on O*-alkyl damageepair by AGT, as hypothesized from modelling
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studies performed iICHAPTERYV. Indeed, removal of the C5 methyl, as observed with
thedU derivatives, leaslto increased repair by AGWghen compared to similar adducts
on the on th&* atom ofdT (CHAPTER III). According to thenodelling removing the
C5 methyl allovg the modified nucletides to penetrate further into the hAGT active site,
placing the alkyl group closer to the reactive Cys residue.

CHAPTER VII

This chaptemprovides the synthesiand characterization dd*dU-alkyleneO*dU
ICL DNAs and their use as AGT substrates. These probes were generated to verify the
adverseeffect of the C5 methyl odT on ICL repair by AGT, asinferred from
experimental andnodelling results obtainedin CHAPTER VI. Removal of the C5
methyl from the crosBnked nucleotides did not grant any AGT the ability to remove the
damage. Biomolecular NMR studies conducted @ldU-heptyleneO*dU and O°dG-
heptyleneO°dG containing DNA revealedio dramatic differences in global structure
between both ICL DNAs. On a more local level, the heptylene -tirdssidopted thee-
configuration about the G@* for the dU containing ICL DNA, whereas theZ-
configurationabout the C8° bond was adopted by thezosslink for the modified dG
containing ICLDNA. Based on the corystal structures of hAGT, the protein orients the
lesion in the Z-configuration about the C6-0° of dG (Figure 1.17) or C6-N° of
pyrimidines Figure 1.18) prior to repair, suggesting that the configuration may play a

role in substrate recognition.
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CHAPTER VIII

This chapter pradesconclusios that summarize the results fro@HAPTER I+
CHAPTER VII, some future workand the significance of this thesis to the field of

science

50



CHAPTER I

0°-2 -@leoxyguanosinealkylene O°%-2 -@leoxyguanosine interstrand
crosslink in a 5'-GNC motif and repair by human O°-
alkylguanine-DNA alkyltransferase

NH.

Graphical Abstract: Representation dheICL lesion in a 1,3 motif
Published as
McManusFP, Fang Q, Booth JD, Noronha AM, Pegg A¥lds CJ.

Org Biomol Chem 8 (2010)44144426.
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Abstract

0°dG-alkyleneO%G ICL with afourand seven met hy{GEGm®otifl i nk ag

have been synthesized and their repaihBT investigated Duplexes containing 11
basepairs with the ICL in the center were prepared by automated DNA-giodide
synthesis using crosdinked dG dimer phosphoramidite, prepareth a seven step
synthesis which employed the Mitsunobu reaction to introduce the alkyl lesion@t the
atom ofdG. Introduction of the four and seven carbon ICL resulted in no change in
duplex stability lased on UV thermal denaturation experiments compared to-eross
linked control.Circular dichroism(CD) spectra of these ICL duplexes exhibited features
of a Bform duplex, similar to the control, suggesting that these lesions induce little
overall chage in structure. The efficiency of repair by hAGT was examined and it was
shown that hAGT repairs both ICL containing duplexes, with the res@yCL repaired
more efficiently relative to thbutylenecrosslink. These results were reproducible with
various hAGT mutants including one that contains a novel V148L mutalioa.ICL
duplexes displayed similar binding affinities to a C34R\GT variantcompared to the
unmodified control duplex. Experimentswith Chinese hamster ovaffCHO) cells to
investigatethe sensitivity of these cellsto busulfan and hepsulfam demonstrate that
hAGT reduces the cytotoxicity of hepsulfasnggestinghat the 0°dG-alkyleneO°dG

ICLs may account for at least part of the cytotoxicity of this agent.
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2.1 Introduction

ICLs that are érmed in DNA as a consequence of the action of bifunctional
alkylating agents represent some of the most toxic lesions encountered by cells due to the
obstruction of unwinding of the two strands, critical to the processes of DNA replication,
transcriptionand recombinatior8j Interference with these key cellular processes by the
presence of ICL is the basis of the mechanism of action of bifunctional alkylating agents,
such as mechlorethamine, that are usechasear therapeutic4d.?2) However, the potency
of these agents is reduced by the ability of cancer cells to repair the lesions resulting in an
overall resistance to therapy.

In eukaryotic cells the repair of ICis a complex process with numerous repair
pathways including nucleotide excision repair, homologous recombination and non
homologous end joining implicated in the removal of the dam@ggédifderstanding the
molecular basis of how ICL repair occurs will play an important role towards the
development of new chemotherapeutic agents that may evade this process, thus
increasing the efficacy of these drugs.

One approach employed in elucidating the roles various D&pair pathways
contribute in removing DNA ICL involves the use of chemically synthesized
oligonucleotides that contain representative lesions formed by bifunctional alkylating
chemotherapeutiqd.74175176) These oligonucleotides are designed to contain Ission
linking specific atoms in DNA in well defined orientations and can be incorporated into

plasmids for DNA repair experiments. This approach uses-pblde synthesis which
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generates sufficient amounts ¢EL DNA to enable structural studies and repair
assays.(77178179180,181)

Some of these ICL are challenging to prepare synthetically. For example, the
bifunctional alkylating agent hepsulfam which has been investigated clini¢8®, has
been shown to form a creek between the W atoms ofdGi n -GBI®@ se&uences
(Figure 2.1) as demonstrated through the use of mass spectrometry and identification of
1,7-bis(guanyl)heptane’f) N7-alkyl dG are chemically unstable, for exple the
presence of methyldG can result in an apurinic site in DNA or undergo ring opening

to yield the ring opened formamido pyrimidine derivat{¥83)
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Figure 2.1:. Structures of the /%) N7dG-heptyleneN7dG crosslink induced by
hepsulfam, B) the 0°dG-alkylene O°dG crosslink (where n = 3 or 6) and oligomer€)
XL GG4 andXL GG7

In order to prepare oligonucleotides containing a eliogs that models the
orientation of tle lesion formed by hepsulfam, our group has explored methodologies to
prepare ICL DNA that links th®® atoms of d184) TheO° atom ofdG is a known site
of alkylation by chemotherapeutic drugs such as the methylating agent temozolomide and
the chloroethydting agent carmustine which proceeds to forGadC ICL.(185

Different chemical groups at th®® position of dG have been incorporated by

organic synthesis for numerous purposes including protection during oligonucleotide
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synthesis and as substrates @A repair studiesi86187) Examples of synthetic

methods that have been employed to introduce these groups include tHsgnplostic

modi fication of ol i g o-deoxyribenuckeasideeos-amm@bn t ai ni r
methylsulfonylpurine and the Mitsunobu reactid8.1,188)

Using a combination of solution and sepdh a s e s y nrGNIC ¢C4 has beena 506
prepared Figure 2.1) which required aO°dG-alkyleneO®dG phosphoramidite that
contains varios protecting groups to permit orthogonal removal, enabling a unit of
asymmetry to be engineered in the final ICL DNA duplex to allow for a clinically
relevant staggered 1,3 orientation. The synthetic scheme to produce this amidite involved
the Mitsunobu raction which was selected due to its mild conditions, compatibility with
all protecting groups employed and direct route to introduce alkyl linkers of various
lengths. This method allows for the production of ICL duplexes to explore the influence
of linker length in substrates of defined structure and for the systematic investigation of
susceptibility to DNA repair mechanisms.

The ability of wild hAGT and some mutants to repair these ICLs was also
investigated AGT are a class of repair proteins that asand in numerous organisms
whose role is to repair alkylation at tk@ position of thedG and thus they play an
important role in maintaining genomic integrity89) Alkylation at theO® position ofdG
can be mutagenic, disrupting normal Wat&tnck base piring leading to point
mutations which may be fatal. The mechanism by which hAGT repairs alkylated DNA
involves flipping the alkylateducleosideout of the duplex and into the active site of the
protein where transfer of the alkyl group from B posiion of dG to a C145 residue

occurs.{55 The protein can only act once due to the irreversible alkylation of C145,
55



whereupon the protein is degraded by the ubiquitin pathtv@4).bAGT has been shown

not only to repair small adducts at 18 position ofdG such as a methyl group but also
larger groups such as benzyl an(B4oyridyl)-4-oxobutyl.(L29) The study of theseavel

ICL substrates to undergo repair by hAGT will contribute to the range of DNA substrates

that can undergo repaira this pathway.

2.2 Experimental

2.2.1 Materials

5 -®-Dimethoxytrity-N*-phenoxyacetyl @l e 0 x y g u a FOedBnietmorytrityt 3 6
2 -@leoxyribonucleside5 ®-( fwyanoethyiN,N&diisopropyl) phosphoramidites and
N,N-diisopropylamino cyanoethyl phosphonamidic chloride were purchased from
ChemGenes | nc. ( \AO-Dimethoxgtrityb2naleoxylbdnucleoski® -0
O-( HfmyanoethyiN,N&diisopropyl)phosphoramités and protected 20
deoxyribonucleosidgolystyrene supports were purchased from Glen Research (Sterling,
Virginia). All other chemicals and solvents were purchased from the Aldrich Chemical
Company (Milwaukee, WI) or EMD Chemicals Inc. (Gibbstown, NJask column
chromatography was performed using silica gel 60 (280 mesh) obtained from
Silicycle (Quebec City, QC). Thin layer chromatography (TLC) was performed using
precoated TLC plates (Merck, Kieselgel 6@s4 0.25 mm) purchased from EMD
Chemicalsinc. (Gibbstown, NJ). NMR spectra were recorded on a Varian INOVA 300
MHz NMR spectrometer at room temperatute. NMR spectra were recorded at a
frequency of 300.0 MHz and chemical shifts were reported in parts per million downfield

from tetramethylsilae. **P NMR spectra' decoupled) were recorded at a frequency of
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121.5 MHz with HPO, used as an external standard. ESI mass spectra for
oligonucleotides were obtained at the Concordia University Centre for Biological
Applications of Mass Spectrometry (BBIS) using a Micromass Qtof2 mass
spectrometer (Waters) equipped with a nanospray ion source. The mass spectrometer was
operated in full scan, negative ion detection mode. ESI mass spectra for small molecules
were recorded at the McGill University Departmef Chemistry Mass Spectrometry
Facility with a Finnigan LCQ DUO mass spectrometer in methanol or acetone.
Ampi ci | | i n-D-thiogalacmppy@moside (IFFG), and most other biochemical
reagents as well as polyacrylamide gel materials were purchased from Bioshop Canada
Inc (Burlington, ON). NiNTA Superflow Resin was purchased from Qiagen
(Mississauga, ON). Complete, Minghylenediaminetetraacetic aeicee (EDTA-free)
Protease Inhibitor Cocktail Tablets were obtained from Roche (Laval, QC) Nitrocellulose
filters (0.20 &em) oreeXLd0 GolE. aoli cels dverd abtaimad Mi | | i
from Stratagene (Cedar Creek, TEpnl, T4 PNK, Unstained Protein Molecular Weight
Marker and restriction enzymeBcoRI and Kpnl were obtained from Fermentas
(Bur |l i ngt-BRIATP @bl purchaged from Amémm Canada Ltd. (Oakville,

ON).

2.2.2 Solution synthesis ofsmall molecules

The synthesis oB -@-alloxycarbonyl5 -@-dimethoxytritytN?-phenoxyacetyR -0
deoxyguanosinelj, 3 -@-alloxycarbonyi5 -®-dimethoxytritytN?-phenoxyacetyl0°®-(4-
t-butyldiphenylsiloxyhutyl)-2 -@leoxyguanosine  2@), 3 -®-alloxycarbony5 -
dimethoxytritykN?-phenoxyacetylO®-(7-t-butyldiphenylsiloxyheptyh -6

deoxyguanosine 2p), 3 -®-alloxycarbonyl5 -®-dimethoxytritytN>-phenoxyacetyO®-
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(4-hydroxybutyl)2 -@leoxyguanosine3g), 3 -@-alloxycarbonyt5 -®-dimethoxytrityFN*-
phenoxyacetyl0®-(7-hydroxyheptyl)2 -@leoxyguanosine3p), 3 ®-t-butyldimethylsilyk
5 -®-dimethoxytrity-N’*-phenoxyacetyP -dleoxyguanosine 4, 1-{ O°-[3"-O-
alloxycarbonyl5-O-dimethoxytritytN’*-phenoxyacetyR -@leoxyguanidyl]}-4-{ O°-[3'-O-
t-butyldimethylsilyt5-O-dimethoxytritykN*phenoxyacetyP -@leoxyguanidyl]}butane
(5a), 1-{ 0°[3'-O-alloxycarbonyi5-O-dimethoxytrity-N’*-phenoxyacetyR 6
deoxyguanidyl]} 7-{ O°-[3-O-t-butyldimethylsily+5-O-dimethoxytrity-N*-
phenoxyacetyP -@leoxyguanidyl]}heptane %b), 1-{O°[ 3CBt-butyldimethylsily}5-O-
dimethoxytritytN?-phenoxyacetyP -@leoxyguanidyl]}4-{ O°-[5'-O-dimethoxytrityFN-
phenoxyacetyP -@leoxyguanidyl]}butane a), 1-{O°[ 3CBt-butyldimethylsily}5-O-
dimehoxytrityl-N?-phenoxyacetyP -@leoxyguanidyl]} 7-{ O°-[5'-O-dimethoxytrityFN?-
phenoxyacetyP -@leoxyguanidyl]}heptane gb), 1-{O°-[3-O-t-butyldimethylsily+5 -
dimethoxytritytN?-phenoxyacetyP -@leoxyguanidyl]}4-{ O°-[5'-O-dimethoxytrityFN?-
phenoxyacwy/l-2 -@eoxyguanidy3-O-(b-2-cyanoethylN,N'-
diisopropyl)phosphoramidite]putane 7a) and 1-{ O°-[3-O-t-butyldimethylsily+5 ®-
dimethoxytritykN?-phenoxyacetyP -@leoxyguanidyl]} 7-{ O°%[5'-O-dimethoxytrityFN-
phenoxyacetyP -@eoxyguanidy3-O-( {2-cyanoethyiN,N -
diisopropyl)phosphoramidite]heptane {b) were performed as previously
described190
2.2.3 Oligonucleotide synthesisand purification

The crosdinked duplexesXL GG4 and XL GG7, whose sequences are shown in

Figure 2.1, wereassembled using an Applied Biosystems Model 3400 synthesizer on a 1

Omol e scal e e mpcyaoogthyiplgosplsotamidite eyclas supplied by the
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manufacturer with slight modifications to coupling times described below. The
nucleoside phosphoramidite®ntaining standard protecting groups were prepared in
anhydrous acetonitrile(ACN) at a concentration -0@® 0.1
deoxyphosphoramidites, 0.15 M for the crbss n k-8-8 -@edxiyphosphoramidites 4

and7b) and 0. 2-0OM-@éoryphesghdraenidile® Assembly of sequences first
involved detritylation (3% trichloroacetic ac{dCA) in DCM), followed by nucleoside
phosphoramidite coupPlidregp xwipthlto sphhmmame idalt e3
O-2 @leoxyphosphoramidites (3 min) or crdsked phosphoramidite§a or 7b (10

min); Subsequent capping with phenoxyacetic anhydride/pyridine/tetrahydrofuran (1:1:8,
v/viv; solution A, and dmethytl H-imidazole/tetrahydrofuran 16:84 wi/v; solution B)

and oxidation (0.02 M iodine in tetrahydrofuramater/pyridine 2.5:2:1) followed every
coupling. To complete assembly of the crbisked duplexes, the cyanoethyl groups

were removed from the polystyretieked oligomers by treating the support with 1 mL

of anhydrous triethylamine (TEA) for at least12The support was then washed with 30

mL of anhydrousACN followed by anhydrous THF. Thebutyldimethylsilyl (TBS)

group was removed from the partial duplex by treating the support with 2 x 1 mL
triethylamine trihydrof | ub.rThedsippadrtTwasAthed HF ) 1
washed with 30 mL each of anhydrous THF and ACN followed by dryiaghigh

vacuum (20 min). The final extension of the crbsked duplex was then achieved using

5 -®©-2 -@eoxyphosphoramidites with a total detritylation exposur&3ff seconds and
remov al -tesnfinalttritylegrogp dy the synthesizer to yield duplex¢s5G4 and

XL GG7 on the solid support.
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The oligomerderivatized polystyrene beads were transferred from the reaction
column to screw cap microfuge tubes fittedhwteflon lined caps and the oligomer
released from the support and protecting groups removed by treatment with a mixture of
concentrated ammonium hydroxide/ethanol (0.3 mL:0.1 mL) for 4 h & 5%he cross
linked final products were separated from -pgeminated products by strong anion
exchange (SAX) HPLC using a Dionex DNAPAC RA80 column (0.4 cm x 25 cm)
purchased from Dionex Corp, (Sunnyvale, CA) with a linear gradient5i% buffer B
over 30 min (buffer A: 100 mM Tris HCI, pH 7.5, 108N and bufer B: 100 mM Tris
HCI, pH 7.5, 10%ACN, 1 M NaCl) at 40C. The columns were monitored at 260 nm for
analytical runs or 280 nm for preparative runs. The purified oligomers were desalted

using G18 SEP PAK cartridges (Waters Inc.) as previously desc(ib&s)
2.2.4 Oligonucleotide characterization by ESIMS and nuclease
digestion
The crosdinked oligomers (0.1 Aso units) were characterized by enzymatic
digestion (snake venom phosphodiesterase: 0.28 units andintadtinal alkaline
phosphatase: 5 units, in 10 mM Tris, pH 8.1 and 2 mM magnesium chloride) for a
minimum of 36 h at 37°C as previously describ€d75 The resulting mixture of

nucleosides was analyzed byeesed phase HPLC carried out using a Symmetry&C

5em column (0.46 x 15 c¢cm) purchal8echmrf r om W

was eluted with a linear gradient of60% buffer B over 30 min (buffer A, 50 mM
sodium phosphate, pH 5.8, 28€N and bufer B, 50 mM sodium phosphate, pH 5.8,

50% ACN). The resulting peaks were identified byiogection with the corresponding
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standards and eluted at the following times: dC (4.6 min), dG (7.9 min), dT (8.5 min), dA
(9.6 min), crosdink dimers (18.1 for théour carbon and 26.2 min for the seven carbon
crosslink), and the ratio of nucleosides was determined. The molecular weights of the
crosslinked oligomers were determined by B85 and these were in agreement with the

calculated values
2.25 UV thermal denaturation studies

Molar extinction coefficients for the oligonucleotides and ciodsed duplexes
were calculated from those of the mononucleotides and dinucleotides according to
nearesheighbour approximations (fcm™). Non-crosslinked duplexes wererppared
by mixing equimolar amounts of the interacting strands and lyophilizing the mixture to
dryness. The resulting pellet was therdigsolved in 90 mM sodium chloride, 10 mM
sodium phosphate, 1 mM EDTA buffer (pH 7.0) to give a final concentrati@n.oB ¢ M
duplex. The crosBnked duplexes were dissolved in the same buffer to give a final
concentration of 2.8 ¢gM. T KGfor 4@nrhiny tooledn s we |
slowly to room temperature, and stored &C4overnight before measurements.dritio
the thermal run, samples were degassed by placing them in avgmeeohcentrator for 2
min. Denaturation curves were acquired at 260 nm at a rate of heating /0,
using a Varian CARY Model 3E spectrophotometer fitted withsa®ple thermstated
cell block and a temperature controller. The data were analyzed in accordance with the

convention of Puglisi and Tinogd91) and transferred to Microsoft Exe | E .
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2.2.6 CD spectroscopy

CD spectra were obtained on a Jase®13 spectropolarimeter equipped with a
Julaba F25 circulating bath. Samples were allowesttolibrate for 510 min at 10°Cin
90 mM sodium chloride, 10 mM sodium phosphate, 1 mM EDTA (pH, A0 final
concentration of-l 2nl8e & Md U plre xtehse acnrdo sx. 8 ¢ |
Each spectrum was an average of 5 scans. Spectra were collected at a rate of 200 nm/min,
with a bandwidth of 1 nm and sampling wavelength of 0.2 nm usingl fysartz cells.
The CD spectra were recorded from 350 to 200 nm &Cl0he molar ellipticity was
calculated from the equatioh]] = U/ Cl, where U is the rel at
molar concentration of oligonucleotides (moles/L), and | & plath length of the cell
(cm).
2.2.7 Molecular moddling of ICL duplexes

The DNA ddAQGAKXKGT GAT-CEATGACBTCG) and crostinked
duplexesXLGG4 and XLGG7 wer e bui |t usi ng HnogebingChe mE

software. All duplexes were geometry optindagsing the AMBER forcefield.
2.2.8 Protein expression andpurification

Site directed mutagenesis as well as transformation intdXE. coli cells were
performed as directed by the Stratagene manual. Cells containing either a plasmid coding
for wild-type ormutant hAGT were grown in a 1 L cultures of I(Buria broth) + 100
eg/ mL ampi ci kid=Ii0.6was redached. The nellsvBre induced with 0.3 mM
IPTG, incubated at 3C for 4 h with shaking at 225 rpm and harvested by centrifugation

at 6000 x g at £C for 30 min. Pellets were weighed and resuspended in_%im
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resuspensionbuffer (2 0 mM Tri s HCI (pH 8.0),- 250
mercaptoethanol supplemented with Complete, Mini, EBie& Protease Inhibitor
Cocktail Tablety for each gram of pellet. The cells were homogenized by using
approximately 20 strokesia dounce homogenizer, lysed using two rounds of French
press, centrifuged at 17000 x g for 45 min &C4 The lysate was applied to a pre
equilibrated NHNTA Superflow column containing 3.5 mL of resin. The column was
washed with 200 mL resuspension feafand 20 mM imidazole, until the Qg3 of the

eluant was constant. The protein eluted with 50 mL resuspension buffer supplemented
with 200 mM imidazole. 1 mL fractions were collected and fractions that displayed
protein content (generally fractionsl4) were pooled followed by dialysis versus 4 L of
dialysis buffetS 0 mM Tri s HCI (pH 7. énercapt@thdnol amnt Na C|
0.1 mM EDTA) using 8000 Da cutoff dialysis tubing. Typically a yield oL@ mg of

purified protein was obtained pkerof culture inoculated.
2.2.9 Protein characterization

All proteins were analyzed by EMS and were prepared by precipitation using
one volume of TCA for every four volumes of protein. Samples were incubated for 10
min on ice, centrifuged at AC for 5 min at 14 krm on a tablgop centrifuge, the
supernatant removed, the pellet washed wi
repeated. The protein pellet was dried at®@%or 5 min, resuspended in a 508N and
1% formic acid solutiomn waterat a protein concentiaton of 10 e M. The s
analyzed with a Waters MicromassTQF2 mass spectrometer operating in poste

mode.
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FarUV CD spectra were obtained on a JASCO 815 spectropolarimeter using a 2
mm path length cell. The scans were performed &ty averaging 5 wavelength
scans from 260 to 200 nm (1 nm bandwidth) in 0.2 nm steps at a rate of 20 nm/min, and 1
sec response at a protein c(®OnnuVepotassiant i on ¢
phosphate (pH 7.5), 75 mM NaCl and 2 mM dithiothreitol (DTT)

Thermal denaturation curves were obtained by monitoring the change in mdeg at
222 nm ( cor r e-hefical somtenhaj thet pootein).iThe hehting rate was set at
15°C/h using a Peltietype temperature controller, which ranged froma700C. The Ty,
was obtained by noting the temperature at which theefivative of the denaturation plot
was the highest.

Fluorescence spectra were obtained using a Varian Cary Eclipse Fluorescence
Spectrophotometer in a 10 mm gquwHerdtmomcuvet:t
temperature. Excitation and emission slits were set at 5 nm with a detector voltage of 650
and the spectra were the average of 10 accumulations. Tyrosine and tryptophan
fluorescence were obtained using an excitation wavelength of 280 nne@nding the
emission spectrum between 300 and 400 nm. To monitor the tryptophan fluorescence
solely an excitation wavelength of 295 nm was used and the emission spectrum was
monitored between 300 and 400 nm.

2.2.10 Crosslink repair assay

The crosdinked oligmucleotidesXL GG4 and XL GG7 as well as the control
DNA (noncrossl i nked duplex) wene UsSPk#®hEPoalOothe
reaction volumes were used for the labeling of the DNA. The reaction mixture was

comprised of 1x T4 PNK buffer (Fermenta83)1 &€ M ol i g ol @c lcAWB,tio d e
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eL -*PJ ATP (10 eCi/elL) and 5 wunits of T4 PNt
at 37°C for 1 h and terminated by placing the reaction in boiling water for 10 min. 60

pmol of wild-type and mutant hAGT proteinas incubated with 2 pmol of labeled DNA

in a total reaction vol ume (80 MM TriS HQ (pH c o mp r
7.6), 0.1 mM EDTA and 5 mM DT)T The reactions were incubated at’8for 14 to 16

h with similar results indicating that the reactisias complete by 14 h. Denaturing

PAGE in 7 M urea was used to analyze the products. The reaction was terminated by
adding 18.2 ¢eL o({81mM oripHCIH 8lamivit bor acid,bllBfmMe r

EDTA and 1%sodium dodecyl sulphateéSDS (pH 8.0) in 80% érmamidé to the

reaction tube anglaced in boiling water for 10 mimrhe samples were loaded onto 14

cm x 16 cm, 17% polyacrylamide gels (19:1) in the presence of 7 M urea. The gels were

run using IX TBE (89 mM TrisHCI, 89 mM boric acid, 2 mM EDTA (p#8.0)) for 1.5 h

at 700 V, which heated the gels to°4D) After electrophoresis, the gels were covered in

Saran wrap and exposed to a storage phosphor screen. The image was captured using a
Typhoon 9400 (GE Healthcare, Piscataway, NJ) and the counts chdie@abelled
products quantified using | mageQuantE ( Ame
used as a standard in order to quantitate the other bands on the gel. For the repair time
course assay of the 1 CL a 150 WitypethAGTt er mi
and 20 pmol of DNA substrate in hAGT buffer was prepared. The sample was placed at
37°C. At every time point 7.5 €L (1 pmol of

and placed in a tube with 9.1 eke.of stop r
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2.2.11 Binding studies of C145S hAGT

Reaction tubes consisting of 5 nM DNA and increasing C145S hAGT
concentrations (ranging from 1 to 35.69 &M
20 ¢l of b(10mMiTmsigCl (pHi 7.6), & mM DTT and 0.1 M EDTA). The
samples were allowed to equilibrate on ice for 30 min. Triplicate samples were incubated
for longer (45 min and 2 h) and yielded similar results indicating that equilibrium had
been attained. Each sample (0.1 pmol) was loaded on 14 cm x 16 ¢€Q,
preequilibrated native 6% polyacrylamide (75:1) gels. The gels were electrophoresed in
10 mM Tris acetate (pH 7.6) and 0.25 mM EDTA buffer at 125 V for 1 h. On completion,
the gels were covered and processed as described above.

Estimates of the mameric dissociation constar{{) and the cooperativity factor
(n) were obtained from theelectro mobility shift assay (EMSApRs explained
previously(164) The binding ofn moles of hAGT protein [P] to 1 mold erosslinked
DNA [D] follows the equationnP +  D,D.4sold®ing the variables and taking the

logarithm of the equation yields:

PnD]g = n |Og [P]free + Iong

Plotting log [RD]/[P] as a function of log [P] gives a slope equalntoAt half-
saturation: log [FD]/[P] = 0 and observel4 can be obtainettom the relation observed
Kq =-nIn [P]. The monomeri&y can be obtained by taking tm& root of the observed

Ka.
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2.2.12 Colony forming assay in CHO cells treated with busulfan

and hepsulfam.

CHO cells transfected with either the empty pCMV vector or pGIMNGT were
grown ina-MEM media (Gibcelnvitrogen, Carlsbad, CA) containing 26 mM NaH§ O
10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, CA), 100 U/ml penicillin
and 100ng/ml streptomycin. The cells were maintained by seeding at’1eli@/25cny
flask at weekly intervals. For colony forming assays, cells were plated at a density of 10
per 25 cm flask and 24 h later were treated with different concentrations of busulfan
(Sigma, St Louis, MO) or hepsulfam (NCI, Frederick, MD) for 4 h. Thescelre
washed with phosphate buffered saline (PBS) twice, and then the medium was replaced
with fresh medium and the cells allowed to grow for anothet8®. They were then
replated at densities of 28M00 cells per 25 chrflask and grown for ® days util
discrete colonies had formed. The colonies were washed with 0.9% saline solution,

stained with 0.5% crystal violet and counted.

2.3 Results anddiscussion

2.3.1 Syntheses and characterization of the ICL duplexes

ICL DNA repair studies require access to stdiss of well defined structure. The
bifunctional alkylating agent hepsulfam has been shown to alkylate specifically af the N
atomofdGi n s e g u e nc e sGNConotif macing iehaptyleredinkage between
the twodG.(75) Because they are synthetically challenging to prepare, we have focused
on the synthesis of a cresk that joins theD® atoms in this particular sequence motif. It

should be emphasized that this specific ctodshas not been ident&d as a product of
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alkylation by hepsulfam. The methodology to produce this ICL was used to prepare
duplexes containing alkyl linkages of various lengths to investigate the affect of linker
length on ICL stability, structure and repair by hAGT. The chéemapeutic agent
busulfan is another example of a bifunctional alkylating agent that has been used for the
treatment of chronic myelogenous leukenii@d) This agent introduces hutylene
linkage between the nucleobases with the demonstration that thiseaesstwithdG to
form 1,4di(7-guanosinyl)butanel@3 Mass spectrometry of the reaction products of
busulfan with oligonucleotides suggestedtthids agent forms intrastrand crdsis
wi t-BA-5INjj seg®e nces. (

The structure of th€©°dG-alkylene0°dG crosslink and the sequences containing
the butyleneand heptylenecrosslinks (XL GG4 and XL GG7) are shown irFigure 2.1.
The synthesis of the crotisked amidites7a and 7b were performed according to the
synthetic pathway inScheme 2.1. Starting from commercially avi | a bQ-e 50
dimethoxytrityFN*phenoxyacety0®-2 4l e o x yguan o s i n ealcohoh avas f r e e
protected as an allyloxycarbonyl esfeusing allyl Ebenzotriazoyl carbonat@94) The
adduct2a and2b were prepared by introduction oftdbutyldiphenylsilyloxybutan4-ol
or I1-t-butyldiphenylsilyloxyheptar7-ol at the O° position of 1 via the Mitsunobu
reaction(186188 Removal of the-butyldiphenylsilyl protecting groupn compounds
2a and 2b was accomplished with TBAF at room temperature for 30 min to yield the
adducts3a and 3b. The formation of dimerda or 5b were achievedvia a second
Mi t sunobu r e-@-dimdthoxgtritybNé-phengxyasetyB -&®-t-butyldimethy-
silyl-2 @leoxyguanosiney in yields of 63 and 7%, respectively. Amidite precursoéa

and6br equi red t he -Oalloxycaradnyl grdup fiorhba or Sbdwith
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palladium (0) tetrakistriphenylphosphine in THF at rotamperature. These were then
converted to phosphoramiditéa and 7b using a slight excess of,N-diisopropylamino
cyanoethyl phosphonamidic chloride and isolated by hexane precipitation. The isolated
phosphoramiditegaand7b were analyzed by mass spectrometry and were found & hav
the expected molecular mass&B. NMR analysis of these phosphoramidites revealed the
presence of two signals f@a (143.92 and 144.14 ppm) ait (143.91 and 144.11 ppm)
in the region diagnostic for a phosphoramidite.

The synthesis of the EGBNC engneered ICL using phosphoramidite dim&esor
7b required three different protecting groups around the dnolssd site enabling an
orthogonal approach for their removal. This would allow for the synthesis of three
different branches in terms of sequen@ound the site of the ICL. The Mitsunobu
reaction was chosen for its specificity at D&position of a protected d@ 86188 and
the versatility of this mett which allows for the synthesis of crdsws of various
lengths, depending on the diol linker used. This reaction was employed twice in the
synthetic pathway outlined Bcheme2.1, first for the synthesis of édlmonomerfaand
2b containing the four and seven carbon linkers athatom and later in the scheme for
dimers5a and 5b. The dimerization reaction to give dimBéb proceeded in a slightly
higher yield relative toba (71 versus 63 %), presumably due the reduced steric

hindrance of the longer alkyl linker 8b that reacts witld.
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Scheme 2.1: Synthesis of 0°G-butylene0®dG and O°dG-heptyleneO®dG
phosphoramidites

Reagnts and conditions:(i) Alloc-OBt, DCM/pyridine (9:1), 12 h; (i) 4t-
butyldiphenylsiloxy) butasi-ol or 7-(t-butyldiphenylsiloxy) heptai-ol (1.1 eqv.), PPh
(1.25 eqv.), DIAD (1.2 eqv.) (iii) TBAF (1 M in THF), 30 min; (iv) 4 (1.01 eqv.), PPh
(2.25 @v.), DIAD (1.2 eqv.), 1 h; (v) Pd(PBRa (5mol%), PPk (0.25 eqv.),n-
butylamine/formic acid (1:1, 2.5 eqv.), THF, 20 min; (W),N-diisopropylamino
cyanoethyl phosphonamidic chloride, DIPEA, THF, 30 min.

Solid phase synthesis . GG4 and XL GG7 was perfomed on a 1 pumol scale
using phosphoramiditega or 7b according toFigure 2.2. The first arm of the duplex
was synthesized on a pol ystyrene-Oa3@mpport
deoxyphosphoramidites. Coumy of the crosdinked phosphoramiditesra or 7b
i ntroduced t-dnds tolthe lineaa aligomdrse Thé dmethoxytrityl groups of

the dimer moiety were removed by brief treatment with 3% TCR@M to expose the
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5 -®H groups from which the secoadd third arms of the duplex were then synthesized

with a noted increase in the trityl conductivity reading on the synthesizer. Repetitive
coupling wi t(h2-dpoxyphospliotamidites Jyd@ve, after detritylation and
capping (phenoxyacetic anhydrid&)e branched oligomef-TBS (Figure2.2) . T-he 30
O-TBS group was then removed froftTBS by treating the support with anhydrous
TEAfor16 h foll owed by TEAA3HF twicel8for 3
Reverseephase HPLC analysis of the deprotected intermediafH revealed complete

removal of the silyl group with the shift of the major peak from 11.2 to 8.2 min in the

case of thebutylenecontaining crosséink (data not shown Continued synthesis with

repett i ve cou-pRiaregxgpPphbd6phor aend dfiinterenediatYt t h e

OH gave full length ICL duplexeXL GG4 andXL GG7.

P 5;3 onsvl > > ' > 5 3
ac C C ac PaCOC COPac Pacoc C:OPac cCG
GG GG GG GC
AA A A A A AT
5 TT TT TT TA
. G-G G-G G-G G-G G{C
St : T OTBS . T otBs ... ToH TA TlA
c c 3 (i c 3 (i) ¢c3 (V) cc ™ cle
A - A -~ A - A T AA AT
T T T T TT TA
C C g C ccC g 8
G .G G G
2 3'§ 3 3 3 3 . -
3 3 g g 3 S)
Y-TBS Y-OH XL§G4
XLGG7

Figure 2.2: Methodology to construct the @slinked duplexesXLGG4 and XLGG7
via solid phase synthesis.

(i) Coupling of amidite7a or 7b; (i1) e x t-@h-deoxgphospivaramidites3 0
foll owed by capping wi t h phenoxyaQ@tet i c a
butyldimethylsilyl group with EAA3 HF; (i wv) ext-@ea8i on
deoxyphosphoramidites and (v) cleavage from the solid support.

The solidphase synthesis of the ICL containing oligonucleotid¢scG4 and

XL GG7 required some changes from the standard synthesis cycle and reagents employed
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during solidphase oligonucleotide synthesis. First, synthesis was performed using a
polystyrene rather than controlipdre glass (CPG) solisupport due to the
incompatibility of(175BsAaA 8dddd precautiom, the tyanodthglt t e r
protecting groups were removed using TEA as it has been observed that prolonged
fluoride treatment using TBAF could lead to chain clead§® Phenoxyacetic

anhydride rather than acetic anhydride was used as camgaiggnt due to a undesirable
N-acetyl ation reaction t ha@eprhoatseclt @a@d® 6 o asrd rc
Additionally, the protection of the exocyclic amine functionalities of the dinked

guanne bases with the phenoxyacetyl group would alléev milder deprotection

conditions and ease of its removal at the final stage.

Chain assembly in the 306 to 5602@irect.i
deoxyphosphoramidites and the crbeked dimers 7a and 7b with essentially
guantitative coupling olesved by conductivity measurements to assess the trityl values.

A higher concentration (0.15 M) and longer coupling time (10 min) was used for
phosphoramidite¥a and 7b to ensure a high coupling efficiency due to their larger size
compared to the standaBl-®-2Gdeoxyphosphoramidites. At this point, capping with
phenoxyacetyl anhydride gave intermedi#td BS (Figure 2.2) which was desilylated

to give the free 30O0OH funct i adilyaronitorgadby The e
C-18 reversed phase HPL@ata not shown A small amount (approximately 1 mg) of

the solid support was deprotected usings@H/ethanol 8:1), milder conditions that

have been developed for the deprotection of RNA to ensure that thgroBs are not
removed(197) The removal of the TBS group decreases the hydrophobicity of the

oligomer and a change in the retention time for the oligomer from 11 to 8 min on the C
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18 reverse phase HPLC indicates removal to give the more hydropfi@H
intermediate Kigure 2.2). The final step in the assembly ¥t GG4 and XL GG7 is
continued c hai n -O2xitecxyplsospbonamidives. t Cleavaged and
deprotection ofXL GG4 and XL GG7 were performed with concenteast ammonium
hydroxide/ethanol (3:1) at 53C for 4 h to yield 141.8 and 108.6 OD of material,
respectively Table 2.1). Analysis by SAX HPLC revealed that the major product was
the desired ICL whose retention time® shown infable 2.1. The combination of mild
deprotection conditions and bulky nature of the adduct that the ICL representsO8t the
position may account for the stability under these deprotection condi@anécation by
SAX HPLC, followed by desalting gavel GG4 and XL GG7 in approximately 26 and
36% overall isolated yields.

Table 2.1: Amounts, retention times, nucleoside ratios and mass spectral data #r cros
linked duplexeXLGG4 andXLGG?7.

Duplex AjsUnits® Retention  Nucleoside Ratios Mass
Time (min)® exp obs exp obs
XLGG4 141.8 (36.9)23.7 dC 6.0 6.1 6727.5 6726.8
dG 4.0 4.2
dT 5.0 5.0
dA 5.0 51
dG-dG 1.0 1.1
XLGG7 108.6 (39.1)25.5 dC 6.0 5.8 6769.6 6769.0
dG 4.0 4.1
dT 5.0 5.0
dA 5.0 51
dG-dG 1.0 1.1

& Amount of crude ICL duplex purified by SAX HPLC. The numbers in parentheses
indicate the amount of pure duplex obtained.

P Retention times (min) of ICL duplexes on SAX HPLC using a®D®M linear gradient
of sodium chloride.

These ICL duplexes were digested to the constituent nucleosides with a

combination of snake venom phosphodiesterase and calf inteslkiaihe phogphatase
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and analyzed by @8 reversed phase HPLC. In addition to the four stan@aid
deoxynucleosides, one additional peak was observed with a retention time of 18.1 min for
XL GG4 and 25.5 min foXL GG7. As shown inTable 2.1, the ratios of the component

2 @leoxynucleosides and cregsked nucleosides were consistent with the theoretical
composition of ICL duplexeXL GG4 and XL GG7. The ICL oligomersXL GG4 and
XLGG7 required additional time for digestion compared single stranded
oligonucleotides (48 h as opposed to 30 min). ESI mass spectrometry of the duplexes
XLGG4 and XL GG7 had masses of 6726.8 and 6769.0 Da, consistent with the

theoretical values for the crebsked duplexes.
2.3.2 UV thermal denaturation and CD of ICL duplexes

UV denaturation experiments were carried out to assess the effect of the alkyl
linkers on duplex stability. The UV thermal denaturatidiy)(curves for the ICL
duplexesXL GG4, XL GG7, and the corresponding nanosslinked control duplex &l
exhibited a sigmoidal denaturation profile with similar hyperchromicities for the
transition curves (seAppendix Il). The melting temperature fofL GG4, XL GG7 and
the noncrosslinked control were all similar with a value of ~ 4@.

When this ICL was sent as a directly oppos€3dG-heptyleneO°dG mismatch
in an 11bp duplex, an increase i, of 23 °C over the control duplex was
observed184) UV thermal denaturation experiments with oligonucleotidesatoimy an
0°-MedG/ dC base pair have shown that a sinGfemethyl substitution reduced duplex
stability by at least 18C per substitution in 1 M NaCl buffer and DNA duplexes
containing two of these alkylated lesions were found to halg40 °C lower han that

of the unmodified duplef0,198199 It is believed that the destabilizing nature of the
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O%-alkyl lesions are counterbalanced by the preorganization of the covalently linked
strands of the duplex resulgnin a stability comparable to the norosslinked
control(175184)

The CD spectra of crodmked duplexesXL GG4, XL GG7 and the noftross
linked control were rearded at 10C (spectra are shown Appendix Il). In all cases, the
CD spectra of the duplexes exhibited signatures characteristiefmiBDNA with a
positive maximum peak centered around 275 nm, a negative peak at approximately 250
nm and a cross ovearound 260 nnf200201) The CD spectra of necrosslinked
controls revealed some minor differences, particularly a reduction of the signal at 275
nm.

These results suggests that the ctods had minimal effect on the globaHBrm
structure. NMR studies pfermed with dodecanucleotides containingd&MedG A C
base pair implicate the formation of a wobble base pair, with the methg&tstiding
towards the major groove and th€ oriented towards the minor groove. This base pair is
stacked in the duplex tweeen the flanking base pairs inducing only a small
conformational change from the witgpe duplex23) In a standard Borm duplex, the
distance between t@>-0°a t o ms -GNE seguericdis approximatelytéd. The O
O distance in the fully extended pdtanediol and 1;fReptanediolare6.2 and 9.9 A,
respectively, which is sufficient to span the distance linking the@da t oms -i n a
GNC sequence motif without inducing a significant structural chavigkecular models
for the oligomersXL GG4, XL GG7 and the nosctrosslinked control duplex that were

geometry optimized using the AMBER forcefield suggest thatatkglenelinkers are
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oriented towards the major groove and do not greatly distort the duplesistent with
our findings(seeAppendix II).
2.3.3 Crosslink repair

Repair assays were performed on the ICL containing oligorker6G4 and
XL GG7 with wild-type hAGT and thevariantsC145S, P140A and V148L. The C145S
variantwas selected as a negative conttoé to its lack of alkyltransferase activity and
for the investigation of protein binding to th@°dG-alkyleneO°dG ICLs.(163) The
P140A mutation has been investigated for the influence of reduced sizeaatitteesite
pocket on hAGT activity202203) In addition, some AGTs such as tkecoli Ada-C,
have alanine in place of proline in the equivalent position of hAGT. The V¢d8ant
was preparedo probe the effect of the side chain cdl\148 on the repairingbility of
the protein. Thisrariantwas selectedincelittle is known about this amino acid other
than the carbonyl group ofaV 148 has been shown in witgpe hAGT to accept aH
bond from theN? atom of a boundiG.(148155) We suspected that substituting Val to a
larger amino acid would reduce the size of the active site pocket yielding a protein with
the same properties as P140A.

All protein (wild-type hAGT, C#5S, P140A and V148L) masses were verified by
ESFMS and were in agreement with the calculated valse® Appendix I). The
secondary structure of the proteins by far UV CD was examined to ensure that the
alterationsdid not compromise the structure. CEanss of the P140A and V148L hAGT
variantsrevealed similar secondary structures to the yifte hAGT due the highly
conservative nature of thesdterations(see Appendix )l The C145S mutation had a

greater impact on the global secondary structure eptbtein. Although the size of the
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cysteine and serine side groups are relatively similar, theriding capabilities of these
two amino acids differ.

The stability of the proteins (wiltype hAGT, C145S, P140A and V148L) were
assessedia thermal denat@tion studies to ensure that the proteins were properly folded
at the assay temperature 37) by mo n i-helical domtegt ofttHe @rotdin at 222
nm as a function of increasing temperature. The thermal denaturation studies
demonstrated that all hAlGproteins were still properly folded at 3€ due to theiT;0 s
being well abovehis temperatureThermal denaturation studies of the wijgpe hAGT
correlated with values reported of complete inactivation of the protein &@.¢ZD4) All
mutations destalived the protein based on CD spectra where the stability of the
secondary structure of the protein was compromised Appendix )L

The intrinsic fluorescence of the hAGT proteins were investigated by monitoring
the local environments containing bothyptophan and tyrosine residues using an
excitation wavelength of 280 nm while in the case of tryptophan alone the excitation
wavelength of 295 nm was used. It is clear from the emission wavelengths and intensities
that the mutations had no dramatic affea the tertiary structure of the protein with
V148L having a slight impact on tertiary structure of the protein relative to the other
mutants ¢ee Appendix )L

T h e -*% labeled ICL DNA duplexeXL GG4 and XL GG7 (2 pmol) were
incubated with 60 pmol ddither the wildtype hAGT or thevariants(C145S, P140A and
V148L) overnight at 37°C to determine repair. Trials for either 14 or 16 h were
performed with virtually identical results obtained, indicating that the reaction was

complete as monitored by dearing PAGE Figure 2.3). Lanes 1 and 2 contain 2 pmol
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of ssDNA corresponding to the sequence of one of the repaired strands with the only
difference being the presence of hAGT in lane 2. Lanes 3 and 8 contamol20p

XL GG4 and XL GG7, respectively, representing the unrepaired ICL duplexes with a
reduced mobility relative to that of completely repaired substrate. Lanes 4 and 9 contain
60 pmol of hAGT with 2 pmol of eitheXxL GG4 (lane 4) orXL GG7 (lane 9). In both
cases two additional bands are seen, one that migrates more quickly corresponding to the
completely repaired single stranded product and the other at the top of the gel with
significantly reduced mobility which is likely a single hA@bund covalently to ®NA
species, a median repair product. For bthGG4 and XL GG7, no repair products are
observed with 60 pmol of theariantsC145S (lanes 5 and 10), while P14Q&nes 6 and

11) or V148L (lanes 7 and 12) show very minimal repaiXbiGG7 and no repair of

XL GG4. The repair assays demonstrate that bt G4 and XL GG7 are repaired by
hAGT with XL GG7 undergoing a greater amount of repair (with 57.0% of ICL repaired)
over XLGG4 (31.4% of ICL repaired) based on quantitation of ICL remaining as
measured by theelative counts of the labelled products present on the gel by

| ma g e Q usaeAgp&ndix I).
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Figure 2.3: Repair of XLGG4 and XLGG7 by wild-type hAGT, C145S, P140A and
V148L.

(A) Denaturing PAGE of repair reactions as described in the experimental section: Lane
1, 2 pmol Control; lane 2, 2 pmol Control + 60 pmol hAGT; lane 3, 2 pth@G4; lane

4, 2 pmolXLGG4 + 60 pmol hAGT,; lane 5, 2 pmdILGG4 + 60 pmol C145S; lane 6, 2

pmd XLGG4 + 60 pmol P140A; lane 7, 2 pm&¥LGG4 + 60 pmol V148L; lane 8, 2

pmol XLGG7; lane 9, 2 pmoKLGG7 + 60 pmol hAGT,; lane 10, 2 pm&ILGG7 + 60

pmol C145S; lane 11, 2 pmELGG7 + 60 pmol P140A; lane 12, 2 pm¥LGG7 + 60

pmol V148L.

For the repair ssays involvingKL GG4 and XL GG7, the samples were denatured
in stop reaction buffer before being loaded on a 7 M urea denaturing gel to prevent self
complexation of the repaired DNA strands which could complicate determination of
ratios of the repaired iatmediate and fully repaired product versus intact (unrepaired)

ICL (Scheme2.2).
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5-CGATGTCATCG-3'
5'-CGATGTCATCG-3' +
| +hAGT-Cys145
(CH)40r 7 hAGT-CIysl45
|

3-GCTACAGTAGC-5' (C|3H2)4 or7
3-GCTACAGTAGC-5'

or
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(C|H2)4 or7

hAGT-Cys145
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3-GCTACAGTAGC-5' (FP)

+
hAGT-CIysl45
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+hAGT-Cys145

hAGT-CIysl45

((I3H2)4 or7
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(hAGT Dimer)
+
5-CGATGTCATCG-3'
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Scheme2.2: Proposed repair pathway of crdssk species by wildype hAGT, P140A

and V148L (MP- median product; FHinal product).

The inactive C145Sariantwas unable to repair both ICL duplexes as expected due

to the lack of the active site Cys residue which is known to be the alkyl group accepto

The other P140A and V148tariantsshowed no repair oL GG4 and very poor repair

for XL GG7 (4.5% and 3.0%, respectively). The diminished capacity for repair by the

P140A variant has been observed as it is much less active thantypiéd hAGT in

dealkyhting O°-benzylguanine, which has been explained by the reduced size of the

binding pocket205)

Time course assays were performed using 60 pmokwid hAGT and 2 pmol of

the XL GG4 and XL GG7 substrates by quantitating the amount of unrepaired, partially

and fully repaired species¢eAppendix Il). XL GG4 was repaired at a much slower rate

with 25% repair of the ICL occurring in 8.5 h whereas the same level of repair for

XL GG7 required approximately 1 h.
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The results obtained from the time course experimerdsr {GN@3 65 61 CL f or
XL GG4 and XL GG7 follow similar trends to repair results for the directly opposed
0°dG-alkyleneO®G ICL in a mismatch duplekl46) It was shown that 50% final
product was formed afte2 h for a directly oppose®®dG-heptylene0®dG mismatch
ICL, also observed in the repair ¥1. GG7. These results are surprising, as the ICL
spanni-GNC3&® @ti f would be expected to be ¢
directly opposed>®dG-hepylene 0°dG mismatch ICL. The mechanism by which hAGT
repairs DNA alkylation involves rotation of the alkylatedcleosidefrom the DNA
duplex from the minor groove into the active site allowing for transfer of the alkyl group
to the residue C148.89 The improved repair oXL GG7 versusXL GG4 can be
rationalized by the difference in distances of the eliog&s For the four carbon linker of
XL GG4, the GO distance of the fully extended linker is just sufficié@? A) to span
the distance necessary to link B2a t o ms -GNC seguericé (6.4 A). In a geometry
optimized model oKL GG4, the QO distance was found to be 4.5 A with some tilting of
the guanine bases towards each otbeeAppendix Il). The modebf XL GG7 has an ©
O distance of 7.1 A with the longalkylenechain protruding into the major groove. This
would suggest that rotation of one of the alkylad&lof XL GG7 into the active site of
hAGT would be less difficult relative to the more strainddGG4 ICL. These findings
demonstrate that there could have been some distortion in thelickess duplexes
inherent in the nature of the substrates prior to the repair process aKd @@ is too
short to fit optimally in the active site relative t@kL GG7 counterpart.

The formation of the final product occurs at a faster rate than the formation of the

median product for botKL GG4 andXL GG7, as the % final product observed is always
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greater than the % median product. Final and median product fonmnaatur at different
rates, suggesting that hAGT preferentially repairs the median product over the initial
substrate as indicated by the lack of accumulation of median product at any time. If
hAGT preferentially repaired the median product over thealngubstrate the median
product should not increase with time as the median product would be consumed as it
would be formed.

One possible explanation as to why this reaction does not go to completion is that
the reacted hAGT binds to another lesion cioimig ICL or oligonucleotide in our assay.
It is known that alkylated hAGT can also bind to DRI&3) In vivo, dissocation is most
likely reinforced by ubiquitination resulting in degradation of the alkyla®&@T(206)
In addition, it is possible that the credgsk may be oriented in an alternate, less reactive
conformation, as has been postulated ®+(2-hydroxyethyl) dG and O°-[4-oxo-4-(3-
pyridyl)but-1-yl] dG containing oligonucleotided.29)
2.34 Binding studies of C145S hAGT

Binding cooperativity (Hill factor) and monomeri& values were determined for
the noncrosslinked control duplexXL GG4 andXL GG7 with the C145S hAGT mutant
(seeTable 2.2 and Appendix Il). Similar cooperativity values were obtained for the
control duplex (1.41 + 0.06) ai¥l. GG7 (1.32 = 0.06) whereas this value was found to
be slightly higher foiXL GG4 (1.75 £ 0.13). All three DNA duplexes showed mitar
monomeric dissociation constant ranging fr

XL GG4 (seeAppendix II).
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Table 2.2: Hill factor and monomeri&yvalues of C145S hAGDNA complexes

DNA Cooperativty Factor Ke( € M)
Control 1.41 +0.06 8.36x1.11
XL GG4 1.75+0.13 9.87+1.22
XL GG7 1.32 + 0.06 9.67+1.12

Experiments to measure cooperativity and dissociation constand. 854 and
XL GG7 showed only two bands by EMSA corresponding to the free anddbiTiL
DNA. The absencef an intermediate band on the native gel indicates that there is
cooperativity in the binding of hAGT for the ICL DNAXL GG7 and the control duplex
showed similar cooperativity and dissociation constants indicating that the grexfenc
the #methylene crostnk had little influence on hAGT interaction with the DNA.
XL GG4 had a slightly higher cooperativity of interaction with hAGT, however, all the
measured Hill factors for ICL duplexed. GG4 and XL GG7 were between 1 and 2 in
accodance with previous work which showed that 1 hAGT protein binds every 4
nucleotideg164) A Hill factor of 2 indicates perfect cooperativity, as previously shown
in the case of hAGT for manynmodified oligonudeotide sequences under different
assay conditions whereas a value of 1 indicates no cooperétiGiy.

In the absence of NMR or-Kay structural data foXL GG4 or XL GG7, it can only
be speculated that thoetylenecrosslink induces a structural change in the DNA that has
an influence on the interaction of the ICL with hAGT contributing to the slight increase
in cooperativity that is observed. It is known that binding of hAGT to DNA causes
structural changes the DNA, which may play a role in aiding the rotation of the
damage base from the DNA double helix and subsequently promote hAGT cooperative

binding(151,155 However, the shoet alkyenelinker of XL GG4 versusXL GG7 may
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hinder rotation of the alkylatediG into the active site contributing toraduction in repair

by hAGT.

2.3.5 Colony forming assay in CHOcells treated with busulfan
and hepsulfamand relevance withO°dG-alkylene-O°dG

ICL

CHO cells that do not express AGT were sensitive to killing by hepsiiFagare
2.4). Expression of hAGT provided a significant but not complete protection from this
agent. This is consistent with the concapat an O°dG-alkyleneO®dG crosslink
accounts for at least part of the cytotoxicity of this agent and that the effiefgait of
this 7 carbon adduct by hAGT prevents this killing. There was no protection from
busulfan, which is in accord with the gaepair of the 4 carbon adduct produced by this
agent.

Extensive study of the hAGT reaction has shown that DNA repair by this protein is
specific for adducts on tH@® position with a minor capability to repair adducts on@fe
positionof dT. The resuk shown here usinig vitro assays show that a DNA interstrand
crosslink containing 7 carbon atoms linking tw@’® atoms of dGresidues is efficiently
repaired by hAGT. Such a creksk would be expected to be formed in treated cells by
hepsulfam and, #lough it has not yet been characterized, the finding that hAGT reduces
the cytotoxicity of hepsulfam is strong evidence that it does occur. Unrepaired DNA
interstrand crosBnks are very toxic and only a small number of such eliogs may be
formed. Tle results also suggest that a high level of hAGT expression would render

tumor cells resistant to therapy with hepsulfam.
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Figure 2.4: The effect of the expression of hAAGT erpasureof CHO cells to busulfan
and hepsulfam.

Cell survival was measured with a colony forming assay as describedexptrénental
section. * p<0.05, Compared to cells expressing hAGT; ** p<0.01, Compared to cells
expressing hAGT.

2.4 Conclusions

The syntlesis of nucleoside dimers containingD&dG-alkyleneO®dG crosslink
that enables the construction of a-%,3 a g g eGNE€ thotif5hg solidphase synthesis
using phosphoramidite chemistry and an orthogonal approach to removing protecting
groups is descrilitk These ICL were obtained in high yield and purity that is required for
DNA repair studies. ICL duplexes containing a four and seven methylene linkage were
found to have similar thermal stability and structure relative to acrmsslinked
control. Both were repaired by hAGTwhere hAGT displayed higherefficiency for the
ICL containing the seven methylene linkaBeding studies suggested similar affinity of
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hAGT for both ICL. Studies witltells treated with hepsulfam demonstrate thaGT
reduces thecytotoxicity that this bifunctional alkylating agent induces and serves as
evidence thathe 0%dG-alkyleneO°dG crosslink may accountor at least part of the

cytotoxicity of this agent
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CHAPTER I

O*alkyl thymidine crosslinked DNA to probe recognition and
repair by OP-alkylguanine DNA alkyltransferases

Graphical Abstract: Representation oD*dT-butyleneO*dT ICL lesion in a DNA
duplex

Published as

McManus FP, O'Flaherty DK, Noronha AM, Wilds CJ.

Org Biomol Chem 10(2012) 70787090.
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Abstract

DNA duplexes containing directly opposed*dT-alkyleneO*dT interstrand crosénk

have been prepared by tlsgnthesisof crosslinked nuckoside dimers which were
converted to phosphoramidites to produce site specific ICL. ICL duplexes containing
alkyl chains of four and seven methylene groups were prepared and characterized by
mass spectrometry and nuclease digests. Thermal denaturatesmexys revealed four

and seven methylene containing ICL increasedTthef the duplex with respect to the

non crosdinked control with an observed decrease in enthalpy based on thermodynamic
analysis of the denaturation curve3D experiments on the IC duplexes indicated
minimal difference fronthe standard-form DNA structure. These ICL were used for
DNA repair studies witthAGT, Ada-C and OGT whose purpose is to remo@&-alkyl

dG and in some casd&®*-alkyl dT lesions.lt has been previously showthat hAGT can
repair 0°dG-alkylene0°dG ICL. The O*dT-alkyleneO*dT ICL prepared in this study
were found to evade repair BAGT, OGT and AdaC. EMSA results indicated that the
absence of any repdiy hAGT was not a result of bindin@GT was the only AG to

show activity h the repair obligonucleotides containing the meadductsO*-butyl-4-ol

dT andO*heptyt7-ol dT. Binding experiments conducted with hRAGT demonstrated that
the protein boun®®alkyl dT lesionswith similar affinities asO®-MedG, which hAGT
repairs efficiently, suggestirthe lack ofO*alkyl dT repair by hAGT $ not a function of

substrateecognition.
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3.1 Introduction

Interference by ICLs of critical cell events involving DNA unwinding is exploited
in cancer chemotherapy regimens eoyplg bisalkylating agent$35,36,42) The
potency of these agents may be diminished by the ability of cancer cafgiothe very
lesions they induce. Numerous DNA repair pathways inclufi®y BER, NER HR,

NHEJ and MMR remove various DNA lesion®,9,78,207) Some pathways, such as
NER, are complex with broad substrate specificities whetieast repair by AGT, which
involves one protein hasa narrow range of damage thatrepairs ICL damageis
challengingto repairas informatiom on both DNA strands is affected. Removal of the
ICL on one strand of DNA leaves behind damage on the opposing strand, complicating
error-free repair from atemplate strand. Repair pathways such as NER, HR and
translesionDNA synthesis (TLShave all beenmplicated inICL repair in mammalian

cells, however, there is an increasing realization that ICL processing may depend on the
nature of thelesion making it challenging to generalize how specific ICLs are
repaired(7,208209)

An approach pursued by a number of groups to enhance our understanding of these
processes involves the preparation of IBNA substrates by solution and soeptiase
synthesis for repair studi¢é2) A number of elegant examples have been reported
including the preparation ohumerousphosphoramidites of nucleosides and other
molecules to introduce  sHspecific lesions in  DNA for various
experiment$176180210211,212) Repair and binding experiments can be conducted by

incorporating the oligonucleotides containing lesions into specific plag2ids.
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Due to the instability of certain ICL formed in DNA as a conseqgaeof DNA
treatment with bifunctional alkylating agents it is at times necessary to modify the
structure of thdCL by producing a mimicsimilar in structure but exhibitg improved
stability to enable biophysical and repair studies. For example, thé alkamate
hepsulfam and the nitrogen mustard mechlorethamine both form similar ICL between
two N7 atoms ofiG in DNA containing a 5GNC(60,61,75) Alkylation at the N7 atom
of dG destabilizes the nucleoside. For example, the-ltialfof the mechlorethamine
induced ICL is on the order of hours which can limit experiments that may be
conductedB3) Our labrecently reported therepaation of a chemically stabl€©®dG-
alkyleneO®dG ICL via a versatilesyntheic strategy that enaldéntroduction of an alkyl
lesion of any desired length and orientat{p84) Repair studies of th©°dG-alkylene
0°dG ICL with AGT proteins were conducted. AGT proteins, which are found in all
kingdoms of life,are responsiblpredominantly for the repair @°-MedG lesions which
are renowned to cause pbmutations by disrupting normal Wat$&rick base pairing
proving that this protein is integral in maintaining genomic intedti8@ hAGT, the
most thoroughly characterized AGT protein, repairs alkylatedADdy flipping the
damagednucleotideout of the helix and into its active site where the alkyl group is
transferred from the point of lesion to the active sitgs @45 residugl55 Once
alkylated, thigroteinis degraded by the ubiquitin pathwgyn4)

It was found thahAGT can remove a®°dG-alkyleneO®dG ICL in mismatched
(146 a n d-GNECasequence motif DNA, the latteesigned to mimic the lesion formed
by hepsulfan{214 We reported that hAGT reduces hepsulfam cytotoxicity in

experiments with CHO cells, suggesting that this drug may fofdG-alkyleneO%dG
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ICL given that hAGT repaironly OP-alkyl dG. Interestingly, nither AGT homologies
from E. coli (Ada-C or OGT) werecapableof repairing these ICL.

DNA mismatches can arise from heteroduplexes formed during homologous
recombination, errors in DNA replication, deamination and base damage by alkylating
agentg215216217,218 The exocyclic atoms of mispaired nucleobases are more
susceptible to alkylation as a result of altered hydrogen bonding patterns that expose
these atoms to the external environment, as observed by the enhanced reactivity of
mispaireddT residues to osmiuntetroxide(219 Moreover, formation of mutagenic
alkylated nucleobases, such@5MedT, can cause mispairs when encountered by DNA
polymerases to form, for example, @MedT:dG mismatch4)

Formation of pyrimidine-pyrimidine ICL introduced by bifunctional alkylating
agents have been reported. DNA containing mispanl€d residuestreated with
mechlorethaminénave been shown to form ICL linkin3 atoms(220 This recent
discovery of ICL formation involving two rapaired pyrimidines is unique and
unprecedented. Not much is known about the properties of these ICL because of their
recent appearance and is an area of research that rdqctines investigation

Based on a straightforward synthetic methodology andhiservation that directly
opposed0®dG-alkyleneO°dG ICL could be repaired by hAGT, we set out to prepare
O*dT-alkyleneO*dT ICL in a directly opposed niib as well as their respective mono
adducts Figure 3.1) by adapting methods described by Swann's group requiring the
preparation of convertible nucleosid@2() These ICL were prepared by septiase

oligonucleotide synthesis and the influence of various alkyl linker lengths on duplex
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stability and structure as Weas recognition and repair by AGTs from human &ndoli

were explored.

(A)

.4
Ag_/

55
OOA—4A—AP> OO0
|
0OPPPTAA—4—00

OM
/—g
)2

o

Own
w

(D)
o) XLTT4 or )
o XLTT7 5 GGC TXG ATC ACC AG
T4 orT7

Figure 3.1: Structures of &) O*dT-alkyleneO*dT interstrand crosénk, (B) duplex
where TT is the ICL, €) O*alkyl dT monoadducts andd) DNA sequence where X
contains the monoadduct.

The formation ofO*-MedT in DNA is highly mutageniadue to the preferential
incorporation ofdG opposite tis alkylated nucleotide during replication by DNA
polymerases as indicated previousl#) O*-MedT is a minor alkylation product with
respect to its mutageni®®-MedG counterpartDNA treated withMNU produces 126
times more0®-MedG thanO*-MedT.(24) Though found in relatively low abundance this
lesion is important as ihas beenobserved in the DNA of smokerand is partly
responsible for the adverse effects of tobg&e.

In mammalian cellsP*MedT is more toxic thar0®-MedG both in normal and
repair deficient system@9,30) Unlike O°-MedG, O*MedT is not affected by the
expressioror suppression of hAGT activity nor BWMR explaining its added toxicity.
NER deficient cells exhibitncreasedsensitivity toO*-MedT indicating that this lesion is
possibly repairedia the NER pathway in mammalian ce(&l) E. coli has evolved two

proteinsfrom the direct repair pathwatp eliminateO*MedT lesions, OGT and th€-
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terminal of the adaptive response protein Ada, highlighting the importance of repairing
this lesionin vivo, underscoringn intgesting difference in substrate preference between

the human ané. coliproteins(32,33,34,123

3.2 Experimental

3.21 Materials

5 -®-Dimethoxytritykthymiding  -@-dmethoxytrityt2 -@eoxyribonucleosid® 6
O-(b-cyanoethyiN,N&-diisopropyl) phosphoramidites and N,N-
diisopropylaminocyanoethylphosphonamidic chloride were purchased @oemGenes
Inc. (Wi | mi ngt on,-O-Dinhvthgxytrityl-2 ®léoxyribonucleosid8 -®-(b-
cyanoethyiN,N&diisopropyl)phosphoramidites and protect@dd@leoxyribonucleoside
CPG supports were purchased from Glen Research (Sterling, Virginia). All other
chemicat 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 (280 mesh) obtained from
Silicycle (Quebec City, QC)TLC was performedising precoated TLC plates (Merck,
Kieselgel 60 Es4, 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 wereecorded at a frequency of 500Hz ard chemical
shifts were reported in parts per million downfield from tetramethylsil&i@.NMR
spectra {H decoupled) were recorded at a frequency of 125.7 MHz with
tetramethylsilane as a referené® NMR spectra’d decoupled) were recorded at a

frequercy of 202.3 MHz with HPO, used as an external standadigh resolution mass
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spectrometry of modified nucleosides were obtained using a LTQ OrbitrapVEIDBB
(Thermo Scientific) at the Concordia University Centre for Biological Applications of
Mass Spetometry. The mass spectrometer was operated in full scan, positive ion
detection mode. Ampicillin|PTG, and most other biochemical reagents as well as
polyacrylamide gel materials were purchased from Bioshop Canada Inc (Burlington,
ON). Ni-NTA Superflow Resin was purchased from Qiagen (Mississauga, ON).
Complete, Mini, EDTAfree Protease Inhibitor Cocktail Tablets were obtained from
Roche (Laval, QC) Xt10 Gold and B21(DE3) E. coli cells were obtained from
Stratagene (Cedar Creek, TX)pnl, T4 PNK, Unstained Protein Molecular Weight
Marker and restriction enzymeBcoRI and Kpnl were obtained from Fermentas
(Bur |l i ngt-BRIATP @bl purchaged from Amersham Canada Ltd. (Oakville,
ON). Phusion Polymerase was obtained from New England Biolabs (IpsviAgh DNA
primers for site directed mutagenesis and cloning were purchased from Biocorp
(Montreal, QC). Oligonucleotides containi@j-MedT required for repair studieserea
kind gift from TriLink Biotechnologies (San Diego, CA).
3.2.2 Solution synthesis ofsmall molecules
3 - (t-butyldimethylsilyl) -5 ®-( 4 ;dighéthoxytrityl) -O*-(hydroxybutyl) -thymidine
(1a)

1,4-butanediol (1.60 g, 17.8 mmol) was dissolved in THF (15 mL). Sodium metal
(2.35 g, 102 mmol) was added. After 5 h, the salt was extracted to beliaeheused in
the subsequent reaction3 -®-(t-butyldimethylsilyl}5 -®-( 4 -dithéthoxytrityl}C4-
(1,2,4triazol1-yl)-thymidine (preperad as described #21) (2.5 g, 3.52 mmol) was

dissolved in dioxane (10nL). Sodium 4hydroxybutarl-olate was added dropwise.
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After 15 h, the solvent was evaporated in vacuo, the crude product was takeD@id in

(50 mL) and the solution was washed with two portions of sodium bicarbonate (2 x 50
mL). The organic layer was @d over sodiunsulphateand concentrated to produce a
yellow gum. The crude product was purified by flash column chromatography using a
hexanes : ethyl acetate solvent system (2 : 3) to afford 2.05 g (79.8 %) of product as a
colorless foam.

R (SIO; TLC): 024 hexanes : e toleh=28Zrent'HNMR (2
(500 MHz, CDC4, ppm): 7.98 (s, 1H, H6), 7.3D.45 (m, 10H, Ar), 6.8%.88 (m, 3H,
Ar), 6.36 (dOHz)1,H,4 . H5®D,(md, =1H, H3HRM 4. 47
1H, H406), OBH)B3Y5(,8H,CHH H, 3. 56 (dd, 1H, §H508) ,
2.56 (M, 1H, R 2.27 (m, 1H, B &, 1.90 M, 2H, CH), 1.74 (M, 2H, CH), 1.64 (s,
1H, OH), 1.57 (s, 3H, ArCh), 0.87 (s, 9H, SiC(Chs), 0.08 (s, 6H, Si(CH>). *C NMR
(125.7 MHz, CDd, ppm): 170.4, 158.7, 156.0 144.4, 139.5, 135.53, 135.51, 130.11,
130.10, 128.2, 127.9, 127.1, 113.24, 113.21, 104.6, 86.7, 86.5, 86.3, 71.0, 67.1, 62.4,
62.2, 42.2, 29.1, 25.7, 25.1, 17.9, 11462,-4.94.1 R ( t h i (ch i £ 3414, 3
3061, 2953, 1669, 1509, 1252, 1178, 1109, 1035,835, AGMS (ESIMS) m/z
calculated for GiHs4N>0gSiNa’ 753.3546: found 753.3555 [M+Na]

3 -®-(t-butyldimethylsilyl) -5 ®-( 4 ;diséthoxytrityl) -O*-(hydroxyheptyl)-
thymidine (1b)

1,7-heptanediol (1.7 g, 11.35 mmol) was dissolved in THF (10 mL). Sodium metal
(1.7 g, 65.2 mmol) was added. After 5 h, the salt was extracted to be immediately used in
t he s ub s e g u e RC-(t-butyldiraethylsily5-®-( 4 Idahéthoxytrity)-C4-

(1,2,4triazol1-yl)-thymidine (1.7 g, 1.13 mmol) was dissolved in dioxane (5 (BR))
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Sodium Zhydroxyheptaril-olate was added dropwise. After 15 h, the crude product was
taken up in ethyl acetate (50Ljnand the solution was washed with two portions of
sodium bicarbonate (2 x 50 mL). The organic layer was dried over sailjginateand
concentrated to produce a yellow gum. The crude product was purified by flash column
chromatography using a hexanes thyé acetate solvent system (6 : 4). Further
purification of the product was achieved by flash column chromatography usigila
DCM(1 : 9 Y 3 : 25) solvent system to affor
foam.

R(SIOTLC): 0.43 hexanes mxanst282ym'HaAMRt at e (
(500 MHz, CDC4, ppm): 7.96 (s, 1H, H6), 7.2B.34 (m, 10H, Ar), 6.86.88 (m, 3H,
Ar), 6.37 (dd, 1H, H16, J = 5.7.)H8)Mm 4.53
1H, H406), 3.38B69(ms2H, GBIH) OCH 56 (dd, 1H, H5606
H 5 2.55 (m, 1H, 2 ) 2.25 (m, 1H, &), 1.80 (m, 2H, Ck), 1.63 (m, 2H, CHh),
1.57 (s, 3H, CHAr), 1.47 (m, 6H, (CH)s), 0.89 (s, 9H, SiC(Chs), 0.08 (s, 6H,
Si(CHs)2). °C NMR (125.7 MHz, CDG, ppm): 170.5, 158.7, 156.0 144.4, 139.4,
135.56, 135.55, 130.12, 130.10, 128.2, 127.9, 127.1, 113.24, 113.21, 104.6, 86.7, 86.5,
86.3, 711, 67.3, 62.9, 62.4, 55.3, 42.2, 32.7, 29.8, 29.0, 28.4, 25.8, 25.7, 25.6, 17.9, 11.8,
4.62,-4. 94 . | R faf (¢m In= 3420,1306D, ;293& 1668, 1509, 1252, 1177,
1109, 1035, 834, 78 HRMS (ESHMS) m/z calculated for G4HegoN-OgSiNa" 795.4017:

found 795.4017 [M+N4]
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1-{O*[ 3@B(t-butyldimethylsilyl) -5 ®-( 4 ;diméthoxytrityl) -thymidinyl J}-4-{O*
[ 3GB(t-butyldimethylsilyl) -5 ®-( 4 ;dithéthoxytrityl) -thymidinyl ]}-butane (2a)

la (0.154 g, 0 . 2 0 SOrtrhutyidimethylsilyl}d ®©-( 36 4 6
dimethoxytrityl}C4-(1,2,4triazok1-yl)-thymidine (0.117 g, 0.164 mmol) was dissolved
in pyridine (3 mL). 1,8Diazabicyclounde@-ene DBU) (0.062 g, 0.410 mmol) was
added dropwise. After 3 days, the crude product was taken up in ethyl acetate (100 mL)
and he solution was washed with four portions of sodium bicarbonate (4 x 50 mL). The
organic layer was dried over sodiwsulphateand concentrated to produce a yellow gum.
The crude product was purified by flash column chromatography using a hexanes : ethyl
actate (1 1 Y2 : 3) solvent system to af
foam.

R(SIO;TLC): 0.22 hexanes mxansE82ynm HAMRLt at e (
(500 MHz, CDC4, ppm): 7.96 (s, 2H, H6), 7.3D.46 (m, 20H, Ar), 6.86.88 (m, &1,
Ar), 6.37 (ddHz)1,H,4 H5D,(nd, =2, )7H®BGM, 2H, 4. 47
H46), 3.843(s,3.1527H,( dRIGH 2H, ®H506)2, 5ZYF I, ( @H
2.26 (m, 2H, &), 1.93 (m, 4H, Ch), 1.57 (s, 6H, ArCH), 0.87 (s, 18H, SiG%Hs)s),
0.07 (s, 12H, Si(Ch),). *C NMR (125.7 MHz, CDGJ, ppm): 170.4, 158.7, 155.9 144.4,
139.6, 135.51, 135.50, 130.11, 130.10, 128.2, 127.9, 127.1, 113.24, 113.21, 104.5, 86.7,
86.5, 86.3, 71.1, 66.6, 62.4, 55.2, 42.2, 25.7, 25.3, 17.9,-8162,-4.94. IR (thin film);
3max (cm' § = 3057, 2954, 1671, 1608, 1509, 1463, 1329, 1252, 1178, 1035, 835, 736.
HRMS (ESIMS) m/z calculated for @HgegN4O14SibNa” 1393.6515: found 1393.6526

[M+Na]”
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1-{O*[ 3CB(t-butyldimethylsilyl) -5 ®©-( 4 ;dithéthoxytrityl) -thymidinyl ]}-7-{O*
[ 3GB(t-butyldimethylsilyl) -5 ®-( 4 ;dithéthoxytrityl) -thymidinyl ]}-heptane (2b)

b (0.500 g, 0 . 6 4 7-O-(t-butylimethylsilg)b @-( 43 &4 6
dimethoxytrityl}C4-(1,2,4triazok1-yl)-thymidine (0.368 g, 0.518 mmol) was dissolved
in pyridine (10 mL). DBU (0.197 g, 1.29 mmol) was added dropwise. After 4.5 days, the
crude product was taken up in ethyl acetate (150 mL) and the solution was washed with
four portions of sodium bicarbonate (4 x 50 mL). The organic layer was dried over
sadium sulphateand concentrated to produce a yellow gum. The crude product was
purified by flash column chromatography using@N : DCM ( 1 9 Y 3 25)
system to afford 0.358 g (39.5 %) of product as a colorless foam.

R (SiO; TLC): 0.49 hexanes et hy |l a Cofxfac £ 282 in2'H NMR3 ) . @&
(500 MHz, CDC4, ppm): 7.99 (s, 2H, H6), 7.3B49 (m, 20H, Ar), 6.8%.91 (m, 6H,
Ar), 6.40 (ddHz2H, 4H5d&, (dd>s 28, ,)HIDMN, 4. 44
2H, H406), 3.968 §&,(d®RH,2HWCHH5®), 2.88 (ddd,
H2 ) 2.26 (m, 2H, &), 1.81 (m, 4H, Ch), 1.59 (s, 6H, CEAr), 1.48 (m, 6H, (Ch)s),
0.88 (s, 18H, SiC(Chs), 0.07 (s, 12H, Si(Ch)). *C NMR (125.7 MHz, CDG, ppm):
170.5, 158.7, 156.0 144.4, 189.135.5, 130.13, 130.11, 128.2, 127.9, 127.1, 113.24,
113.21, 104.6, 86.7, 86.5, 86.3, 71.1, 67.3, 62.4, 55.3, 42.2, 29.0, 28.5, 25.9, 25.7, 17.9,
11.8,-4.61,-4.94. 1R (thin f i | mu) (cm B= 3058, 2952, 1671, 1533, 1508, 1327,
1252, 1177, 1035, 834HRMS (ESHMS) m/z calculated for GH;0dN4O14SibNa’

1435.6985: found 1435.7037 [M+Na]
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1-{O*[ 508B( 4 ;ditmeéthoxytrityl) -thymidinyl ]}-4-{O*[ 5CB( 4 -dithéthoxytrityl) -
thymidinyl]}-butane (3a)

2a (0.658 g, 0.485 mmol) was dissolved in THF (4.8 mL). TBAF (1M in THF)
(2.97 mL, 1.97 mmol) was added dropwise. After 30 min, the crude product was taken up
in ethyl acetate (50 mL) and the solution was washed with two portions afnsodi
bicarbonate (2 x 50 mL). The organic layer was dried over sodiuiphateand
concentrated to produce a yellow gum. The crude product was purified by flash column
chromatography using a methanol : hexaneg :h y | acetate (1 5
system to afford 0.514 g (93.0 %) of product as a colorless foam.

R@ESIGTLC) @ 0.21 methanol : hegypayre8 : et h
nm.*H NMR (500 MHz, CDC}, ppm): 7.78 (s, 2H, H6), 7.2B37 (m, 20H, Ar), 6.78
6.81 (m, 6H, Ar), 06z34 @4d&2 2k, BHO,), HBO¥,6 6
4. 05 (m, 2H, H4063, 3.28 (dd, 12H, ®BEH)2,. 53B.
(m, 2H, 2 ) 2.25 (m, 2H, &), 2.11 (s, 2H, OH),1.85 (MH, CH), 1.56 (s, 6H,
ArCHs). *C NMR (125.7 MHz, CDG, ppm): 170.4, 158.7, 158.6, 144.5,139.8, 135.6,
135.5, 130.1, 130.1, 128.1, 128.0, 127.0, 113.3, 105.0, 86.8, 86.5, 86.3, 66.8, 63.5, 60.4,
55.2 42.2, 25.2, 21.1, 14.2, 1117R  ( t h i 4a (ci ij £ 8853, 3057, 2953, 1661,
1509, 1431, 1329, 1251, 1177, 1095, 1035, 829, HBBIS (EStMS) m/zcalculated for
CeeH7o0N4O14Na" 1165.4786: found 1165.4806 [M+Na]
1-{O*[ 50B( 4 ;diteéthoxytrityl) -thymidinyl ]}-7-{O*[ 5C8( 4 -dithéthoxytrityl) -
thymidinyl [} -heptane (3b)

2b (0.357 g, 0.263 mmol) was dissolved in THF (2 mL). TBAF (1M in THF) (0.63

mL, 0.63 mmol) was added dropwise. After 25 min, the crude product was taken up in
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ethyl acetate (50 mL) and the solution was washed titee portions of sodium
bicarbonate (3 x 50 mL). The organic layer was dried over sodiulphateand
concentrated to produce a yellow gum. The crude product was purified by flash column
chromatography using a methanol : hexanes : ethyl acetate 4 :5¥ 1 : 4 : 5)
system to afford 0.256 g (82.0 %) of product as a colorless foam.

R@ESIGTLC): 0.22 met hanol : hg@pxyRA28nm et hy
'H NMR (500 MHz, CDC4, ppm): 7.77 (s, 2H, H6), 7.4B37 (m, 20H, Ar), 6.7%.80
(m, 6H, Ar), 6.34z()dd.,4.5H, (HMYEIMKEAH EHRIOD) ., 5 4.
4.05 (m, 2H, H406y), 3.728 (dd, 12H, ®P6H)2,. 5B.
(m, 2H, 2 % 2.25 (m, 2H, &), 1.701.74 (m, 4H, CH), 1.56 (s, 6H, ArCh), 1.39-
1.41 (m, 6H, CH). *C NMR (125.7 MHz, CDG, ppm): 170.6, 158.7, 156.2, 144.5,
139.5, 135.6, 135.5, 130.1, 128.1, 128.0, 127.1, 113.3, 105.0, 86.8, 86.4, 86.1, 71.9, 67.4,
63.4, 55.3, 42.1, 28.5, 25.8, 1118R  ( t h i ma (cifl i} ¥ 3850, 3058, 2932, 1654,
1532, 1508, 1458, 1328, 1251, 1177, 1035, 829, HBBAS (ESHMS) m/zcalculated for
CooH76N4014Na" 1207.5255: found 1207.5270 [M+Na]
1-{O*[ 30B(b-cyanoethytN,Nédiisopropyl)-5 @-( 4 -dithéthoxytrityl)-
thymidinyl ]}-4-{O%[ 3QB(b-cyanoethytN,N&diisopropyl)-5 ®-( 4 ; 4 6
dimethoxytrityl) -thymidinyl ]}-butane (4a)

3a (0.200 g, 0.175 mmol) anBIPEA (0.068 g, 0.525 mmol) were dissolved in
THF (2 mL), followed by N,N-diisopropylaminocyanoethylphosphonamidchloride
(0.104 g, 0.438 mmol) and the reaction was allowed to stir at room temperature for 30
min. Upon completion, the reaction was quenched by the addition of ethyl acetate (50

mL), and the solution was washed with sodium bicarbonate (3%, 2 x 2&mdLbrine
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(25 mL). The organic layer was dried over sodisatphate decanted, and evaporated.
The product, a colorless powder, was precipitated from hexanes (0.152 g, 56.2 %).

R (SIO, TLC): 0.12, 0.18, 0.27 ethyl aceta@axacn) = 282 nm.*H NMR (500
MHz, ds-acetone, ppm): 7.83.91 (s, 2H, H6), 7.47.50 (m, 4H, Ar), 7.247.39 (m, 14H,
Ar), 6.87-6.91 (m, 8H,Ar), 6.2% . 34 (m, 2H,7H10Mm, 2H7O0H3O),
CHp), 4174 . 24 ( m, 2-8.89 (] 2@H)CHOR OGHJ, 3.343.51 (m, 4H,
H5,6 B,52674 (t, 2H. CHCN), 2.522.63 (m, 4H, B &H.CN), 2.342.41 (m, 2H,
H2 @, 1.891.91 (m, 4H, (CH),), 1.5%1.60 (m, 6H, ArCH) 1.151.20 (m, 18H, Ch),
1.07-1.08 (m, 6H, CH). *'P NMR (202.3 MHz, gtacetone, pm): 148.28, 148.07-°C
NMR (125.7 MHz,ds-acetoneppm): 170.0, 158.9, 158.8, 154.7, 144.97, 145.95, 140.03,
139.97, 135.7, 135.63, 135.60, 135.56, 130.17, 130.15, 128.2, 128.1, 127.87, 127.86,
126.91, 126.88, 118.1, 117.9, 113.1, 103.5, 103.4, 86.641,865.99, 85.9, 85.5, 85.3,
85.2, 73.6, 73.5, 73.1, 73.0, 66.2, 63.2, 63.0, 58.70, 58.69, 54.70, 54.68, 43.1, 43.0, 40.4,
40.3, 29.4, 25.1, 24.05, 24.03, 23.99, 23.93, 19.9, 19.8, 11.18, L1R7. ( t hig f i | m)
(cm' § = 3031, 2966, 1672, 1534, 1509162, 1329, 1251, 1179, 1035RMS (ESIMS)
m/zcalculated for g4H10NgO16P.Na" 1565.6943: found 1565.6854 [M+Na]
1-{O*[ 3@ (b-cyanoethy+N,Nédiisopropyl)-5 ®-( 45 4 6
dimethoxytrityl) thymidinyl J}-7-{O*[ 3@ (b-cyanoethy+N,Nédiisopropyl)-5 -@©-
(4 ;diméthoxytrityl) -thymidinyl ]}-heptane (4b)

3b (0.170 g, 0.143 mmol) anBIPEA (0.056 g, 0.430 mmol) were dissolved in
THF (2 mL), followed by N,N-diisopropylaminocyanoethylphosphonamidic chloride
(0.085 g, 0.359 mmol) and the reaction was allowed to stioah temperature for 30

min. Upon completion, the reaction was quenched by the addition of ethyl acetate (50
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mL), and the solution was washed with sodium bicarbonate (3%, 2 x 25 mL) and brine
(25 mL). The organic layer was dried over sodisatphate decated, and evaporated.
The product, a colorless powder, was precipitated from hexanes (0.146 g, 64.3 %).
R(SIO;TLC): 0.31, 0. 46mpaachh=882nme'dH NMR (50acet at
MHz, ds-acetone, ppm): 7.88.92 (s, 2H, H6), 7.48.51 (m, 4H, Ar), 7.3-7.40 (m, 14H,
Ar), 6.87-6.93 (m, 8H, Ar), 6.3 . 35 (m, 2-W, 7616, 2-WF20 H3d),
(m,4H,CH),4.184 . 24 ( m, 2-391 (nK20H,)CHOP30CH)03.393.52 (m,
4H, ,HP®IB( 2HCH,CN), 2.532.64 (m, 4H, 12 €H,CN), 237-2.42 (m, 2H,
H28), 1.741.78 (m, 4H, (CH)),), 1.581.61 (m, 6H, ArCH) 1.441.49 (m, 6H, (Ch)s),
1.181.21 (m, 18H, Ch), 1.091.11 (m, 6H, CH). **P NMR (202.3 MHz, g-acetone,
ppm): 148.28, 148.07°C NMR (125.7 MHz ds-acetone ppm): 170.09, 1708158.88,
158.86, 154.7, 145.0, 140.0, 139.9, 135.7, 135.63, 135.61, 135.57, 130.2, 130.1, 128.2,
128.1, 127.9, 127.8, 126.89, 126.86, 118.1, 117.9, 113.1, 103.5, 103.4, 86.62, 86.59, 86.0,
85.9, 85.5, 85.3, 85.2, 73.6, 73.5, 73.1, 73.0, 66.6, 63.2, B3.D, 58.5, 54.68, 54.66,
43.1, 43.0, 40.4, 40.3, 29.4, 25.7, 24.04, 24.02, 23.97, 23.96, 23.9, 19.94, 19.89, 19.83,
19.77, 13.6, 11.17, 11.16.R  ( t h i \ax (ciij E BOBZ, 2966, 1672, 1510, 1463,
1329, 1252, 1179, 10364RMS (ESIMS) m/z calculated for @H110NgO16PoNa"
1607.7412: found 1607.7285 [M+Na]
3 -®-(t-butyldimethylsilyl) -5 -@-( 4 -diteéthoxytrityl) -O*(phenoxyacetyloxybutyl)
thymidine (5a)
1a(0.300 g, 0.410 mmol) was dissolved in THF (1.2 mL). Triethylamine (0.145 g,
1.43 mmol) followed by phenoxyacetyl chloride (0.122 g, 0.715 mmol) was added

dropwise. The reaction was set in an ice bath for 25 min. After 1.5 h, the crudetprodu
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was taken up in ethyl acetate (50 mL) and the solution was washed with three portions of
sodium bicarbonate (3 x 50 mL). The organic layer was dried over sailjginateand
concentrated to produce a yellow gum. The crude product was purified by dlasimnc
chromatography using a hexanes : ethyl acetate (3 : 7) solvent system to afford 0.266 g
(75.1 %) of product as a colorless foam.

R(SIO;TLC): 0.39 hexanes nxaneERBym HAMR't at e
(500 MHz, CDC4, ppm): 7.98 (s, 1H, H6)7.26:7.50 (m, 13H, Ar), 6.85.09 (m, 5H,
Ar), 6.37 (d®OHz), 260, 2HIRhOCEIO)s 64.53 (m, 1H,
(m, 2H, ArOCH), 4.30 (t, 2H,COCH , 4. 01 (m, 1H, H¥3I58(d 3. 814
1H, H50), 3®31 (2d &R HRB,(Mm 1B, 1.84 (m, 4H, Ch),

1.57 (s, 3H, ArCH), 0.87 (s, 9H, SiC(Ch)s), 0.08 (s, 6H, Si(Ch),). *C NMR (125.7
MHz, CDCk, ppm): 170.3, 169.0, 158.7, 157.8, 155.6, 144.4, 139.7, 135.52, 135.50,
130.11, 130.09, 129.6, 128.2, 127.9, 12721.8, 114.6, 113.24, 113.21, 104.4, 86.7,
86.5, 86.3, 71.1, 66.5, 65.3, 64.8, 62.4, 55.2, 42.2, 25.7, 25.3, 25.1, 17.94860P /;
4.94. | R fax(c'i)n3061j 2954,)1760,4672, 1532, 1509, 1497, 1252, 1178,
835, 783.HRMS (ESHMS) m/z calculated for GoHeoN2O10SiNa™ 887.3914: found
887.3921[M+Na]

3 -®-(t-butyldimethylsilyl) -5 @-( 4 -dithéthoxytrityl) -O*-(phenoxyacetyloxy
heptyl)-thymidine (5b)

1b (0.527 g, 0.682 mmol) was dissolved in THF (0.5 mL). Triethylamine (0.110 g,
1.09 mmol) vas added followed by cooling of the reaction in an ice bath for 10 min.
Phenoxyacetyl chloride (0.175 g, 1.02 mmol) was added dropwise. After 1.5 h, the

solvent was evaporated in vacuo, the crude product was takenD{gMn(50 mL) and
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the solution was w&ed with two portions of sodium bicarbonate (2 x 50 mL). The
organic layer was dried over sodisulphateand concentrated to produce a yellow gum.
The crude product was purified by flash column chromatography using a hexanes : ethyl
acet at e ()4olvent systei toafford 0.1 g (79.4 %) of product as a colorless
foam.

R(SIO;TLC): 0.49 hexanes mxansRIBym' HAMRt at e (
(500 MHz, CDC4, ppm): 8.00 (s, 1H, H6), 7.45 (dd, 2H, Ar), =284 (m, 9H, Ar),
6.857.04 (m,7H Ar), 6.37 (dd, 1H, H106,C0J)45% 6.0
(dd, 1H, H308), )M42%U2H(GHOCOH, ArO®ZH(m, 1H, H
6H,OCH) , 3.58 (dd, 1H, OHB5 m, IH3RB D26 (nddH, 1H,
H28), 1.77 Quintet, 2H, CH), 1.71 Quintet 2H, CH), 1.58 (s, 3H, ChAr), 1.37:1.46
(m, 6H, (CH)3), 0.88 (s, 9H, SiC(Ch)s), 0.07 (s, 6H, Si(CH)». **C NMR (125.7 MHz,

CDCl3;, ppm): 170.5, 169.1, 158.7, 157.8, 156.0, 144.4, 139.4, 135.5, 130.11, 130.09,
129.5, 128.2, 27.9, 127.1, 121.7, 114.6, 113.23, 113.21, 104.5, 86.7, 86.5, 86.3, 71.1,
67.2, 65.4, 65.3, 62.4, 55.2, 42.2, 28.8, 28.5, 28.4, 25.8, 25.71, 25.69, 17.94.62.8,
4.95. | R fat(chiym 3062, 2988) 176031675, 1510, 1464, 154, 1065, 832,
734.HRMS (ESHMS) m/z calculated for gHseN2O10SiNa” 929.4382: found 929.4384
[M+Na]*

5 &-( 4 ;dithéthoxytrityl) -O*-(phenoxyacetyloxybutylythymidine (6a)

5a (0.200 g, 0.231 mmol) was dissolved in THF (2.4 mL). TBAF (1M in THF)
(0.277 mL, 0.277 mmol) veadded dropwise. After 15 min, the crude product was taken
up in ethyl acetate (50 mL) and the solution was washed with two portions of sodium

bicarbonate (2 x 50 mL). The organic layer was dried over sodiuiphateand
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concentrated to produce a yellowng. The crude product was purified by flash column
chromatography using a methanol : hexanes : ethyl acetate (2 : 11 : 7) solvent system to
afford 0.164 g (94.1 %) of product as a colorless foam.

R (SiO; TLC): 0.29 methanol : hexane : ethyl acetate {2 : 7).8maxnacn) = 276
nm.*H NMR (500 MHz, CDC}, ppm): 7.79 (s, 1H, H6), 7.4B37 (m, 13H, Ar), 6.79
6.96 (m, 5H, Ar), Bz),28l (s 2HIPhOCK@D), 430 (Mo 1H, J = 6
H36), 4.36 ()M4.23 &H, CACHOCH. 05 (m, (sHH, H46) ,
OCH) , 3.47 (dd, 1H, 925d(n,1H 32 PRE3 (h,dH, BHLH, H5
1.751.78 (m, 4H, CH), 2.04 (s, 1H, OH), 1.55 (s, 3H, ArGH'C NMR (125.7 MHz,
CDCl3, ppm): 170.4, 169.0, 158.7, 158.6, 157.8, 156.1, 144.5, 139.9, 13%4&, 13
130.08, 130.07, 129.6, 128.1, 128.0, 127.0, 121.8, 114.6, 113.3, 104.9, 86.8, 86.5, 86.4,
72.0, 66.7, 65.3, 64.8, 63.5, 55.2, 42.2, 25.3, 25.1, 11R. (t hi mx (CchiJEmM) ; 3
3342, 3061, 2956, 1758, 1663, 1533, 1509, 1251, 1177, 109CHRBAES (ESHMS) m/z
calculated for GgH4eN2010Na" 773.3049: found 773.3055 [M+Na]
5 -&-( 4 sdithéthoxytrityl) -O*(phenoxyacetyloxyheptyl)thymidine (6b)

5b (0.491g, 0.541 mmol) was dissolved in THF (4.5 mL). TBAF (1M in THF)
(0.65 mL, 0.65 mmol) was added dropwise. After 25 min, the solvent was evaporated in
vacuo, the crude product was taken upi@M (50 mL) and the solution was washed
with two portions of sodion bicarbonate (2 x 50 mL). The organic layer was dried over
sodium sulphateand concentrated to produce a yellow gum. The crude product was
purified by flash column chromatography using a methanol : hexatleygl acetate (0 : 1

1Yy 1 : 19 : 30) solvent system to affor

foam.
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Bmax(AcN) = 276 nm.*H NMR (500 MHz, CDC4, ppm): 8.00 (s, 1H, H6), 7.2B.40
(m, 2H, Ar), 7.187.27 (m, 9H, Ar), 6.946.97 (m, 1H, Ar), 6.8%6.88 (m, 2H, Ar), 6.79
6.81 (m, 4H, Ar), 6.37 (dd, 100),43{1H, J = 6
H36), 4.34 4 %18 (22, CHRCOXCH 4. 07 (m, 1H, H406
OCH;) , 3.47 (dd, 1H, 0)8560 m, 1H31293 B33 (s,d1eh,,OHL H, H5
2.25 (m, 1H, &, 1.72 (quintet, 2H, C}, 1.64 (quintet, 2H, C§J, 1.56 (s, 3H,
CHsAr), 1.331.37 (m, 6H, (CH)s). **C NMR (125.7 MHz, CDGJ, ppm): 170.6, 169.1,
158.6, 157.8, 156.3, 144.5, 139.7, 135.6, 135.5, 130.09, 130.05, 128.1, 127.9,
127.0, 121.7, 114.6, 113.2, 105.0, 86.8, 86.5, 86.3, 72.0, 67.3, 65.4, 65.3, 63.5, 55.2, 42.2,
28.8, 28.5, 28.4, 25 ..8(m 25334, 306D,1293%, 1757, R (t I
1663, 1532, 1509, 1251, 1177, 1091, 73WRMS (ESIMS) m/z calculated for
CaeHs2N2010Na" 815.3519: found 815.3517 [M+Na]
3 -&-(b-cyanoethytN,Né-diisopropyl)-5 @-( 4 ;dithéthoxytrityl) -O*-
(phenoxyacetyloxybutyl}thymidine (7a)

6a (0.200 g, 0.266 mmol) anBIPEA (0.051 g, 0.398 mmol) were dissolved in
THF (25 mL), followed byN,N-diisopropylaminocyanoethylphosphonamidic chloride
(0.076 g, 0.319 mmol). The reaction was allowed to stir at room temperature for 30 min,
where TLC revealed the presence of starting matddi?EA (0.006 g, 0.049 mmol)
followed by N,N-diisopropylaminocyanoethylphosphonamidic chloride (0.011 g, 0.045
mmol) were added and the reaction was allowed to proceed for another 30 min. Upon
completion, the reaction was quenched by the addition of ethyl acetate (50 mL), and the

solution was wased with sodium bicarbonate (3%, 2 x 25 mL) and brine (25 mL). The

106



organic layer was dried over sodisulphate decanted, and evaporated. The product, a
colorless powder, was precipitated from hexanes (0.116 g, 46.2 %).

R (SIO, TLC): 0.49, 0.67 hexanesethyl acetate (2 : 8Pmaxiacn) = 276 nm.*H
NMR (500 MHz, d-acetone, ppm): 7.90.94 (s, 1H, H6), 7.48.51 (m, 2H, Ar), 7.24
7.39 (m, 9H, Ar), 6.8%.96 (m, 7H, Ar), 636 . 36 (m, 1-H, 7H1ONM, 3H7 3]
PhOCHCO), 4.33 (m, 2H, ArOCH), 4.184 . 24 ( m, 3,8C0), B.@08.89&m, C H
10H, CHOP, OCH), 3403 . 50 ( m, B,RF&t2H.ECH.CN), 2.542.63 (m,
4H, H2 &H,CN), 2.352.42 (m, 1H, 2 &, 1.791.81 (m, 4H, (CH)2), 1.571.61 (m, 3H,
ArCHs), 1.171.23 (m, 9H, CH), 1.091.10 (m, 3H, CH). *}PNMR (2023 MHz, d-
acetone, ppm): 148.28, 148.08C NMR (125.7 MHz de-acetoneppm): 170.00, 169.99,
168.6, 158.9, 158.2, 154.7, 144.9, 140.1, 140.0, 135.7, 135.64, 135.62, 135.58, 130.18,
130.15, 129.4, 128.2, 128.1, 127.9, 127.0, 126.9, 121.1, 117.9, 113. 5, 143.5, 103.4,
86.64, 86.60, 86.0, 85.9, 85.5, 85.3, 85.2, 73.1, 66.1, 64.3, 63.2, 63.0, 58.7, 58.5, 54.70,
54.68, 43.1, 43.0, 40.4, 40.3, 25.1, 25.0, 24.05, 24.03, 23.99, 23.9, 19.9, 19.84, 19.79,
13.6, 11.17, 11mdchlj=BMY 9661758, 1671,11607, ;1508
1330, 1251, 1180, 1034, 75BIRMS (ESHMS) m/z calculated for gHgsN4O1:PNa
973.4128: foun®73.4131, [M+Na]
3 -®-(b-cyanoethytN,Né-diisopropyl)-5 @-( 4 -dithéthoxytrityl) -O*-
(phenoxyacetyloxyheptyhthymidine (7b)

6b (0.205 g, 0.242 mmol) anBIPEA (0.050 g, 0.390 mmol) were dissolved in
THF (1 mL), followed by N,N-diisopropylaminocyanoethylphosphonamidic chloride
(0.073 g, 0.310 mmol). The reaction was allowed to stir at room temperature for 30 min,

where TLC revealedhe presence of starting materi@llPEA (0.006 g, 0.049 mmol)
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followed by N,N-diisopropylaminocyanoethylphosphonamidic chloride (0.011 g, 0.045
mmol) were added and the reaction was allowed to react another 30 min. Upon
completion, the reaction was quéed by the addition of ethyl acetate (50 mL), and the
solution was washed with sodium bicarbonate (3%, 2 x 25 mL) and brine (25 mL). The
organic layer was dried over sodisulphate decanted, and evaporated. The product, a
colorless powder, was precipgatfrom hexanes (0.079 g, 32.2 %).

R (SIO, TLC): 0.70, 0.83 hexanes : ethyl acetate (2 :@38)xacn) = 276 nm.*H
NMR (500 MHz, @-acetone, ppm): 7.90.93 (s, 1H, H6), 7.48.51 (m, 2H, Ar), 7.24
7.39 (m, 9H, Ar), 6.8%6.97 (m, 7H, Ar), 636 . 36 (m, 1-H, 7H1eN, 3H72]
PhOCHCO), 4.29 (m, 2H, ArOCH), 4.164 . 25 ( m, 3,8C0), Bl@e8.90&m, CH
10H, CHOP, OCH), 3403 . 52 ( m, BBRF6(t2H.&CH,CN), 2.532.63 (m,
4H, H2 &H,CN), 2.342.42 (m, 1H, B&®, 1.7:1.77 (m, 2H, CH), 1.571.68 (m, 5H,
CH, & ArCHs), 1.3%1.44 (m, 6H, (CH)s), 1.161.23 (m, 9H, CH), 1.091.10 (m, 3H,
CHs). *PNMR (202.3 MHz, g-acetone, ppm): 148.28, 148.08C NMR (125.7 MHz,
ds-acetoneppm): 170.09, 170.08, 168.6, 158.9, 158.2, 154.7, 145.0, 140.0, 139.9, 135.7,
135.64, 135.62, 135.58, 130.18, 130.16, 129.4, 128.20, 128.15, 127.88(,1126.91,
126.88, 121.2, 118.1, 117.9, 114.5, 113.2, 103.54, 103.46, 86.64, 86.61, 86.0, 85.9, 85.51,
85.47, 85.3, 73.6, 73.5, 73.1, 66.6, 64.8, 64.6, 63.2, 63.0, 59.7, 58.7, 58.5, 54.71, 54.69,
43.1, 43.0, 40.4, 40.3, 25.7, 25.5, 24.1, 24.04, 24.09, 29.91, 19.85, 19.8, 13.7, 11.20,
11.18, 11.141 R ( t hi 4, (cf'i} E BOBQ, 2965, 1758, 1671, 1607, 1509, 1252,
1180, 1086, 1035, 755HRMS (ESHMS) m/z calculated for GsHggN4O1:PN&

1015.4597: found 1015.4620 [M+Na]
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3.2.3 Oligonucleotide synthesisand purification

DNA duplexes XLTT4 andXLTT7, whose sequences are showrFigure 3.1)
and single stranded DNA (control stran@8;butyl-4-ol dT (T4) and O*-heptyt7-ol dT
(T7)), were assembled on an Applied Biosystems Model 3400 synthesizer on a 1 pmole
scalee mp | oy i n g -cymnoethylghasphbranfidite cycles @sscribed inSection
2.2.3with themodifications indicated below.

Th e mo d i-@-2 -@edxypldsphoramidites7§ and 7b) were dissolved in
anhydrous ACNto a concentration o0f0.15 M and the modified bi3 -2 -0
deoxyphosphoramiditest@ and 4b) to 0.05 M. The coupling times for thenodified
phosphoramidite$a and 7b were 10 minFor themodified bisphosphoramiditela and
4b the coupling times were 30 min

The oligometderivatizedCPG support was removed from the column and placed
into screw cap microfuge tubes fitted with teflon lined caps. The oligonucleotides
containingO*dT modifications were removed from the support by incubation of the CPG
in 500 ¢ LDBWih thearesfietti®e alcohol (tButanediol forO*butyl-4-ol dT
and 1,7heptanediol folO*heptyt7-ol dT), or ethanol for crosinked oligonucleotides,
for 5 days in the dark at room temperature. The DBU was neutralized with acetic acid
and the DNA solubilised iACN prior to being transferred into clean vials to eliminate
the CPG. The DNA was dried down in a speed vacuum and then desalted-USIi®FC
PAK cartidges (Waters Inc.) prior to purification.

The crosdink and moneadduct final products were purified from geFminated
products by 20% 7 M urea denaturiRGE (19 : 1) using IX TBE (89 mM TrisHCI,

89 mM boric acid, 2 mM EDTA (pH 8.D)as running bfier to eliminate any residual
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DBU, which could not be removed by SAXPLC. Prior to gel separation, 25 O.D. of

each sample were drieda a speeeh ac concentrator and resus
formamide. The bands corresponding to the desired productsewased from the gels

and placed into 15 mL falcon tubes and the gel slices submerged in 0.1 M sodium acetate.
The tubes were allowed to shake overnight and the extracted oligomers desalted using C

18 SEP PAK cartridges.

3.2.4 Oligonucleotide characterization by ESI-MS and nuclease
digestion

ESI mass spectra and exonuclease analysis for oligonucleotides were obtained as
described irbection2.2.4

The retention times of the eluted peaks were compared to the standbrdtides
which eluted at the following times: dC (4.4 min), dG (7.5 min), dT (8.2 min), dA (9.2
min), 0°>-MedG (12.0 min),0%-MedT (13.4 min),0*Butyl-4-ol dT (15.3 min),O"
Heptyl7-ol dT (25.6 min) and the cro¢isk dimers (21.7 for the four carboma 29.9
min for the seven carbon crelesk), and the ratio of nucleosides was determined. The
molecular weights of the modified oligomers were determined byMESI which

correlated with the calculated mass.
3.25 UV thermal denaturation studies

Thermal denatwation studies were performed and processeas describedin
Section2.2.5
Thermodynamic parameters of the raosslinked control DNA were obtained by

performing thermal denaturation studies in triplicate atceatrations of 0.6, 2.7, 12.6
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and 58.5 €M duplex DNA in 1, 0. 5, 0.2 and
In(Cyy) as a function of Tj,, typically used for a noeseltcomplimentary bimolecular
systems, was empl oyed tsemabdestribed byyfdglisiand d @S
Tinoco.(191) A similar procedure was employed with the criisked DNA at
concentrati ons o0Ty,of the IGL wene thde@endént af dligonutléotde
concentrationdue to the unmolecular nature of the DNA and therefore the

thermodynamic parameters were obtained by plotting In(K) versus 1/T at a single

concentration of 2.95 &eM. The eeepmendxment s
).
3.2.6 CD spectroscopy

CD experiments were carried out as describednSection2.2.6
3.2.7 Protein expression andpurification

All proteins were purified under native conditions as describb&stction2.2.8
3.2.8 Mono-adduct repair assay

A general oligonucleotide sequence was created wighllacut site to monitor the
amount of repair of monadduct based on restriction digestion. The sequence of the
damage containing strandAGwezere: B tepreSaat€ dTT X G A
(control sequence)D*-MedT, O*butyl-4-ol dT (T4) or O*heptyt7-ol dT (T7). The
sequence of the compl ement strand was 56
represent th8cll cut site.

The damage containing strand wi® labele d at I ts 506 end a

described14) Briefly, a 20 uM solution of DNA was made in 1X PNK buffer along with
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1 eL*P]ATP (10 eCi/eL) and 5 units of T4
conducted for 1 h at 37C after which the reaction was terminated by boiling the sample
for 10 min.

40 pma of labelled DNA was added to 50 pmol of the complement strand in a total
volume of 20 pL of water making a 2 uM dsDNA solution with 20 % excess of the non
damaged strand. The solution was boiled for 5 min, cooled slowly to room temperature
and placed at °C overnight to ensure proper duplex formation.

The repair reaction mixtures were constituted of 2 pmol of the duplex DNA and 10
pmol of AGT in a total volume of 15 pL in Activity BuffglO mM TrisHCI (pH 7.6),

100 mM NaCl and 1 mM DT)rand allowed toreact at 37°C for 30 min, unless
otherwise indicated. The reaction was terminated by boiling for 10 min. PriBclto
digestion, MgCJ was added at a final concentration of 10 mM and the reaction mixture
allowed to cool to room temperature. 7.5 unit$ (0L) of Bcll was added to the mixture

and the solution incubated for 1 h at ¥7. 24 uL of stop buffe(81 mM TrisHCI, 81

mM boric acid, 1.8 mM EDTA and 1% SDS (pH 8.0) in @0formamidé was added,

boiled for 10 min and loaded on a 14 cm x 16 cm,%07 M urea denaturing
polyacrylamide gel (19 : 1) for separation. The gels were run uskd@RBRE for 40 min

at 400 V and the gels exposed to a storage phosphor screen. The image was captured on a
Typhoon 9400 (GE Healthcare, Piscataway, NJ) and the auwigraghy counts obtained

by I mageQuantE (Amersham Biosciences).
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3.2.9 Binding studies ofC145S hAGT variant with mono-adduct

substrates

Binding reactions of the 14 bp mo@adduct DNA substrates consisted of 0.5 nM

dsDNA (where an excess of 5% of undamaged stwaasl present to force duplex

formation) and increasing C145S hAGT (rang

vol ume of 20 ¢ 1(10 oM Tris HGt @pH K.€), 16O umMfNaCl, 1 mM
DTT, 1 0! BSAgandn215% glycero). The samples were eqbitated for 30 min at
room temperature and loaded on a%ative polyacrylamide gel (75 : 1) and pas

with 10 mM Trisacetate (pH 7.6) and 100 mM NaCl. Electrophoresis was carried out at

21°C at 100 V for 45 min.
3.2.10 Crosslink repair assay
Crosslink repair assays were performasdescribedn Section2.2.10
3.2.11 Binding studies ofC145S hAGT variant with crosslinked
substrates

Binding reactions were conducted as for the madduct substrates with minor

modificatiors due tothe different substrate size. Binding reactions consisted of 0.5 nM

ds DNA, increasing Cl145S AGT ranging from

1

from 1 to 6. 5 ienMk efdo rDNAh ei nc rao stsot al sol uti or

buffer. The sampls were equilibrated for 1 h at room temperature and loaded ofa 15

native polyacrylamide gel (75:1) and ran with O TBE, which allowed the

electrophoresis voltage to be increased without heating the system. Electrophoresis was

carried out at 22C at250 V for 25 min.
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The monomeric dissociation constalg)and stoichiometryn) of AGT binding to
DNA were obtained from th&MSA as described previous(§4) The binding ofn
molecules of AGT protein [P] to 1 molecule of DNA [D] can be expressed by the
equationnP  + DnD.Zl'akiRg the logarithm and rearranging the variables yields: log
([PnD)/[D]) = nlog [P]free + logKy.

The data can be expressed with a plot of lo@]JiP] as a function of log [P]. The
slope of the graph represents the stoichioyn@ty and the observelly can be obtained
by the relationshipKy = 10V The monomericKy shown in the tables was

obtained by taking the nth root of the obserkgd
3.2.12 Modelling of O*-MedT and O-butyl-4-ol dT in hAGT active
site

The alkylatedDNA was placed in the active site of hAAGT based on ADBS8 by
mutating O°-MedG to O*MedT. The placement 00*MedT was verified with PDB
1YFH. PDB 1T38was used as the template for hAGT wheee 1315 was mutated back
to Cys and the propeotamerused ashased on PD81T39 1EH6 and X¥FH. This
primary model was used as the template for the addition of the4otyhdduct, which
was added manually ByMol.

The preliminary models underwent conjugate gradient minimization, simulated
annealing, and torsio angle dynamics using Crystallography & NMR Sys{egp)
CHARMM (Chemistry at HARvard Macromolecular Mechanid¢spology files were

modi fied to use the altered n u-carbenoofthed e s
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lesion in asyn conformation with respect to the N3 atom of the base, as observed in
PBDs 1T38, 1139, and YFH.(223

The models were subjected te@ts of 100 steps of gradient minimization and 200
steps of simulated annealing. The first cycle was carried out at 500 K with slow cooling
at a rate of 4.5 K per cycle of dynamics. The second cycle was carried out at 350 K with
slow cooling at a rate o2.5 K per cycle of dynamics. The minimized models were
displayed using?yMol with the absence of a few amino acids for clarity of the active

site.

3.3 Results anddiscussion

3.3.1 Chemical synthesis ofmodified nucleosides

The structures of th©*dT-alkyleneO*dT crosslinks and the monadducts are
shown inFigure 3.1 in addition to the sequences of the respective dnolss (XLTT4
and XLTT7) and single stranded oligonucleotidd®} (and T7). The synthesis of the
O’dT-alkyleneO*dT crosslinked bisphosphoramiditeda and4b, containing a four and
seven carbon linker, is shown fAcheme 3.1. The convertiOgtte nuc
butyldimethylsilyl}5 ®-( 4 ;dithéthoxytriyl)-C4-(1,2,4triazok1-yl)-thymidine  was
transformed into adduct$a or 1b with the sodium salt of 1;8utanediol or 1,7
heptanediol, respective(21) Reacting eithefLa or 1b with the convertible nucleoside
yielded thefully protected dimera and 2b. T h@H g®udps of these compounds,
protected as silyl ethers, were liberated by treatment TB#F to produce compounds
3a and 3b which were then phosphitylated with  N,N-

diisopropylaminocyanoethylphosphonamidic chlorigde the presence oDIPEA to
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producebis-phosphoramiditeda and4b. 3P NMR signals at 148.07 and 148.28 ppm for
4a and 148.07 and 148.28 ppm féb confirmed the presence of the phosphoramidite

functionality in these molecules.

N7
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QN’ )
\LAN \LAN
DMTO o O owro A
o o
OTBS OTBS

y la,lb
DMTO ODMT
O
RO

2a,2b (R=TBS) > )

3a,3b (R=H)
> W)
4a, 4b (R =P(OCEt)(NiPr,))

Scheme 3.1: Synthesis of O*dT-butyleneO*dT and O*dT-heptyleneO*dT bis-
phosphoramidites

Reagents and conditions: (i) sodium salt of-didanediol or 1,-heptanediol, dioxane.
(i) 3 -©-(t-butyldimehylsilyl)-5 ®-( 4 ;dithéhoxytrityl}C4-(1,2,4triazol1-yl)-
thymiding DBU, pyridine.(ii) TBAF (1M in THF), THF. (iv) N,N-
diisopropylaminocyanoethylphosphonamidic chloridéREA, THF.

The moneadduct lesions were introduced at & atom of dT as shan in
Scheme3.2. Starting with compoundka or 1b, the free terminal alcohol functionality of
these adducts were protected with phenoxyacetyl chloride to5aeddd5b. T hGH 3 0
group of these nucleosides weangposedprior to the phosphitylation step by treatment
with TBAF to yield 6a and 6b. They were therconverted to phosphoramidites as
confirmed by the presence of two diagnostic signaf¥fnNMR at 148.08 and 148.28

ppm for7aand 148.08 and 148.28 ppnr ith.
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Scheme3.2: Synthesis 0©*akyl dT mono-adductamidites

Reagents and conditions: (i) phenoxyacetyl chloride, triethylamine, THREBAF (1M
in THF), THF. (iii) N,N-diisopropylaminocyanoethylphosphonamidic chlori@¢PEA,
THF.

3.3.2 Synthesis of modified and ICL DNA

The solidphase synthesis of creksked duplexesXLTT4 and XLTT7 were
performed on a 1 umol scale using eithergi®sphoramiditela or 4b to prepare the
oligomers containing the four or seven carbon chogs respectively. Given the lability
ofthecrosd i nk-ded@fr @3 te©-2 -Gleoxyphosghéramidites were employed (0.1
M in ACN) with phenoxyacetic anhydride as the capping agent to preventdasited
N-acetylation reaction that could occur if acetic anhydride was d€&loreover, the
directly opposed motif allows for ICL duplex synthesis without the need to remove
additional protecting groups @nd the crosinked site which could compromise the
| CL or t h eO-2ulseeo x 9 p h 05s6p h o r a-@rbidphasph@amiditd h e
concentrations ofa and4b in ACN were 0.05 M and allowed to couple for an extended
period (30 min) to ensure both phospdmaidite functionalities would couple to two

oligonucleotide chains on the sobdpport, to ensure ICL formatiof{5224) Solid

3 ¢

phase assembly of t he dupl ex wad20 compl

deoxyphosphoraidites at the crostnked site.
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A variation to the standard oligonucleotide deprotection protocol was required due
to the labile nature of0*alkyl dT adducts. These milder deprotection conditions
involved a solution of 109DBU in anhydrous ethanol fat8 hat room temperature to
reduce the likelihood of ICL cleavage linking tB8 atoms upon deprotectiq@21) The
crude deprotection mixture containing duplexeXbTT4 andXLTT7 were purified by
PAGE, ratherthan SAX HPLC, due to difficulties in removing excess DBU used in the
deprotection step. The purified oligonucleotides were eluted from the gels and desalted.
ESI mass spectrometry analysis XtfTT4 and XLTT7 revealed they had molecular
weights of 6715.&nd 6758.3 Da (expected 6716.5 and 6758.6 Da), consistent with the
expected values. The composition of the cilodeed oligomersXLTT4 and XLTT7
were further confirmed by digestion to their constituent nucleosides with a mixture of
snake venom phosphodiesase and calf intestinalkaline phosphatase followed by-C
18 reversed phase HPL@nalysis. The presence of cro$isked nucleosides was
established by the appearance of one additional peak, other than the four standard
nucleosides, that eluted from thPLC with retention times of 21.7 for the four carbon
and 29.9 min for the seven carb®idT-alkyleneO*dT crosslink. The later elution of
the seven carbon crebek can be attributed to the greater hydrophobicity of the longer
alkyl linker. The ratiosextracted from the chromatogram of the compon2nrb
deoxynucleosides and crelgsked nucleosides were in good agreement with the
theoreticalcompositions.

For the moneadduct lesionsQ*butyl-4-ol dT andO*-heptyt7-ol dT introduced in
sequence34 andT7, similar solidphase synthesis conditions as described for the ICL

substrates were employed. For these oligonucleotides, cleavage and deprotection
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conditions involvedheincubation of the CPG with solutioncomposed 010% DBU in
1,4-butanediol (forT4) or 1,#heptanediol (forT7) for 5 days at room temperature to
ensure that the adducts were not compromi22d). The DBU was neutralized with

acetic acid the CPG rinsed wi#CN (50 % in water) to solubilizéhe fully deprotected
product as a result of the poor solubility of DNA in the diols. These oligonucleotides
were also characterized by ESI mass spectrometry and nuclease digestion to ensure their

composition
3.3.3 UV thermal denaturation studies

The effect othe directly oppose®*dT-alkyleneO*dT ICL on duplex stability was
assessed through UV thermal denaturation experiments. The melting proes ™t
and XLTT7, shown in Figure 3.2, exhibit a sigmoidal denaturah and
hyperchromicities comparable to the control duplex containinghab@ise pair instead of
the crosdink. The melting temperatures observed for the elioged oligonucleotides
XLTT4 and XLTT7 were 66 and 50C, respectively, higher than the comtduplex
(with aTy0f 44°C).

This melting temperature trend has been observed earlier by our group for duplexes
containing a directly opposedPdG-alkyleneO°dG mismatch present in an -bp duplex
with increases of 23 and 33C in T, for the heptyne and butykene linkages,
respectively, over the control duplé5 This same tendency has also been reported
when ICL of various lengths are introduced between tBeatdms ofdT where an
increase inly, of 16 am 31°C were observed for hepgrieand butyknelinkages over

the nonalkyated contro(225
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Figure 3.2: Absorbance (bs)) versus temperature profiles of crésked duplexes
XLTT4 (©  "XLTT7 (---) and norcrosslinkedDNA (" )

Thermodynamic parameters of the ICL and control duplexes were studied to
investigate the origin of the increased thermal stability observed for the ICL DalAe
3.1). Varying duplex concentration did not affect thgobserved for the ICL duplexes
but did influence that of the control, as expected. The thermodynamic parameters indicate
a reduction in the enthalpy for the ICL containing duplex, which was more yomoed
for the heptyl versus butyl linkePossible reasaninclude disruption of the base pairs
and base stackinground the crosknked site as a result of steric effects of the larger
linker.

Table 3.1: Themodynamigparameters of DNA Duplexes

DNA qHe ( KJ g8 ( J/ (
Control (TA)  -298+23  -823 =71
XLTT4 249 %7 -735 + 20
XLTT7 179 + 4 551 + 12

The presence of the ICL caused an increase in the entropy of the duplex due to the

preorganized rtare of the unimolecular system thus favouring thermal stability of the
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DNA. The contribution of the increased entropy outweighed the negative enthalpic effect
in the ICL system, consistent with what has been previously observed with ICL formed
by transdiamminedichloroplatinum(11§226)

The influence of alkyl chain length of the meadducts at th®©* atom ofdT on
stability was also assessed. There was &QQeduction in duplex stability for the
duplexes containin@*-MedT, O*butyl-4-ol dT (T4) or O*-heptyl-7-ol dT (T7) (48°C)
compared to the nealkylated control (58C) demonstrating that for these adducts the
length of the alkyl chain attached at théatom ofdT had no substantial effect on duplex
stability (see Appendix I). These results are supped by previous studies
demonstrating thab*-ethyl dT/dA base pair within a duplex decreased Theby 14°C

with respect to the native contr@27)
3.34 CD spectroscopy of DNA duplexes

CD spectra of the crosmked duplexesXLTT4 andXLTT7 exhibited signattes
characteristic of Borm DNA with a positive signal centered around 275 nm, a crossover
around 260 nm and a negative signal around 250 nm as shdwguire 3.3.(200,201)
These results indicate that tB3dT-alkyleneO*dT ICL caused minimal distortion to the
global Bform structure.

Similarly, duplexes containing’-MedT, O*-butyl-4-ol dT (T4) or O*hepty}7-ol
dT (T7), showed little deviation in their CD signature relative to the unmodified control
duplex demonstrating minimal distortion from the globalfoBn structure. These
findings are in agreement with NMR reports 6i-MedT containing duplexes that

suggest such lems do not cause major structural deformation of the dug@x.
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Figure 3.3: FarUV CD spectra of crosbnked duplexeXLTT4 ( ° XLTT7 (---)
andnorcrossl i nked DNA (') .

3.3.5 Repair and binding of AGTs with crosslinked and mono-
alkylated substrates

Repair studies conducted timee XLTT4 and XLTT7 duplexesrevealed that none

of the AGT proteins from human & coli were ableo completely eliminate the cross

links, as observed ifrigure 3.4. Moreover none of the proteins were able to create the

intermediate product, which consists of one repair step leading to anssiNA
specieg146,214)
EMSA were conducted wittXKLTT4, XLTT7 and a non crosknked control

duplex, which has a-R match where the -T crosslink is located, to determine if the

lack of activity of hAGT towards these lesions was inherent to the binding and detection

of the lesion or if the lack of repair was a function of catalysis.
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Figure 3.4: Repair gel oXLTT4 andXLTT7 by hAGT, AdaC and OGT.

Denaturing gel of the repair of 2 pmol BINA by 60 pmol of AGT. Lane 1, Control
DNA; lane 2,XLGG7 + hAGT; lane 3,XLTT4; lane 4,XLTT4 + hAGT; lane 5,
XLTT4 + AdaC; lane 6,XLTT4 + OGT; lane 7, Control DNA; lane &LGG7 +
hAGT; lane 9 XLTT7 ; lane 10 XLTT7 + hAGT; lane 11 XLTT7 + AdaC; lane 12,
XLTT7 + OGT.

Results of the EMSA indicate that the hAGT stoichiometry for the various DNA
was the same with two proteins for everylddduplex ¢ee Appendix I). These results
are consisteh with findings of others, which stipulates that hAGT binds every 4
nucleotideg167,168) This stoichiometry was the same for the crosised DNA and for
the contol demonstrating that the presence of the eliogsdid not affect how hAGT
interact together when bound to the DNA. The dissociation constant of the control duplex
was much higher than the crdsws, which was unanticipated.

To address the low bindirgffinity of hAGT for the control duplex a set a oligos
were designed where the cenuldlin the control sequence (5 CGA AAITT CG) was
replaced by the other 3 natual@eoxynucleotides and assessed for binding by hAGT.
Binding reactions were conducteder a large range of protein to obtain a rough estimate
of theKq for the hAGTFDNA complexes. Results indicate that hAGT preferentially binds

to DNA with a dG nucleotide that is further than 2 nucleotides from the ends (see
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Appendix IIl). This same hAGTbinding trend has been observed for longT A
tracts(164) The lack of a central dG explains the low binding affinity observed for the
control sequence. The increased binding affinity observeXlf®iT4 andXLTT 7 over

the control may be attributed t hydrophobic interaction between alkyl adduct and
hAGT, which has been proposquteviouslyas the basis of substrate discrimination by
the protein fol0®-MedG and0®-BndGover dG(148)

Experiments probing the repair of larger alkyl adducts a©thatom ofdT show a
different trend than the ones observed for methylasee @Appendix I). For the larger
lesions,0*-butyl-4-ol dT andO*-hepty}t7-ol dT, only OGT showed amability to remove
theseadductsto a reasonable level, indicating only OGT out of all 3 proteins is capable
of repairing large lesions at tk®¥ atom ofdT.

To assess the lack of repair of the adducts aOftetom ofdT by hAGT, binding
assays were coocted. A general trend from the EMSA could be observed for the
binding affinity of hAGT to the various moradduct DNA éee Appendix I). First,
hAGT had very similar binding affinities to all momalduct DNA, which was roughly
1.8 times better than th®n-alkylated control. Second, hAGT boufd-alkyl dT lesions
with very similar affinitesas it didO°-MedG and the size of the lesion at théatom of
dT had no substantial effect on binding for ttegious alkyl chains

The observed increase in bindiaffinity for the adduct or ICL containing DNA
and hAGT over their unalkylated controls suggests hAGT is capable of flipping out the
alkylated dT and placing the lesion into its acti site as required for repaias

demonstrategreviouslythrough the regir of 0°dG-alkyleneO°dG ICL.(146214)

124



3.3.6 Modelling of O*-MedT and O*butyl-4-ol dT in hAGT active
site

To understand the underlying substrate discrimination obdeiwe AGT with
respect to the moradducts,molecular modelling waperformed.hAGT is the only
AGT that has been ecrystallized with a DNA substrate providing valuable insight into
its active conformation. The substrate differences observed betweerusvaki®T
homologues suggest substantial variations in the active sites amongst proteins. Attempts
to model methyl and buty-ol adducts with a homology model of OGT based on hAGT
(generated from PDB 1T38) were performed. However, the minimized structdraetdi
correlate with the experimental eviden€@ur modelling results suggests the methyl
adduct fits in the active site 6/AGT without steric clashes. The model of the butyll
adduct proposes a steric clash in the active site of the protein betweecattbon of the
|l esion and the protein due to t heabadfopti on
the adduct. This interaction causes Cys 145 to adopt the incootacterfor the alkyl
transfer reaction to take place when the bdtgl adduct $ present. In theAGT repair
mechanism, His 146 is responsible for proton abstraction of a nearby water molecule
from Cys145 allowing the formation of the thiolate anion. In the case where Cys 145 is
rotated away from His 146 (as observed for the bty lesion) the thiolate anion will

not be produced and the protein will be inactive.
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Figure 3.5: Overlay ofO*-MedT andO®*-butyl-4-ol dT in the active site of hAGT

The adoptedotamerof Cys 145 are showfor O*-MedT (cyan) andO’-butyl-4-ol dT
(pink) and His 146 in grey.

3.4 Conclusions

DNA duplexes containing an oppos@&idT-alkyleneO*dT ICL were synthesized
using a convertible nucleoside strategy to prepare a-tnkesl nucleoside dimer that
was convedd into a bigphosphoramidite. Solid phase synthesis was employed to
incorporate the crodk into a specific orientation and position in a DNA duplex. This
method is versatile and allows for various linker lengths to be introducedifoerous
studies mcluding DNA repair. ICL duplexes containing a four and seven carbon linker
evaded repair from various AGT proteins from humanEncbli.

Studies to investigate AGT proteins that can be engineered to repair these ICL and

their repair by other systems ap@egoing to enhance our understanding of how ICL
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lesions may be processed. Furthermore this may result in increasing the potency of
bifunctional chemotherapeutic agents which create ICL lesions and hopefully limit their

mutagenicity and other side effestsch as the onset of resistance to these drugs.
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CHAPTER IV

Preparation of Covalenly Linked Complexes Between DNA and
O°-Alkylguanine-DNA Alkyltransferase Using Interstrand Cross
linked DNA

Graphical Abstract: Representation dfAGT-ICL covalent complex
Published as
McManus FPKhairaA, Noronha AM, Wilds CJ.

Bioconjugate ChemDOI: 10.1021/bc300553u
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Abstract

AGT are responsible for the removal of alkylation at both@hatom ofdG andO”* atom

of dT. AGT homologues show vast substrate differences with respect to the size of the
adduct and which alkylated atoms they can restohGT has poor capabilities for the
removal of methylation at th®* atom ofdT, which is not the case ithe majority of
homologues. No structural data is available to explain this poor hAgairr We
prepared and characteriz&@fdG-butyleneO*dT (XLGT 4) and O°dG-heptyleneO*dT
(XLGT7) ICL DNA as probes for hAAGTOGT and AdeC for the formation of DNA
AGT covalent coplexes.XLGT7 reacted only with hAGT and did so with a cross
linking efficiency of 25%, whileXLGT4 was inert to all AGT tested. The hAGT
mediated repair oKLGT7 occurred slowly, on the order of hours as opposed to the
repair ofO°-MedG which requires econds.Sodium dodeyl sulphatepolyacrylamide gel
electrophoresi$SDSPAGE) analysis of the repair reaction revealed the fion of a
covalent complex with an observed migration in accordance with a-BSA complex.

The identity of this covalent complex, ast@fmined by mass spectrometry, was
composed of a heptamethylene bridge betweerOthatom ofdT (in an 12mer DNA
strand) to residel Cys 145 of hAGT. This procedure can be applied to produce well

defined covalent complexes between AGT with DNA.
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4.1 Introduction

Modified nucleic acids with novel properties have had a long standing interest and
application in the field of bioorganic chestry.(228) One example of how these probes
can be employed involves the formation of covalent complexes with proteins where weak
binding was previously observed leading to a wide range of appis(229230231)

Formation of covalent complexes for crystallqgre purposes can be employed
for various systems due to thentml one can have on the nature of the chemical
modification, which can be tailored to specific protein complé288233) For example,
the struture of hAGT complexed with DNA has been deterrdingith the aid of
modified nucleic acidé151,155 One of these structures, significant in enhancing our
understanding of the mieanism of hAGT, contains a chemicatosslink formed
between the hAGT active site and DNA containing the modifiedensitle N1Q°-
ethanoxanthosinehAGT has also been employed in an elegant method to observe the
movement of an hAGT fusion protein which reacts wit’-benzylguanine
derivatives(234)

AGT proteins, which are found in all kingdoms of life, are responsible for the
repair of the mugenic O°-MedG and O*-MedT lesions(4,13,189 The mutagenicity of
these lesions rise from the wobble base pair that these modifeotidesadopt with
respect to their natural spliments. These wobble base pairs adversely affect the
processivity of DNA polymeraseluring DNA replication. 0°-MedG adopts a non
wobble base pair with dT causing a GC to AThsition while O*-MedT adopts a non

wobble base pair with dG causing a TA to CG transition. These two modifications
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account for 8% of the total DNA damage causedviyU.(12) EndogenouslyQ®-MedG
is formed at a rate of 180 events daily by-@denosylmethioningi6)

The formation of0°-MedG is detrimental to cells where the hiumulation of 6
650 O°-MedG modifications in hAGT détient tumor cells is sufficient to cause cell
lethality (14) Unlike O°-MedG, O*-MedT is not affected by the levels of hAGT nor by
MMR, which is why thisésion is more mtagenic in mammalian cel{(29,30) Processing
of 0*-MedTin mammalian cells isdlieved to rely solely on th’ER pathway(31)

hAGT and AdaC, the most thoroughly charagzed AGT proteins, repair
alkylated DNA by flipping the damageticleotideout of the DNA duplex and into the
active site where the alkyl group is transferred from the point of lesitretactive site
Cys residugl73 Once alkylated, this suicide protein is degraded by the ubiquitin
pathway in mammalian cel{804) There are intesting differeces in the ability of
AGTs to process alkylation damage. For example, hAGT is unable to p@téssdT
efficiently, unlike OGT and Ad&.(117,13])

Mimics of the ICL generated by hepsulfam have been studied by our
group(146,214,235 Results from our previous work indicate hAGT, but not Ehecoli
homologues, can repair IClhat involve twoO°® atoms ofdG that are either directly
opposed, in a 1,2 stagger or in the more clinically relevant 1,3 staggered orientation. On
the other hand, ICL DNA containing a heptany&he linkage bridging th&* atoms of
dT are inert to hAGT antheE. colihomologues.

In the current study the preparation I DNA containing anO®dG-alkylene
OdT crosslinks aredescribed. The approach to prepares#iCL involves the method

described by Swann's group prepare a "convertibledT to introduce an alkyl chain
131



with a terminal alcohol at th®* atom ofdT followed by a Mitsunobu reaction at t#
atom of protectedG to form the alkylene linkagérigure 4.1A).(187,221) hAGT, OGT
and AdaC were expressed and purified to homogeneity to investigate their role in the

repair of0°dG-alkyleneO*dT ICL XLGT4 andXLGT7 (Figure 4.1B).

(A) ®, . ©
A o Ko ¢ 6% heros— T
/N%( N AT N
%, N< N N N AT N N
= e AT Ty
NH, o G—T1 0

XLGT4 or T A

XLGT7 T A

c G

3.G C5.
Figure 4.1: Structures of &) the O°dG-alkyleneO*dT crosslinks, (B) Oligonucleotides
XLGT4 andXLGT7 and C) AGT-DNA complex formed ifXLGT4 and XLGT7 are
repairedby AGT.

Aside from providing further insight into the substrate disgriation patterns of
the various AGT, these ICL DNA have a potential use for the preparation of site specific
covalently liked AGTFDNA adducts. The formation of AGdligonucleotide comlpxes
between the various nucleobases have been shown to occur wibrbf2oethane,
attributed to the formation of an-(8-bromoethyl) intermediaté236) In our approach,
repair by AGT at theD® atom of the modifieddG by the active site Cys of AGT
covalantly links AGT to theO* atom ofdT by an alkylene linker. The added facet of this
approach is the ease with which the ICL linker can be vatlediag control over the
length and chemical nature of thehst between th©* atom ofdT and the active sitef

AGT (Figure 4.1C).
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4.2 Experimental

4.2.1 Materials

5 -®-Dimethoxytrity-N*-phenoxyacetyP -@leoxyguanosine 5 -®-dimethoxytrityl
-thymidine and N,N-diisopropylamino cyanoethyl phosphonamidic chloride were
purchased f m ChemGenes Il nc. ( WiDimethoxytyityla 0 , MA)
deoxyribonucleosid8 ®-( fctyanoethyN,N éiisopropyl)phosphoramidites and
protected2 -@eoxyribonucleosid€PG supports were purchased from Glen Research
(Sterling, Virginia). All other chemida and solvents were purchased from the Aldrich
Chemical Company (Milwaukee, WI) or EMD Chemicals Inc. (Gibbstown, NJ). Flash
coumn chromatography was performed using silica gel 607@BD mesh) obtained
from Silicycle (Quebec City, QC). Thin layer chratagraphy (TLC) was p#rmed
using precoated TLC plates (Merck, Kieselgel 66,F0.25 mm) purchased from EMD
Chemicals Inc. (Gibbstown, NJ). NMR spectra were recorded either on a Varian INOVA
300 MHz NMR spectrometer or on a Varian 500 MHz NMR specttemat room
temperature’H NMR spectra wereecorded at a frequency of 300.0 MHz and chemical
shifts were reported in parts per million downfield from tetramethylsildfe.NMR
spectra (*H decoupled) were recorded at a frequency of 202.3 MHz wiftOrused as
an external standardmpicillin, IPTG, DTT, EASY-BLUE, Protein Stairand most other
biochemical reagents including polyacrylamide gel materials were purchased from
Bioshop Canada Inc (Burlington, ON).-NiTA Superflow Resin was purchased from
Qiagen (Missssauga, ON). Complete, Mini, EDTFee Protease Inhibitor Cocktail

Tablets were obtained from Roche (Laval, QC)-Xb GoldE. coli cells were obtained
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from Stratagene (Cedar Creek, TX). PAK and Unstained Protein Molecular Weight

Marker wereobtaned fr om Fer me nt &BJATP Bas purchasegl fromn , ON
Amersham Canada Ltd. (®alle, ON).

4.2.2 Solution synthesis ofsmall molecules

1-{O*[ 3CB(t-butyldimethylsilyl) -5 ®©-( 4 ;dithéthoxytrityl) -thymidinyl]} -4-{O°-

[ 3CB(t-butyldimethylsilyl) -560-( 4 ;ditéthoxytrityl) -N*-phenoxyacetyt2 -0
deoxyguanosinyl]}butane (1a)

To -OBdjethoxytrityl3 -Rjt-butyldimethylsilykN(phenoxyacetytp -6
deoxyguanosine (0.150 g, 0.183mmol) was ded 5-Rfdimethoxytrityt3 -}t-
butyldimethylsilytO*-(hydroxybuyl)-thymidine ~ (0.135 g, 0.185mmol) and
triphenylphosphine (0.208, 7.70 mmol) in dioxane (2 mL) flowed by drop wise
addition of DIAD (1.521 g, 7.52 mmpht room temperature. After 30 min the solvent
was evaporated in vacuo, the crude product takem wghiyl acetate (100 mL) and the
solution washed with two portions of 3% sodium bicarbonate (2 x 100 mL). The organic
layer was dried over sodium sulphate (4g) and aarated to produce a yellow gum.
The crude product was purified by flash column chream@phy using a hexane / ethyl
acetate (3:7) solvent system to afford 0.166 g (59 %) of product as a colorless foam.

R (SiO, TLC): 0.17 hexane / ethyl acetate (3:%). NMR (300 MHz, DMSQds,
ppm): 10.63 (s, 1H, NH), 8.45 (s, 1H, H8), 7.93 (s, 1H, H6%6%6.79 (m, 31H, Ar),
6456 . 40 (dd, J=63Hz), 6B 647 ( dd, J=66),5.06HY &H,
PhOCHCO), 4.744 . 70 ( m, 1 H4.63 (4 218, £WO°), 45064 (m, 1H,
H36b) -4394m, 28, ChH0%, 3953. 90 (m, 2H, H4spH, & H40Db

CHs), 3.76 (s, 6H, @CHy), 3423 . 22 (m, 4H, H506a, -BS%dqm, H506L
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1H, H2 &),2.432 . 28 ( m, RBH,& HR200ab90 (M, 2H, B H,-CH,-CH,-
CH,-0%, 1.64 (s, 3H, CECHs), 0.83 (s, 18H, SC(CHs)s), 0.06 (s, 6H, SCH3), 0.01 (s,
3H, SiCHa), 0.00 (s, 3H, SICH3). HRMS (ESHMS) m/zcalculated for @sH104N701sSi"
1530.7129: found 1530.7087 [M+H]

1-  {O*[ 3GB(t-butyldimethylsilyl) -5 @-( 4 ;dithéthoxytrityl) -thymidinyl]} -7-{O°-
[ 3GB(t-butyldimethylsilyl) -5 ®-( 4 ;dithéthoxytrityl) - NZ-phenoxyacetyt2 6

deoxyguanosinyl]}heptane (1b)

To -OBdjethoxytrityl3 -Rjt-butyldimethylsilykN(phenoxyacetytp -6
deoxyguanosine( 0. 700 g, 0.851 ROvdimethoxytnyh3sOit-a d d e d

butyldimethylsilytO*-(hydroxyheptyl) thymidine (0.600 g, 0.774 mmol) and

triphenylphosphine (0.850 g, 3.25 mmol) in dioxane (8.46 mL) followed by drop wise

addition of DIAD (0.720 g, 3.56 mmol) at room temperatétiker 22 hours the solvent

was evaporated in vacuo, the crude product taken uthyh a&cetate (100 mL) and the

solution washed with two portions of 3% sodium bicarbonate (2 x 100 mL). The organic

layer was dried over silum sulphate4g) and concentrated to produce a yellow gum.

The crude product was purified by flash column chrograjghy using a hexane / ethyl

acetate (1:1 Y 4:6) solvent systriesafoamo af f o
R (SiO, TLC): 0.33 hexane / ethyl acetate (476).NMR (300 MHz, CDC}4, ppm):

8.72 (s,1H, NH), 8.10 (s, 1H, H8), 8.00 (s, 1H, H6)0%63B4 (m, 31H, Ar), 6.55.48

(dd, 1DbB=66HL648 . 39 ( dd,J=6.0Hz),4.861s02H, PhOGHO),

4.684.64(m, 2H, CH0°), 458452( m, 1H, H2AD(@ IH, CHO)445619

416( m, 1H, H3OMK) , (M. RH, H@4 &K OBH;)B86(,BH, 3. 86

OCHs,3603. 31 (m, 4H, H56a, H58@nalH, H® a6t & H50
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2.48 (M, 2H, B ® a &2 164 2.322.24 (m, 1H, R ® b ) , -1.98 (M) PH, RCH,-CHy-
0°), 1.851.80 (M, 2H, RCH,-CH,-0%, 1.66 (s, 3H, C&Hs), 1.58 (M, 2H, RCH,-CH,-
CH,-0°), 1.50 (M, 4H, RCH,-CH,-CH,-CH,-0%), 0.93 (s, 9H, SC(CHg)s), 0.88 (s, 9H,
Si-C(CHg)s), 0.12 (s, 3H, SCHs), 0.07 (s, 3H, SCHs), 0.00 (s, 6H, SCH3). HRMS
(ESFMS) m/zcalculated foCggH110N7015Sk" 1572.7598found 15727592[M+H] *
1- {O*[ 5@( 4 ;dithéthoxytrityl) -thymidinyl]} -4-{0°[ 5CB( 4 ;dithéhoxytrityl) -
NZphenoxyacetyt2 -dleoxyguanosinyl]}butane (2a)

To compoundLa (0.150 g, 0100 mmol) was added TBAELM in THF) (0.059 g,
0.21 mmol) in THF (1 mL). After 3@nin, the solvent was evaporatedviacuo andhe
crude product taken up in ethyl acetate (50 nilf)e solution was washed with three
portions of sodium bicarbonate (3 x 50 mL) followed by a two back eidres of the
sodium bicarbonate washes with ethgktate (2 x 25 mL). The organic layer was dried
over salium sulphateevaporated in vacuo and purified by flash column chromatography
using an ethyl acetate / methanol (95:5) solvent systeniféoda0.083 g (64 %) of
product as a colorless foam.

R: (SiO, TLC): 0.14 ethyl acetate / meifol (95:5).*H NMR (300 MHz, DMSQ
ds, ppm):10.60 (s, 1H, NH), 8.36 (s, 1H, H8), 7.81 (s, 1H, H6), B42L (m, 31H, Ar),
6.436 . 38 ( ddJ=63Hz),Hb2%a,17 ( dd,hJI=6.B)H5.365133 @nb2H,
OHa & OHb), 5.04(s, 2H, PhOCKLCO), 4.634.58 (t, 2H, CH-0°), 4.534.49 (m, 1H,
H3 06 a)-4.34@n, 3H9E,-0'& H36bB, 98. 0, 2H, H40a & H4
O-CHs), 3.72 (s, 3H, @CHg), 3.71 (s, 3H, @CH3), 3.323. 08 (m, 4H, H506a,

& HB5 606 )84 (M2H, B4d), 2.422.12 (m, 3H, R ®a 210&IH2® b ) ,-1.89. 9 6
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(m, 4H, J-CHx-CH»-CH,-CH,-0°. HRMS (ESFMS) m/z calculated forC;4H7eN7O15"
1302.5399found1302.539M+H] *
1- {O*[ 5CB( 4 ;ditéthoxytrityl) - thymidinyl]} -7-{O°[ 5CB( 4 ;dithéhoxytrity I)-
NZphenoxyacety}2 -dleoxyguanosinyl]}heptane (2b)

To compoundlb (0.760g, 0.480mmol) was added TBAF (1M in THB.2824,
1.01mmol) in THF (3 mL). After 30 min, the solvent was evaporated in vacutihe
crude product taken up in ethyl acetate (50)mihe solution was washed with three
portions of sodium bicarbonate (3 x 75 mL) followed by two back extractions of the
sodium bicarbonate washes with ethyl acetate (2 x 25 mL). The organic layer was dried
over sodiunsulphate evaporated in vacuo and giad by flash column chroatography
using an ethyl acetate / methanol (199:1 1 9: 1) sol vent system to
of product as a colorless foam.

R (SiO, TLC): 0.20 ethyl acetate / methol (49:1).*H NMR (300 MHz,CDCls,
ppm): 8.79 (s,1H, NH)8.02 (s, 1H, H8)7.85 (s, 1H, H6)7.436.78 (m, 31H, Ar)6.59
6.55 (dd,1 H, H=E66 #z),6.446 . 37 ( dd,J=6.38 Hz),4.83 (m) bH, OHa),
4.72 (s, 2H, PhOCHCO), 4.61-4.57 (m, 3H, CHO°& H 3 6 a-#.35 (t2H,TR-0,
4224 .18 (m, 4164,. 1H3 §n),, 2 H, 3.80 %, 06, OBH:),BIDB® ) ,
6H, OCHs),351:3. 33 (m, 4H, H506a,299EP1HaAQHD)HBB b & H
2.76 (M, 1H, B &),2.67-2.59 (m, 2H, R ®a &lH), B322.23 (M, 1H, R ® b ).93
1.86 (m, 2H, RCH,-CH,-0%, 1.761.70 (m, 5H, RCH,-CH,-O* & C5-CHs),1.581.44
(m, 6H, J-CH,-CH,-CH,-CH,-CH,-CH,-CH,-0°%). HRMS (ESHMS) m/z calculated for

C77H82N70]_5+ 1344.5869found 1344586][M+H] *
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1- {O*[ 3] fmyanoethytN,N Nijiisopropyl)-5 @-( 4 ;dithéthoxytrityl) -
thymidinyl]} -4-{O°-[ -G (NfzyanoethykN,N Miiisopropyl)-5 ®-( 45 4 6
dimethoxytrityl) -N%phenoxyacety}2 -@leoxyguanosinyl]}butane (3a)

2a (0.200 g, 0.154 mmol) anBIPEA (0.060 g, 0.461 mmol) were dissolved in
THF (1.5 mL) ThenN,N-diisopropylaminocyanoethylphosphonamidic chloride (0.091 g,
0.383 mmolwas added dropwisend thereaction allowed to stir at room temperature for
30 min. This was followed by two subsequentitidds of DIPEA (2 x 0.012 g, 0.091
mmol) andN,N-diisopropylaminocyanoethylphosphonamidic chloride (2 x 0.019 g, 0.081
mmol) with 1 hour intervals. Upon comglen the solvent was evaporated in vacuo, the
crude product taken up in ethyl acetate (25 mL), and the solution washed with 3% sodium
bicarbonate (25 mL) and brine (50 mL). The organic layer was dried over sodium
sulphate decanted, and evagated. The prduct, a colorless powder, was precipitated
from hexanes (0.221 g, 85 %).

R (SiO, TLC): 0.56, 0.61, 0.66, 0.73 ethyl @ate. *'P NMR (202.3 MHz, ¢
acetone, ppm)153.61, 153.41, 153.40, 153.2dRMS (ESIMS) m/z calculated for
CooH110N110:17P," 1702.7556found1702.755M+H] *

1- {O*[ 3] fmyanoethytN,N Njiisopropyl)-5 @-( 4 ;dithéthoxytrityl) -
thymidinyl]} -7-{O°-[ -@-(NfeyanoethykN,N Miiisopropyl)-5 ®-( 45 4 6
dimethoxytrityl) -N%phenoxyacety}2 -@leoxyguanosinyl]}heptane (3b)

2b (0.200 g, 0.149 mol) andDIPEA (0.058 g, 0.446 mmol) were dissolved in
THF (1.5 mL) ThenN,N-diisopropylaminocyanoethylphosphonamidicartfde (0.088 g,
0.372 mmol)was addednd the reaction allowed to stir at room temperature for 30 min.

This was followed by two subguent additions oDIPEA (2 x 0.012 g, 0.091 mmol) and
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N,N-diisopropylaminocyanoethylphosphonamidic chloride (2 x 0.019 g, 0.081 mmol)
with 1 hour intervals. Upon completion the solvent was evaporated in vacuo, the crude
product taken up in ethyl aceta25 mL), and the solution washed with 3% sodium
bicarbonate (25 mL) and brine (50 mL). The organic layer was dried over sodium
sulphate decated, and evaporated. The product, a colorless powder, was precipitated
from hexanes (0.218 g, 84 %).

R (SiO, TLC): 0.50, 0.58, 0.67, 0.75 ethyl a@ate. *’P NMR (202.3 MHz, g
acetone, ppm): 153.60, 153.40, 153.39, 153RRMS (ESIMS) m/z calculated for

C95H116N11017P2+ 1745.8032found 17458059:M+H] *
4.2.3 Oligonucleotide synthesisand purification

DNA duplexesXLGT4 andXLGT7 wereassembled as described3action3.2.3
with the modifications indicated below.

Commercially available fast deprotectingC®2'deoxynucleside phosphoramidites
were dissolved in anhydrodsCN ata concenttion of 0.1 M and the modified b3 -®-
2 -@leoxyphosphoramidites8& and 3b) at 0.05 M. Phosphoramidite couplingmes for
thec o mme r eOr2adleoxyphdsphoramiditesere 2 min andfor the modfied bis
phosphoramidite3aand3b 30 min.

Due b the presence of af*alkyl dT adductdeprotection of the oligonucleotide
was achieved by incubang t he CPG i DBU@thana for 3 dalys inltite %
dark at room tempeture.

XLGT4 andXLGT7 were purifiedas described iBection3.2.3
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424 ESI-MS of small molecules and DNA

ESFMS of XLGT4 and XLGT7 were conducted at the Concordilniversity
Centre for Biological Aplications of Mass Spectrometry using a Micromag®iQ mass
spectrometer (Waters) equigpeith a nanospray ion source. The mass spectrometer was
operated in full scan, negative ion detection mode. ESI mass spectra for small molecules
were recorded on a LTQ Orbitrap Velg3D (Thermo Scientific) in positive ion mode in

ACN.
4.2.5 Exonucleasedigesion

Exonuclease analysisf XLGT4 and XLGT7 were conductedas describedn
Section2.2.4

The retention times of the elutepleakswere compared to the standard nucleotides
which eluted at the flowing times: & (4.7 min), dG (7.5 min), dT (8.1 min), dA (8.9
min), O°dG-butyleneO*dT (18.4 min) andO°dG-heptyeneO*dT (25.3 min), and the
ratio of nucleosides was determined based on knownation coefficients, aside from
the crosdinked nucleosides where antixction coefficient of 6200 M cmi* was used

corresponding to the sum of the extinction coefficien®bMedT andO®-MedG,
4.2.6 UV thermal denaturation studies

The molar extinction coefficients f((LGT4 andXLGT7 were determined using
the nearesheighbou method (M 'cm' j assuming a central -G match. Thermal

denaturatiorprofileswereobtainedand processed as describe®attion2.2.5
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4.2.7 CD spectroscopy

CD signatures were obtained on a Jas@&13 spectropolarimetes described in

Section2.2.6
4.2.8 Protein expression andpurification

All AGT homologues were expressed under the promoter of the pQE30 vector in

XL-10 GoldE. colicellsas described iGection2.2.8
4.2.9 Crosslink r epair assay

Repair studieof XLGT4 and XLGT7 were performedas describedn Section

2.2.10
4.2.10 Identification of XLGT7 repair product by SDSPAGE

600 pmol of hAGT was incubated with 625 pmoDdfGT7i n 15 L of Ac
Buffer for 5 h at 37 °C. The reactionwastd nat ed by addi ngl128 0 &L ¢
mM Tris HCI (pH 7.6), 2% SDS, 30% glycerol and 7.5%m2rcaptoethanil boiling the
sample for 5 min and separated on a 15% -PBSE. The gel wastained with EASY

BLUE, Protein Stain as per the manufacturer'squadt

4.2.11 Identification of XLGT7 repair product by ESI-MS

4000 pmol of hAGT was incubated with 1200 pmolXifGT7 i n 100 &L o
Activity Buffer for 3 h at 37°C . 10 ¢ Lmple fvas todde on s Spursil C-18
column (3 um, 2.1 mm x 150 mm) using an Agilent 1200 Series LC system at a flow rate
of 0.2 mL/min with a gradient program of:320min, hold at 5% B; 80 min, linear
gradient from 5% B to 50% B; 300 min, linear graiént from 50% Ba 90% B; 4642
min, hold at 90% B; 450 min, linear gradient from 90% B to 5% (Buffer A, 0.1%
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formic acid in water and buffer B, 0.1 % formic acidd@N). ESFMS was conducted on

a Micromass QTof Ultima API with the following conditions: source volta@.5 kV,

mass range of 700999 nvVz in postive ion mode. The theoretical mas®f the hAGT

DNA specis werecalculated to be either 25303.6 Da if the repair event occurred at the
modifieddG (21876.2 Da (hAGT) + 96.2 Da (Linker) + 3331.2 Da (CGAAATTTTRG

or 25328.6 Da if the repair eventaurred at the modifiedT (21876.2 Da (hAGT) +

96.2 Da (Linker) + 3356.2 Da (CGAAAGTTTCG)).

4.2.12 Binding studies of C145S hAGT

Crosslink binding assays were conducted as desciilb&ction3.2.11

4.3 Results

4.3.1 Substrate preparation

The structures oXLGT4 and XLGT7 are shown inFigure 4.1. The O%G-
butyleneO*dT (3a) and O°dG-heptyleneO*dT (3b) crosslinked amidites were prepared
as shown inrScheme4.1 which began with thenucleoside adduct containing a tetoa
heptamethylene linker with a terminal alcohol which was prepared by reacting the
appropriate dialcohol with 3 ®-(t-butyldimethylsilyl}5 -®-( 4 ;dithéthoxytrityl}C4-
(1,2,4triazok1-yl)-thymidine(235 The 3' and 5' biprotected dT adducts were
subgquently reacted with 8)-dimethoxytrityl3-O-t-butyldimethylsilykN*-
(phenoxyacetylp @leoxyguanosingia a Mitsunobu reaction to give the fullygbected
dimerslaandlb.(188 Desilylation of the dimers gav&a and2b and was followed by a
phosphityétion reaction yielding the crosmked bisamidites3a and 3b, which were

employed for solid phase synthesi¥? NMR signals at 153.61, 153.41, 153.40 and
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153.23 ppm for3a and 153.60, 153.40, 153.39 and 153.22 ppm3tmconfirmed the
presence of both phosmiamidite groups. As a result of the asymmetry for the
phosphitylated crosknked nucleosidefour *'P NMR signals werelserved.
OR
| i NS N
DMTOWAO o O\AHSG

OR
la, 1b (R=TBS) > (i)

2a,2b (R=H)
> (i)
3a,3b (R =P(OCEB(NiPr2))

Scheme 4.1: Synthesis of 0°dG-butyleneO*dT and 0°dG-heptyleneO*dT bis-
phosphoramidites

Reagents and conditions: (i) SO-dimethoxytrity-3-O-t-butyldimethylsily+N?-
(phenoxyacetylp @eoxyguanosine, triphenylphosphine, DIAD, dioxane. (ii) TBAF (1M
in THF), THF. (iii) N,N-diisopropylamino cyanoethyl phosphonamidic chloridé?EA,
THF.

4.3.2 ESI-MS and exonucleasaligestion of DNA

XLGT4 and XLGT7 were analyzed by mass spectrometry to ensure that the base
modifications were present after the deprotection and purification steps.b$beved
masses were in agreement wgticulated values

XLGT4 and XLGT7 nucleoside compositions were confirmed by exonuclease
digestion to their constituent nucleosides with a mixture of snake venom
phosphodiesterase and catfteistinal alkaline phosphatase, then analyzed byl&
reversed phase HPLO.he presence of modifiedunleosides was established by the
appearance of additional peaks, aside from the four standard nucleosides, on the HPLC

chromatogram. The extracted ratios of the compoReiieoxynucleosides were in good
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agreement with the #oretical compositions excedor the lower than anticipated

proportion of crosdinked modifications due to theissumed extinction coefficients
4.3.3 UV thermal denaturation studies

The dability of XLGT4 andXLGT7 containing duplexewsere determinethy UV
thermal denatung studiesby monitoringAgpat increasing temperatures, as illustrated in
Figure 4.2. Both modified duplexes displayed sigmoidal denaturation patterns
comparable to the control duplekhe presence of the ICL siéibed the DNA duplex
with the 4 methylene linker having a greater contribution than the 7 methylene linker.
The melting temperatusdor XLGT4, XLGT7 and the control (& pair instead o G-

T crosslink) were 68, 56 and 46 °C, respigely.
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Figure 4.2: T, curves ofXLGT4, XLGT7 andcontrol DNA duplexes.

Control DNA ( ), XLGT4 (_ ) andXLGT7 (é é .).

4.3.4 CD spectroscopy

The alkyknelinkers present ilXLGT4 andXLGT7 showed little effect on overall
secondary strcture as indicated by the chetexistic Bform DNA signatures observed

for all samples witlpositive signals centered around 275 nm, cross overs around 260 nm
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and negative signalaround 250 nmas shown inFigure 4.3.(200201) These results
were similarly observed withkCL DNA having cetral O*dT-alkyleneO*dT and O°dG-
alkylene0°dG mismatche$145235)
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Figure 4.3: FarUV CD spectra ofXLGT4, XLGT7 andcontrol DNA duplexes.

Control DNA ( ), XLGT4 (_ ) andXLGT7 (é é .).
4.3.5 Crosslink r epair

16 h repair reactions with the various AGT amXLGT4 or XLGT7 were
conducted to detect the total amount of repair by therdiifeAGT homologues. The
positive controXLGG7 (0°dG-heptylene0®dG ICL) incubaed with hAGT was used as
a marker sice the various species produced by this reaction are known and aid in the
identification of the various products formed in our assay, including two slowly
migrating bands corresponding to A@NA complexes that arbelievedto be either
fully reduced or prtially reducedby 2-mercaptoethanol

No appreciable repair was observed by any of the AGT testedXi{BT4 (data
not shown). Repair okLGT7, shown inFigure 4.4, was achieved only by hAGT, where
25% of the swing material was converted to the A@NA covalent complex.

Moreover the ratio of theeleased DNA strand and AGDNA complex was 1:1
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suggesting hAGT only repaired one of the alkylated atoms involved in thelichass
This hAGT repair activity was abshed by introducing the C145S mutation (data not

shown).

Lanes:
1 23 456
- = <— AGT-DNA

/
AGT-CysmO

7}/\%
N

N
T
S8 @®® » < Substrate

- < Released
DNA Strand

Figure 4.4: Denaturing PAGE gel illustrating the repairXitGT7 by hAGT, AdaC and
OGT

Repair reactions were composedgbmol of DNA and 60 pmoAGT at 37 °C for 16 h
Lane 1, Control DNA + hAGT,; lane 2XLGT7; lane 3,XLGT7 + hAGT, lane 4,
XLGT7 + OGT,; lane 5XLGT7 + AdaC; lane 6 XLGG7 + hAGT.

The repair rate ofXLGT7 and formation of the hAGDNA complex was
monitoredover the course of threlgours to obtain inflonation on the iketics of this
reaction, as gbwn in Figure 4.5. The results indicate that the repair occurred slowly
where only 13% of the AGDNA species is present after the three hour pers was
the case for the repair assay conddcovernight, the ratio of AGDNA complex to

released DNA strand was 1:1.

146



100

80

60

40

% Abundance

20

0

Moo,

& %

0 50 oo 150
Time (min)

Figure 4.5: Time courserepair ofXLGT7 by hAGT.
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4.3.6 Identification of XLGT7 repair product by SDSPAGE and

ESI-MS

Since the radioactivity based repair assays only show the DNA speDi8$AGE

was conducted on the hAGT mediategair of XLGT7 to dbserve the various protein
species formed. The SEFSAGE shown inFigure 4.6 reveals the formation of a protein

complex with a greater molecular weight than unified hAGT. Based on the results

from Figure 4.4 andFigure 4.6 we hypothesiz¢hatthe new specgcorresponds to an

hAGT-DNA covalent conplex, which coincides with the calculated mass of (25.3 kDa).

The identity of the hAGIDNA complex lypothesized fromFigure 4.6 was

determined using ESWIS. Since the crosbnk involves two different alkylated

nucleotideghat could potetially be repaied by hAGT, it was necessary to identify the

hAGT-DNA species in order to establish the site of repRapair at either of the

alkylation sits will yield an hAGT-DNA species of a different massaiding in

identification
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Figure 4.6: 15% SDSPAGE ofhAGT mediated repair ofLGT7 .

Repair of 625 pmoXLGT7 by 600 pmol hAGT for 5 h at 37C. Unstained Protein
Molecular Weight Marker (Ieft)XLGT7 + hAGT reaction (right).

21875.5
1004

-— hAGT (21876.2kDa)

25303.3

<— hAGT-T (25303.6kDa)

%

OO0 444>>>00

22000 22500 23000 23500 24000 24500 25000 25500 26000 26500

mass

Figure 4.7: Identification of hAGT-DNA covalentcomplex by ESIMS

The ESIMS spectrum of the hAGT mediated repafitXLGT7 is shown inFigure
4.7. Two major signals are observed in the deconvoluted spectrum. The first corresponds

to the unalkyladd form of hAGT and the second the hAGNA covalent complex.
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Based on the observeahd calculated masses, the hAGINA complex occurs between
the protein and the DNA strand alkylated at & atom of dT, indicating hAGT

preferentially repairs the aflateddG (Figure 4.8).
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Figure 4.8: hAGT mediatedrepair ofXLGT7

4.3.7 Binding studies of C145S hAGT

Binding assays were carried outdiudy the effect of the ICL on hAGT substrate
discrimination in hopes of understanding the preferential repair observeXL®fr7
over XLGT4 (seeAppendix V). Results presented iable 4.1 indicate that hAGT
binds both ICL DNA in a 2:1 (protein:DNA) stoichiometry, similar to the control DNA,
suggesing the crosdinks have no evident effect on the modeh&GT binding.The Kq4
values extracted from the EMSAdicate thahAGT bindsXLGT7 2-fold better than the
conrol DNA andXLGT4, whi ch are botMrangeound i n t he

Table 4.1: Kq4 and stoichiometry ofbinding by hAGT toXLGT4, XLGT7 and control
duplex

DNA Duplex Ky (uM) Stoichionetry
Control (GC) 3.55+0.14 2.03 +0.08
XLGT4 3.64 £0.20 1.99 £ 0.17
XLGT7 2.05+0.05 1.97 +0.02
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4.4 Discussion

Directly opposedd°dG-alkyleneO*dT ICL were prepared using a combination of
solution synthesis toreate the crosknked phosphamidite and solid phase synthesis to
incorporate the crodmk into an oligonuatotide. The identities of the ICL DNA
XLGT4 and XLGT7 were confirmed by ESMS and exonuclease digestion. The
nucleoside ratios extracted from the digestion were in accordance with tnetitiee
composition otthe oligonucleotide except for a lower than anticipated ratio ofrihes
linked nucleosides. These dawons in ratios are attributed to the unknown extinction
coefficient for these novel nucleosides where the sum of the extincti@s\édT and
0°-MedG was used to get astimate of the relative ratio of these modificatiofise
complimenting nature of the EMS validates the presence of only one ICL modification
per DNA nolecule.

The presence of the crebisks increased the thermal stability oBtDNA duplex,
where the presence of a four methylene bridge had a greater stabilizing effect than the
seven as lsserved by our UV thermal denaturation studi€ee smaller increase in
thermal sability brought upon by the larger ICL is believed to be daeatgreater
reduction in the enthalpy for the hemgkversus butydnelinker containing DNA, which
may beattributedto the disrption of the base pairs around the crbsked site as a
result of steric effects of the larger link@35 A comparabletrend has been observed
previously by our group for a®*dT-alkyleneO*dT mismatch where an increase ifi,
of 9 °C and 25 °C was observed over the control duplex for the heptylene and butylene

linkages, respeatély.(235) This also holds true for aB°dG-alkyleneO°dG mismatch in
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a similar oligonucleotide sequence with 12 °C and 24 °C isesdaT, for the heptylene
and butylene linkages over our control DNA, respety.(145 Indeed, the presence of
an ICL, irrespective of the length, causes a reduction in the change of entropy upon
dereturation of the duplex due to the organized nature of the unimolecular system. As
previously observed, the contribution of the entropy factor rales the negative
enthalpic effect othe ICL system affording a more stabjecies(226)

The control DNAXLGT4 andXLGT7 all assumedB-form stuuctures as assessed
by farUV CD. These results are i@rdance with previously studied ICL DNA having
crosslinks between the N3 atoms dff and theN* atoms ofdC.(225237) Moreover,
NMR studies on ICL DNA cotaining an N3-butyleneN3T crosslink revealed no
change in the overall-Borm structure of the DNA but did show widening of the major
groove without commmising the size of the minor grooy238

The conformation of the DNA probe might play a subisséhrole on hAGT repair.
The repair 0f0°-methytguanosinéO®-methytriboG) in a DNA strand by hAGT is nen
existent as opposed to its naturabsttate,0°>-MedG which is efficiently processed by
the protein(239 Based on hAGIDNA co-crystals, the lack of RNAepair by hAGT has
been attributed to aofential steric clash between tt&e ydroxyl of the modified
ribonucleoside and thalphacarbon of Gly131155 This only partially addresses the
discriminatory patten. Other nucleic acid properties may be responsible for this
discerningtrend Notably, differences in the ribose arfil-@leoxyribose sugar puckers,
affecting the overall secondary stture of nucleic acids, could play a part in poor RNA
repair by hAGT. Br this reason the -Borm structure of DNA may be primordial for

AGT repair.
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Our radioactivitybased repair assay revealed no repaiKlo6T4 by any AGT
tested. Lack of repair by OGT and AGawas aticipated based on previous work, which
indicates that tth proteins aranactive to ICL DNA.(146235 The absence of any
appreciable repair aKLGT4 by hAGT was surprising considering its ability to repair
0°dG-butylene0°dG ICL (XLGG4) in a virtually identical equenceg146) The
difference in size betweatil anddG may be responsible for the lack XEGT4 repair
as @posed toXLGG4. Replacing onelG by adT reduces the lineadistance between
the anomeric adons of the modified nucleosides by roughl.1

A molecular model generated by Fasigal. of hAGT in canplex with XLGG7
suggests the preferential repair of longer ctods by hAGT is brought upon by the
shape of thédAGT active site in the DNA bound conformation which can be represented
as a tunne(146) In effect, the larger the distancetlween the anomeric carbons of the
modified nucleosides, the greater the ICL regaice the crosknked nicleobases will
sit at each end of the hAGT active site "tunnel”. This allows the linker to lay in the
"tunnel” while at the same time placing the ahglaabon ofthe adduct in close proximity
to the reactive Cys raue

Local denaturation of the DNA duplex upon hAGT binding may be the cause for
the extension of the cro$isk, separéing the tethered nucleotidé240) As eluded to in
earlier studies based on the thermal denaturation results, the largeliinkr@saises the
disrupton of the base pairs around the lesion itself gemgra substrate that is already
denatured around the point of alkylation prior to proteirdibig.

Repair of XLGT7 was achieved only by hAGT, as wasticipaed based on the

"tunnel” model. Increasinghé length of the ICL allowed the nucleobases to span the
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distance of the hAGTdhlve site, permittingepair to occur. Repair LGT7 by hAGT
shownin lane 3of Figure 4.4 suggests the formation of a spadieat corresponds to a
AGT-DNA complex, based on the magion pattern of theXLGG7 control from lane 6,

as well as a fully repaired DNA strand, which migrated similarly to the control DNA in
lane 1. The formation of the AGIDNA complex and the release of thepegred strand in

a 1:1 ratio implies that repair by hAGT only occuari@ one site per DNA molecule.
Repair of XLGT7 by hAGT required hours for comgtion as indicated by the time
course assay shown Figure 4.5. The C145S variant of hAGWas unable to repair
XLGT7 identifying Cys 145 as the reactive resie.

To overcome the limitations of the radioactivity based assay, which only monitors
the DNA species, aBDSPAGE analysis of the reactiomas performedo anayze the
various proteinaceousnagrials formed. The absence of a protein band at 43.8 kDa,
which would indicate an hAGT dimer linked by the seven methylene linker, supports the
finding that hAGT only reacts at one locationXbGT7 . A band just above thesxkDa
marker correlates to a covalent specregraing with a molecular weight correspding
to an AGT-DNA complex in a 1:Iatio (roughly 25.3 kDa)which is in agreement with
our radioactity based repair assay.

The identity of the covalent complex wdstermined by ESMS. The spectrum
shown inFigure 4.7, displays some unreacted hAGT (21875.5 Da) and a peak with a
mass of 25303.3 Da, corresponding to an hAGH,);-CGAAATTTTCG molecule. The
absence of a peak 25328.6Da entailsthathAGT reacts selgively at one location on
the DNA duplex. To form thihAGT-(CH,);-CGAAATTTTCG product, where the

underlined ocleaide depicts the crodsked position, hAGT must react on the modified
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CGAAAGTTTCG strand whereby releasing the repaired CGAAGTTTCG
oligonucleotide in the process. The absence of any formation of a covalent complex when
reacting hAGT with the control DNA signifies the céige moiety on the DNA as th@®
atom of the crosinked dG. The repair event®f XLGT7 by hAGT have been
summarized inFigure 4.8. These results are consistent with our previous results that
demonstrate thatAGT can epair 0°dG-alkyleneO°dG crosslinks but is inert twards
O’dT-alkyleneO*dT crosslinks.(146,214,235)

hAGTSs inability to repairXLGT4 was not attributed to poor substrate binding as
establiked from our EMSA resultsshown inTable 4.1. A two-fold decrease irKqg
observed forXLGT7 over XLGT4 and the control DNAs not substantial enough to
support the rgair trend Also the ICL had no consequence te binding stoichiometry
of hAGT to the DNA. This is in agreement with the minor groove binding property of
hAGT and the solution structure sifnilar ICL DNA showing the crosknk spanning the

major groove without influencing the size of the minor gro¢185238241)
4.5 Conclusions

Using our approach a wellefined hAGTFDNA covalent conplex was generated
covalently linking anO* alkylated dT via a seven methylene ker to hAGT.
Unfortunately, the mteinrDNA crosslinking reaction was limited to the human
homologue where no amplex was observed for Ada and OGTE. coli proteins. No
complex was observed with the four mgdéme linker containing DNAXLGT4. The
reasonfor this substrate discrimination by hAGT is not known but we hypothesize that

the longer crosink found inXLGT7 allows foreasier access to the point of lesion since
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1) the two modified nuctesides can be separated further apart due to the increaggul le
of the tether 2) the larger crelisk allows for substantial local destabilization of the
DNA duplex at the point of repair granting easiecess to hAGT.

We conclude the use of ICL DNA as substrates for thmdtion of site specific
AGT-DNA covakent complexes is promising. Synthesis of these modified
oligonucleotides is straightfevard and allows great control over the length of the desired
tether. As demonstrated herein, hAGT sfieally reacts with the® alkyateddG of the
crosslink allowing the formation of defined covalent complexes that may find

applications in experiments involving the labeling of hAGT.
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CHAPTER V

Engineering of a O°-Alkylguanine-DNA alkyltransferase Chimera
and Repair of O*Alkyl Thymidine Adducts and O°-Alkylene-2 -6
Deoxyguanosine Crostinked DNA

Graphical Abstract: Modelled residues 13959 of chimera (green) and hAGT (cyan) in
the presence @*-MedT (white)
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Abstract

A soluble humanhAGT chimera was engineered contamithe active site of OGT
(residues 13959) and an additional S134P mutation. The resulting hAGT chimera not
only retained hAGT ®%GakidnéO’dG YCL DNA damegebaiti 1 b u |

also displayed enhanced repair of vari@isalkyl dT adducts.
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5.1 Introduction

Formation of0*-MedT in the genome that results from exposure to tobacco derived
N-nitrosamines or chemotherapeutic agents is highly mutagenic because of its@bility
form altered hydrogen bonding patte(85,54,242243 The stableO*MedT:dG pair
resulting from asingleround of replicationcauses a dT to dC transition mutatianich
is especially detrimental to the cell if this event occurs on gsntmgenes or tumour
suppressor gengs)

0°-MedG, another well known mutagenic nucleobase modification, generates
dG:dC to dA:dT transitio5) Unlike its dT couner-part theO®-MedG:dT intermediate
(formed after a single round of replication) is a substrate for mismatch repair and direct
repair in humang126,244,245 The O*-MedT:dG mismatch persists in the cell since it is
neither a good substrate for mismatch repair nor direct repair, contributing to the
mutagenic potential o®*-MedT.(133245 O*-MedT, which isbelieved to be a mar
lesion, has been found at similar levels @5MedG in the liver tissue of healthy
volunteers, demonstrating its importarexed prominence in the absence of exogenous
alkylating agents346)

AGT are part of the direct repair pathway and are responsiblédoremoval of
both O°-alkyl dG andO*alkyl dT adducts32247) The repair occurs in a single step
process where the active site Cys thiolate
carbon of the addudbcated on the exocyclic oxygeh5H In the process the native
DNA is restored and the AGT protein is irreversibly alkylated where it eventually

undergoes degradation by thbiquitin mediated pathwayl(04,248 AGT homologues
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show vast substrate differences. hAGT has been studied extensively and is believed to
possess the greatest substrate rangeOfealkyl dG adducts.Among some of the
Abul ki er 0 s webbedn rstownets undefya repaithby this proteinGidG-
alkyleneO®dG ICL, which are DNA lesions that covalently link complementary DNA
strands inhibiting DNA unwinding and segregations and in the process inhibits cell
proliferation due to physical obstition(146214,235249)

E. Coli OGT is believed to be the most efficient AGT at eliminatidgalkyl
dT.(33117 This is contrary to hAGT, which isxtremely poor at removing eved-
MedT. hAGT recognizes and bind®*MedT but cannotremove them efficiently,
physically shielding thdesion from theNER machinery and increasing the lesion's
toxicity.(133

The Loeb and Pegg groups have dedicated some effort to generate hAGT variants
capable of increasecepair of O*-MedT. The Loeb laboraty employed a random
sequence mutagenesis approach to generate multiple variants followed by a functional
complementation assay to obtain a variant withlt8rations(C150Y, S152R, A154S,
V155G, N157T, V164M, E166Qand A170T)134) This variant showed a rate of repair
of O*-MedT that was roughly 11.5 times greater than that of hAG35250) A
horizontal gene transfer from OGT to hAGT was invoked by the Pegg grayené&vate
their hAGT-OGT chimera. Their most promising construct harbouredlt8rations
(V149I, C150G, S151R, S152N, A154T, V155M, G156T and N15it&was achieved
by substituting the hAGT amino acids by their respective residues in OGT.
Unfortunately, mcorporating numerous successive mutations generated a chimeric

protein that was not soluble, requiring refolding procedures to be adopted. Their chimera
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displayed valuable properties when expressed in alkyltransferase and NER dg&ficient
Coli cells, whee reduced levels of mutations at dT:dA sites were observed upon cell
exposure to methylating, ethylating and propylating agents when compared to similar
cells expressing wikdlype hAGT(123)

In the present workwe extended the portion of OGT residues in the chimera
towards theC-terminal but kept Pro 140 from hAGT to generate a soluble congir2@.
The chimeras ability to repair alkylation adducts #BH at boththe O* atom ofdT and
O° atom ofdG was investigated using the substrates showfigare 5.1, which were
synthesized and characterized as previously desdqiseedsections 2.2.2 3.2.2 and

4.2.2
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Figure 5.1: Structures of &) O*alkyl dT monoaddcts and DNA sequence where X
contains the modified residueB)(0°dG-alkyleneO®dG ICL and duplex where & is
the ICL, C) O°dG-alkyleneQ*dT ICL and duplex where G is the ICL and D) O*dT-
alkyleneO*dT ICL and duplex where-T is the ICL.

5.2 Experimental
Note: This manuscriptvas published as a commuaationand as such lacked a detailed

experimental section. All novel methods are described here and previously explained

methods are refered to.
5.2.1 Materials
XL-10 Goldand BL21(DE3)E. coli cells were obtaied from Stratagene (Cedar

Cr eek, -**]K0P.was[parchased from Amersham Canada Ltdk¢iDe, ON).
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Phusion polymerase (New England BioLabs, Ipswich, MA, U$A), T4 DNA ligase,

Kpnl, EcoR| Dpnl, UnstainedProtein Molecular Weight Marker, O'GeneBRul E 1  k b
Plus DNA Ladder (Fermentas, Burlington, ON, CAN), 5' Phosphorylated Primers
(Biocorp, Montreal, QC, CAN), 10 mM stock dNTPs , Agarose, Tris base, Borate,
EDTA, Imidazole, Ampicillin,IPTG, and most other biochemical reagents as well as
polyacrylamide gel materials (Bioshop Canada Inc, Burlington, ON, CANI}NTA
Superflow Resin (Qiagen, Mississauga, ON, CAdtld Complete, Mini, EDTAfree

Protease Inhibitor Cocktail Tablets (Roche, Laval, QC, CAN).

522 Creating pQE30-Chimera plasmid

An overview of tle procedures is shown Bcheme5.1. The primers, shown in
Table 5.1, used in this study were designed such that the 3' portion of the primers that
annealed to the templabad aT,, > 50 °C, while having either a G or a C at the 3' end of
the primer to ensure proper annealing. The 5' end of the reverse primer coded for the first
33 mutations while the 5" end of the forward primers coded for the remaining 30
mutations. 5' phgphate groups were incorporated into the primir solid phase
synthesis as these phosphates wezededto carry out the blurénd ligation. These
primers allowed for &TC CCCATC CTC ATC CCG TGC CAC AGA GTG GTC TGC
AGC AGC GGA GCC GTG GGC AAC TAC TCOtATC CCC ATC GTC GTA CCT
TGC CAT CGG GTT ATGGC CGA AAC GGT ACC ATG ACC GGA TAT GCA
mutation. The italisized codons were coded for by the reverse primer while the bolded

ones were coded for by the forwgmdmer.
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Schemeb.1: Modified invertedsite-directedmutagenesis.

(A) Annealing of the two 5' phosphorylated contiguous prim@83 Extension by
Phusion polymerase to give the linear mutated D@ Digestion of parental DNA by
Dpnl and (D) Blunt-erd ligation of cleanedip PCR product to yield the circularized
mutated plasmid.

Table 5.1: Primersused todesignthe diimeragene from hAGT
Primer  Sequence Additional Information
Reverse P-GAT AAC CCG ATG GCA AGG
TAC GAC GAT GGG GATAGG Mutation of first 33nucleotides
ATT GCC TCT CAT GGC
Forward P-GGC CGA AACGGT ACC ATG Mutation of remaining 3C
ACC GGA TAT GCA GGA GGG nucleotides
CTA GCC GTG AAG G
Underlined nucleotides represent the fammealing 5' miety of the primers tha
are mutagenic
IntroducedKpnl cutsite in forward primer shown in bold
P- Phosphate group

The PCR reaction mixtures were constituted of 10 ng of hAGT template BNA,
p mo l of each pri mer, 2X(PhusienMb fod r . d NIT Psl. dfo d
sul foxide and water to a total vol ume of
denaturation temperature58C),0 . 5 €L (1 wunit) of Phusion poc¢
The conditions used to perform the PCR reactions on the Appliesysems

GeneAmp PCR System 9700 thermocycler were: a hot start of 1 min at 95 °C; 25 cycles

of denaturation at 95 °C for 1 min followed by annealing at 60 °C for 1 min followed by

163



elongation at 72 °C for 12 min; a final cycle at 72 °C for 15 min was peeidin order
to establish proper termination of the PCR product strands for blunt end ligations.

The Phusion PCR reaction mixture was digested for 2 h at 37 °C using 10 units of
Dpnl to digestthe template DNA. The resulting mixture was loaded on a 0.8&wae
gel and electrophoresed at 80 V for 1 h. The band of the appropriate size (4 kb) was
excised and the DNA extracted from the gel as specified by the lllustra GFX PCR DNA
and Gel Band Puri ficati on Kit (GE Healt h,
elution buffer type 4.

A blunt-end ligation reaction was performed for 2 h at 22 °C using 450 ng of the
purified DNA (obtaXnB4d RBNMAvie)gade chhufofferl,0
1 L (5 units) T4 DNA | i gas eedbylincubatihgithg as e w
mixture at 70 °C for 5 min.

45 ng of DNA from the Iigation mixture w
XL-10 Gold cells. Briefly, the cells were thawed on ice and then transferred inte a pre
chilled sterile 15 mL polypropylene tab. 5 €L of the Il igation mi
tube and allowed to sit on ice for 5 min. The tube was subsequently placed in a 42 °C
water bath for 40 sec, placed on ice for 2 min and the resulting msgoeadon LB +

100 &g/ mL agarospplasi | | i n
5.2.3 Creating the pET15-Chimera plasmid

Overlap extension PCR cloning was used to place dhienera gene into
pET1%.(251) The tube for the 1PCR step was made up of 10 oigpQE3GChimera
templatecreated inSection 5.2.2 30ng of the two primers, whose sequences are shown

in Table 5.2, 200 €M of d X AhBs®on buffeancwater dofa total volume
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of 49.5 eL. Once the solution Bpaed €& i
unit) of Phusion polymerase was added.

Table 5.2: Primers used toreate pET18Chimera
Primer Sequence

pET-f CCT CTA GAA ATA ATT TTG TTT AAC TTT AAG AAG GAG ATA
TAC CAT GGA CAAGGA TTG TGA AAT GAAACG CAC C

PET-r CAACTC AGCTTC CTT TCG GGC TTT GTT AGC AGC CGG ATC CT
TCA GTG ATG GTG ATG GTG GTG5GA GCC

Underlined nucleotides represent the portion of the primer which anneal tolpET15
Non-underlinednucleotidesepresent thaucleotideghat anneal to thEhimeragene

The PCR conditions were as follows: a hot start of 2 min at 98 °C; 32 cyfcles o
denaturation at 98 °C for 1 min followed by annealing at 60 °C for 1 min followed by
elongation at 72 °C for 1.5 min; a final cycle at 72 °C for 10 min was performed. The
PCR reaction was analyzed on a 1 % agarose gel and the desired band excised as
indicated previously.

The tube for the ™ PCR step was made up of 5 ng of pEB,1560 ng of PCR
product fromstep 22 00 e M of d N TXAPhusionbfer ard watefr to & total
volume of 49.5 L. Once the solutC)od heate
eL (1 wunit) of Phusion polymerase was adde

The PCR conditions were as follows: a hot start of 2 aif8 °C; 20 cycles of
denaturation at 98 °C for 1 min followed by annealing at 55 °C for 1.5 min followed by
elongation at 72 °C for 12 min; a final cycle at 72 °C for 10 min was performed. The
PCR reaction was then digested widpnl, and transformed to XL-10 Gold cells and

plated as indicated above.
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A colony was picked from the plate and inoculated into 10 mL of LB +€190/ mL
ampicillin overnight. The plasmids were
Plasmid Miniprep Kit. The purified plasmidsvhose identities was confirmed by
sequencingwere subsequently transformed into BL21(DES3) cells for protein expression

underthe T7 promoter

5.2.4 Protein expression andpurification under pQE30 vector
All proteins were purified under native conditions as describ&ation 2.2.8

5.2.5 Protein expression andpurification under pET vector

Purification oftheinsoluble AGT protein was attempted using previously published
protocols without succes$Z3 The only insoluble proteirthe P140Schimeravariant
was expressed in high copy under the pET15 system anfileguunder denaturing
conditions. Purification othe P140Schimeravariantwas similar to the protocol used to
purify the proteins under native condition with a few changes. The supernatant from the
spin at 17000 x g after lyses of the cells using Frgmeks was discarded to remove all
soluble proteins. The inclusion body pellet was taken up in resuspension buffer
supplemented with 8 M urea. This was followed by a spin at 17000 x g for 45 min at
room temperature. The supernatant was applied to-dTIi column preequilibrated
with equilibration buffer supplemented with 8 M urea. The column was extensively
washed with equilibration buffer supplemented with 8 M urea and 10 mM imidazole. The
protein was eluted with equilibration buffer supplemented with &rva and 200 mM
imidazole and immediately dialyzed versus refolding bufte™ Tris HCI (pH 8.5), 1 M

NaCl, 0.3 M L-Arginine, 1 mM DTT, 10% glycerol, 0.1 mM EDT)Aupplemented with
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5 M urea using 8000 Da cutoff dialysis tubing for 16 hours. The prot@snswbsequently
dialyzed against refolding buffer without urea and finalgainststoragebuffer (50 mM

TrisHC | (pH 7.6), 25 anernaptoethhand and 0.2 M EDIA hits
procedure yielded 30 mg of protein per L of culture, which was limited gesult of

using only 3 mL of NiNTA resin during purificationlt is noteworthy to include that on
column refolding was attempted with no success as observed by the formation of a white

precipitate on column when the urea concentration approached 2 M.
5.2.6 Protein characterization

CD, ESHMS and intrinsic fluorescence analysis of the proteins wenglucted as

described irSection 2.2.9
5.2.7 Mono-adduct repair assay

The moneadduct repaiassays wreconducted as deribed inSection 3.2.8
5.2.8 Modelling of chimera bound to O*-alkyl dT mono-adducts

The initial model of the chimera was generated using Modeller 9.10 B§iR)
1T38 as templateThe modified DNA was placed irthe chimera active sitdased on
PDB 1T38by substitutingd®-MedG toO*-MedT, O*butyl-4-ol dT or O*heptyt7-ol dT.

The placementf the modified nucletides wereverified with PDB 1YFH.

The preliminary models underwent conjugate gradient minimization, aietll
annealing, and torsion angle dynamics using Crystallography & NMR Sy2gin.
CHARMM topology files were modified to use the altered nucleotides by adding
restr ai nt scarboo of the lespn ik syneonformation with respect to the3N

atom of theneterocycleas observed in PBIAT38, 1139, and ¥FH.(223
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The moels underwent 2 sets @D0 steps of gradient minimization and 200 steps
of simulated anealing. The first cycle was carried out at 500 K with slow cooling at a
rate of4.5 K per cycle of dynamics. The second cycle was carried out at 350 K with slow
cooling at a rate of 2.5 K per cycle of dynamasd theminimized models displayed
usingPyMol.
5.2.9 Crosslink repair assay

Crosslink repair assaysereconducted as described$ection2.2.10
5.2.10 C145Schimera variant binding studies with ICL DNA

Binding reactions consisted of 0.5 nM dsDNA, increasihg C145S chimera
vaiantr angi ng from 1 t o (TApansd efM ofnorl ttHG 6¢c.05n terh
DNA and control (&C) in a total solutionvolume & 0 €|l of WiOmMiTrisg buf f
HCI (pH 7.6), 100 mM Nal25% dlycemMheDs@rfiples 1 0 & ¢
were eqilibrated for 1 hour at room temperature and loaded on a 15% native
polyacrylamide gel (75 : 1) anmdin with 0.5 X TBE, which allowed the electrophoresis
voltage to be increased without heating the system. Electrophoresis was carried out under
liquid cooked gels at 21 °C at 250 V for 25 minutes.

The monomeridy and stoichiometryn) of AGT binding to DNA were obtained

from theEMSA asdescribed irbection2.2.11

5.3 Results anddiscussion

5.31 Protein characterization

A slight variation of inverted PCR was employed to introduce residues 339
from OGT into the hAGT scaffold, while retaining Pro 140 (SEmble 5.3 for

168



sequences)yhich is known to confer hAGT with the abilitg repair larger adducts such

as ICL andO®-benzyl guaning€146202203214249 The protein was expressed and
purified as previously reported for hAGZ14) The protein was obtained in >90% purity

as assessed by SIPRAGE and its maswas in accordance with the calculated value,
indicating no postranslational modification of the foreigmotein (seéppendix V). The
successive mutations introduced into the chimera did not substantially affect the
secondary structure of the overall @io as assessed by4dV CD, which revealed a
similar signature to hAGT. The alterations destabilized the protein with respect to hAGT
reducing theT,, by 7.5 °C. Characterization of the chimera by intrinsic fluorescence
showed a blue shift in tryptoph@amission indicating a slight change in tertiary structure.
This change in fluorescence is most likely a result of a variation in the local environment
of Trp 65 to a less polar position. Trp 65 is located in theersinal domain of the
protein but packs ext to the altered region and is perhaps affected by the V139l
alteration(147) C145S and R135G variants of the chimera protein were created by site
directed mutagenesis, purified acttaracterized (se®ppendk V).

Table 5.3: Amino acid sequence of hAGT, OGT arahimeraactive sites
Protein Amino Acid Sequence (13959}

hAGT VPILIPCHRVVCSSGAVGNYS

OoGT ISIVWVPCHRVIGRNGTMTGYA
hAGT-03 VPILIP CHRVIGRNGTMTGYS
Chimera | PIVV PCHRVIGRNGTMT@Y

& Amino acid numbering based on hAGT sequence.
P Most active chimera designed in referefe®

The P140S variant (introducing Ser 140 found in OGT) of the chimera created an
insoluble onstruct whenexpressed under the pQE30 vectdhis protein was also

expressed using pETk%nd purified under denaturing conditiomsorderto obtain a
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higher protein yield to be used in refolding attempBreviously published refolding
protocols for AGT did not yield an appreciable amountpwbperly foldedprotein(105)
Dialysis mediated refoldingf the P140Shimeravariant was greatly aided by high salt,
Tris and L-arginine. Unfortunately, the refoldguiotein had an improp@&onformationas
assessed by fayV CD and intrinsic fluorescencand wasunable to repai©®-MedG and

O*-MedT readily (data not shown
5.3.2 Mono-adduct repair

The chimeras ability to repa®®-MedG in a 14 bp oligonucleotidés 6  GIGXC
ATC ACC AG, whereX is O°-MedG) appeared to be unaffected given the repa®%bf
MedG occurred in less than 15 sec at room temperature, as was tiveittas@GT (data
not shown. The alterations improved the AGTs ability to rem@%MedT in a similar
ol i gonucl eotXiGAEC ACG AG WhEr€X isTO*-MedT). As observed in
Figure 5.2, the chimera repaire®*-MedT 30 times faster thahAGT, which is
comparable to results reported by the Pegg group for th&duble constructs, where
their most proficient variant had a-4ald increase over hAGT123 Repair ofO*-MedT
by OGT required less than 15 sec making it at leastfdldOmore proficient than the

chimera (éta not shown).
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Figure 5.2: Time course dealkylation @*MedT
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5.3.3 Modelling of chimera bound to O*-alkyl dT mono-adducts

Molecular modelling and molecular dynamics weraployedto comprehend the
reason for the chimesancreased ability to remov@*-MedT over its human equivalent
Modelling ofthe chimeravas performed using the hAGI°MeG cocrystal(PDB 1T39)
as templateand placement of the ¢ 145 side chain was guided ltye hAGT crystal
structures PDBs 1YFH, 1T39 and EH6. O°-MedG was mutated toO’-MedT and the
placement ofO*-MedT verified with PDB X¥FH, as reference. Conjugate gradient
minimization, simulated annealing and torsion angle dynamics were conducted using
Crystallography & NMR System as done previously by our g{@@g 235

The modelling data suggest the increased rep&F-dfiledT by the chimera may be
due to changes in the shape of the loop that better accommodates the modifigdiaucleo
as observed ifrigure 5.3. The N157G and S159A alterations in the chimera also make
the loop more flexible resulting in a reduction in distance between the Cys 145 thiolate
anion in the chimera to the methyl adduct@tMedT by 0.65 A relative to theative

hAGT, which may be responsible for the enhanced repair observed.
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Figure 5.3: O*-MedT (white) in the active site of hAGT (cyan/grey) and the chimera
(green/black).

The side chains of Cys 145, Asn 1&7d Ser/Ala 159 are represented as sticks.

hAGT has two unfavourable interactions; Asn 157 which sterically clashes with the
O’-MedT sugar moiety and Ser 159 that is in close proximity with the C5 mett®t-of
MedT hindering the flexibility of the loop ancbonsequently inhibiting angenetration of
O’-MedT into the protein's active site.

The preminimized model of the chimera in complex wi®-MedT revealed a
potential clash between Arg 135 and the C5 methyl of the modifieteotide This
residue is reglced by a Gly in OGT and Ala in Ada, suggesting that small amino acids

are usually located at this position in AGTs capable of repaiffidiedT with

appreciable ease. For this reason the R135G variant of the chimera was generated in hope

of creating a rare active variant. The repair capabilities of the chimera were compared to
its R135G variant using a small library 6f-alkyl dT adducts. Overnight incubation at

37°C of the AGT with the variou®*-alkylated DNA revealed the R135G alteration was
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detrimental to the chimera. The R135G variant maintained the ability to ré3ditedT,

but lost its capability to repair substraiie$ andT7 (seeAppendix V). Repair ofT4 and

T7 by the original chimera was moderate, showing only 40% repair after an overnight
incubation. These results are still promising since its human counterpart is unable to react

with these substrates é&adetectable exterf235)
5.34 Crosslink repair

hAGT is the only AGT shown to date to repair IDINA and several independent
alterations in its amino acid sequence are known to abolish this ability. These alterations
(aside from those involved in the proteins activity) include: P140A, P140K, V148L and
Y158H, all of which are located in the portion bAGT that is altered to form the
chimera(146,214) To verify the effect of the alterations on the proteins ability to process
ICL DNA time course repair assays livarious ICL containing oligonucleotides were
conducted. The time course assays revealed that the chimera is similar to hAGT and can
repair ICL DNA involving theO® atom of dG. The repair of croslnked substrates
XLGG4 andXLGG7, where theD® atoms ofdG are attachedly an alkylene linkemwere
carried out at virtually identical rates by hAGT and the chimera. The chimera, much like
hAGT, repairedXLGG7 more rapidly and extensively than it dL.GG4, 50% repair in
3 h forXLGG7 as opposed to 30% repair8rh for XLGG4 (seeAppendix V).

Similar repair trends were observed for ¥leGT series, where th@° atom ofdG
and O* atom of dT are attached by aalkylene linker XLGT7 was repaired with
comparable rates by both AGTs whereas the repdL&T4 was vrtually nonexistent
(see Appendix \). ESFMS analysis of the repair reaction revealed the chimera

selectively repairs the crofisk at the O° atom of dG. The repair event produces a
173



complex comprised of the chimera covalently attached through its Gygolthe O*
atom of the crosinked dT via the seven methylene linkagee€Appendix V). The same
repair specificity was reported by our group for hAG@#9)

In light of the positive results with moraxlductsT4 and T7 repair assays with
crosslinked DNA, where theO*-atoms ofdT were attached by an alkylene linker
(XLTT4 and XLTT7), were undertaken with the chimera. Unfortungtéhe chimera
was unable to repaXLTT4 nor XLTT7 (seeAppendix V). As was the ase with hAGT
and OGTXLTT4 andXLTT7 ICL DNA evaded repair by the chimef235)

5.35 Binding studies

The chimera bounXLTT4 andXLTT7 wi t h | Kgag deteihined bEEMSA
indicating good binding of the ICL DNA by the proteifthe chimera bound theLTT
DNA series more tightly than it did théLGT , which the protein is able to partially
repair, suggesting the absencexafT T repair is nod due to recognition of the substrate
by the proteir(seeTable 5.4).

Table 5.4: Ky andstoichiometry ofthe C145Schimeravariant bnding to ICL DNA

DNA Kg( € M) Proein:DNA Stoichiometry
Control (T-A)*  37.57+6.48 1.91 £ 0.09
XLTT4 2.56+£0.42 1.86 £0.16
XLTT7 1.99+0.12 1.80+£0.16
Control (GC)° 3.96+0.82 1.89 +0.18
XLGT4 6.10+0.10 2.12+£0.20
XLGT7 3.88+0.47 1.99+0.13

% DNA sequence is &EGAAATTTTCG/3-GCTTTAAAAGC
P DNA sequence is &EGAAAGTTTCG/3:GCTTTCAAAGC

The chimera interacts with dsDNA in a virtually identical fashion to hAGT, as
indicated by our binding experiments. Like hAGT, the chimera displays a preference for
DNA with a dG that is ma@ than 2 nucleotides from the 5' ends, as observed between the

174



T-A and GC controls. The chimera bound all DNA species with comparable dissociation
constants and stoichiometry as those reported for hAGT using identical subsirtes
conditions(235249 hAGT is believed to bind every 4 nucleotides where an observed
stoichiometry of 2:1 hAGT:DNAhas been documented for both-rheér dsDNA and
ssDNA, consistent with odindings with the chimerél66,167)

Binding experiments with the R135G chimera variant showed no association of
DNA in the tested r angherolOf Atgd35a9a bindlilg e st a
residue. The R135G alteration in the chimera appears to cause a decrease in binding
affinity between the protein and DNA, limiting the proteins ability to repair bulkier
adducts (such a&4 andT7) since they require a longéme to react with the proteins
thiolate anion as a result of the distance between the reacting groups. The role of Arg 135
in the chimera is equivalent to its function in hAGT, where it is speculated that this
residue is 1 of only 3 basic amino acidgdlved in the ionic interaction between the
protein and dsDNA as well as being 1 of 2 residues involved in the interaction with

SsSDNA(168)

5.4 Conclusions

We successfully generated a hA@GT chimera that can hmurified under native
conditions. The chimera, containing a portion of the hAGT active site changed to the
respective amino acids in OGT, displays some properties from OGT since it can repair
O*-MedT 30 times faster than hAGT. In addition, the chimerareanove larger adducts
at theO* atom of dT, such as those foundTis and T7, but does so poorly. The chimera

maintained the ability to repair crebsks involving theO® atom of dG, a property that
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was previously thought to be unique to hA@EeTable 5.5 for repair summary). The
alterations in the primary construct were shown to have no effect on DNA binding
affinity or stoichiometry, suggesting the modified residues are not involved in substrate
recognition

Swch a chimera may play a role in combinational chemotherapeutic regimens due to
its added ability to repair undesired, highly mutagealkyl dT adducts that are
generated during cancer treatment and which are known to persist in mammalian
cells.52) Since the chimera is based mostly on the hAGT scaffold many of the
biological properties of the protein are maintained. For example, the presence of-the 125
KAAR sequence responsible for targeting and maintaining the protein in the nucleus and
the presence d¥let 134, which is required for the steric claslat allows hAGT to be
ubiquitinated and degraded are retained; the presence of the terminal regions of hAGT
that impart the protein with the ability to interact with DNA with a high petein
cooperatity, which is required for concentrating the protein to segments of DNA that
are undergoing transcription are also preser¥88.154,155171).
Table 5.5: Summary of AGTmediated DNArepair

Lesion hAGT OGT Chimera
O*MeT?*9 + +++ ++

T42(239 _ ++
-I-7a(235) _

XLGG4° 149 + -
XLGG7" 149 +
XLGT4 49 - - -
XLGT7° 49 +
XLTT4° 39 - - -
XLTT7° - - -

10 pmol AGT with 2 pmol DNA at 37C.°60 pmol AGT

with 2 pmol DNA at 37C. (+++) >80%repair within 1

minute, (++)>80%repair within 1 h, (+) >10% repair

within 16 h and ) <10% repair within 16 h.

+ + + +

+

176



5.5 Acknowledgements

We are grateful to DrAnthony. E. Pegg (Penn. State University) for the plasmid
encoding the wildype hAGT gene. This research was supported by grants from the
Natural Sciences and Engineering Research Council of Canada (NSERC), the Canada
Foundation for Innovation (CFIl) antle Canada Research Chair (CRC) program. FPM is

the recipient of a postgraduate fellowship from NSERC.

177



CHAPTER VI

Effect of the C5 Methyl on O°-Alkylguanine-DNA Alkyltransferase
Mediated Repair of O*-alkyl Thymidine Adducts

Graphical Abstract: O*-MedU (yellow) modelled into hAGT active site, where the C5
methyl that would be present if it weB8-MedT is shown in green

McManusFP,Wilds CJ.
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Abstract

AGT are responsible for the removal ®f-alkyl dG and O*alkyl dT adducts from the
genome. Unlike th&. coli OGT protein, which can repair a vast rangeO8falkyl dT
lesions, hAGT is only able to remové*MedT and does so poorly. We set out to
uncover the cause of this substrate discrimination pattedetermining the effect of the

C5 methyl ofdT on AGT mediated repair d*alkyl dT. The rate at which thE. coli
AGTs, hAGT and an OGRAGT chimera removed methyl, but§tol and heptyi7-ol
adducts from th©"* atom of dUwere determined and comparedthose ofO0*-alkyl dT,

which we previously reported under identical conditions. The presence of the C5 methyl
hindered the repair of the methyl adducts by hAGT and the chimera by 25 -#old,30
respectively. The absence of the C5 methyl allowed thmetfai to repair the butyl-ol

and hepty7-ol adducts with appreciable rates. The presence of the C5 methyl did not
greatly affect the rate of repair of the budybl adduct by OGT but had a -36ld
inhibitory affect on the removal of the hep##ol lesion. The ability of the various AGT

to repairO*benzyl dUin an oligonucleotidavas also investigated. This molecule was
repaired efficiently by all AGTs except for Ada No correlation was observed between
the binding affinity of the AGT homologous toettadduct containing oligonucleotides

and their rates of repair.
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6.1 Introduction

The formation of0®-alkyl dG andO*-alkyl dT lesions in DNA through exposure to
chemotherapeutic agents and environmental carcinogens sudbaeso derived N
nitrosaminess well documented54,242) Such modifications also occur endogenously
where the formation 0D°-MedG is observed at a rate of-30 events daily bys
adenosylmethionm(46) These lesions are often used as benchmarks to determine the
mutagenic potential of DNA damaging agents due to their pot@4@y.The source of
the mutageni@otential of these modifications come from the wobble base pairs adopted
by these altered heterocycles with their natural counterparts. As a ®dukdG and
0*-MedT lead to G to A and T to C transitions, respectively2s)

In the genomeQ*-MedT is formed less readily tha®’-MedG. DNA treated with
MNU produces 126 times mo@™-MedG thanO*-MedT.(€24) Though formedo a lesser
extent,0*-MedT is observed at similar steady state level®%bledG in the liver tissue
of healthy humans, proving its incidence, even in the absence of exogenous alkylating
agents246) Moreover O*-MedT is more toxic tha®®-MedG in both normal and repair
deficient mammalian cell29,30)

As the source of genetic information the nucleotide sequence foubNA must
be maintained and therefore the prevalenceO%ailkyl dG andO*alkyl dT lesions
limited. Organisms have evolved AGT proteins to remove these lesions and limit their
effects on the cell. AGTs are virtually omnipresent and are found in ali&ang of life
apart from plantsl89 hAGT is the most thoroughly characterized AGT and has been

crystallized in the absence and presence of different substtd&k55151) AGTs
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repair DNA damage bflipping the damaged nucléde out of the duplex and into the
active site of the protein allowing the alkyl group to be tramefl from the modified
nucledide to the active site Cys residue’® The alkylated protein is subsequently
ubiquitinated and targeted for degradation by the proteosome causing the protein to act
only once.{04)

The augmented persistence@tMedT in the genome and it's mutagenic potential
is not based on its chemical nature but is rather attributed to its ability to evade repair by
hAGT and MMR, unlikeO®-MedG.B1,132133) The preferential repair ad®-alkyl dG
observed by hAGT is not ubiquitous amongst AGTs. For examplé&.theli OGT and
Ada-C proteins are capable of repairi®dMedT readily, where OGT is documented as
having the greatest activity and repairs b6thMedT andO°-MedG with comparable
rates.83,117)

Unfortunately, the origin of the substrate discrimination patterns by the AGT
homologuess not known. Moreover the reason for hAGTs inability to pro&¥ssledT
is unknown and few hypothesis have been propdsedate, thee is no crystal structure
of hAGT with a DNA duplex containing*-MedT. hAGT has been crystallized with the
modified pyrimidineN*-p-xylylenediamine, a cytosine analogue, but the nature of the
modification may cause some potential interactions to b€1868}j.Notably, the absence
of anO* atom indC removes the Ser 159 backbone interaction withGhatom ofdT
(observed wittO® of dGin PDB1T39).

Our group has generated a molecular model of hAGT in comyitex0*-MedT by
substitutingO®-MedG in PDB1T38(235) The resulting model placed the methyl group

on theO* atom ofdT 2.39 A further awayrom the thiolate anion of Cys 145 with respect
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to the methyl groupf O°-MedG. These results are in agreement with experimental
evidence but they did not explain the root cause of hA@disced capacity to repaiy-

MedT. A closer look at the pmainimized model revealed a potential clash between the
C5 methyl ofdT and Ag 1350f hAGT. Unfortunately, altering Arg 135 in hAGT would
create a protein that has reduced DNA binding affinity because this residue is believed to
be 1 of only 3 basic amino acids involved in the ionic interaction between the protein and
phosphate b&bone of dsSDNA.168)

We previously engineered a soluble chimera of @@GT where residues 139
159 of hAGT were replaced with their equivalents in OGT with the addition of an S140P
alteration for solubility prposes253 This chimera possesses increased repair
capabilities of O*-alkyl dT damage with respect to its human homologue, while
maintaining the ability to repair large adducts at ®atom of dG. The R135G
alteration in this chimera lead to a proteirttwieduced repair capabilities 6f-alkyl dT,
which was attributed to reduced DNA binding affinity, supporting the proposed role of
Arg 135 in hAGT. Since only the active site is altered in the chimera and the HTH maotif
is essentially unchanged fratimat of hAGT, this protein will allow to determine the role
of the active site residues on AGT mediated repair of var@talkyl pyrimidine
damage.

Since the residue involved in the potential clash cannot be altered due to its role in
substrate binding a sythetic approach was undertaken to synthesize similar
oligonucleotides as used previously by our grémmprepair studies 00*alkyl dT. For
this study, he O*alkyl dT nucledide is substituted to its C5 lacking equivaledt;alkyl

dU. The synthesizedubstrates, shown ifrigure 6.1, were prepared using methods
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described by Swann's group for the modificationrd®fusing a convertible nucleoside

approach without the need for alteratioR21)

(A) ?

O*-Butyl-4-ol dU O*-Heptyl-7-ol dU

(B)

5'GGC TXG ATC ACC AG

X = O*MedU, U-me
0*Bndu, U-bn
O*Butyl-4-ol dU, U4
O*Heptyl-7-ol dU, U7

Figure 6.1: Structures of &) O*alkyl dU adducts andE) DNA sequence where X
contains the adduct.

6.2 Experminental

6.2.1 Materials

2 eoxyuridine (dU) and N,N-diisopropylamino cyanoethyl phosphonamidic
chloride wer e purchased from ChemGene®- | nc.
Dimethoxytrityl-2 @leoxyribonucleosid® ®-( feyanoethylN,N 6
diisopropyl)phosphoramidites and pretied 2 @leoxyribonucleosid€PG supports were
purchased from Glen Research (Sterling, Virginia). All other chemicals and solvents

were purchased from the Aldrich Chemical Company (Milwaukee, WDHEBID
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Chemicals Inc. (Gibbstown, NJ). Flash column chromatography was performed using
silica gel 60 (230400 mesh) obtained from Silicycle (Quebec City, QT)C was
performed using precoated TLC plates (Merck, Kieselgel £ B.25 mm) purchased
from EMD Chemicals Inc. (Gibbstown, NJ). NMR spectra were either recorded on a
Varian INOVA 300 MHz NMR spectrometer or on a Varian 500 MHz NMR
spectrometer at room temperatultd. NMR spectra were recorded at a frequenc@@gd
or 500 MHz and chemical shifts wereeported in parts per million downfield from
tetramethylsilane®P NMR spectra'H decoupled) were recorded at a frequency of 202.3
MHz with HsPO, used as an external standard. AmpicilliATG, DTT and most other
biochemical reagents as well as polyaanyide gel materials were purchased from
Bioshop Canada Inc (Burlington, ON).-NiTA Superflow Resin was purchased from
Qiagen (Mississauga, ON). Complete, Mini, EDTrAe Protease Inhibitor Cocktail
Tablets were obtained from Roche (Laval, QXI-10 Goldand B834(DE3)pLysSE.
coli cells were obtained from Stratagene (Cedar Creek, TXPNK, Unstained Protein
Molecular Weight Marker Ndel and EcoRI restriction enzymesvere obtained from
Fer ment as ( Bu fP]JATP gvasopurchas@Nrpm Anjershamn@da Ltd.
(Oakville, ON).
6.2.2 Solution synthesis ofsmall molecules
3 -®©-(t-butyldimethylsilyl) -5 -®-( 4 ;dithéthoxytrityl) -C4-(1,2,4triazol-1-yl)-2 -0
deoxyuridine (1) was prepared by a three step synthesis as previously des@zed. (
5 @-( 4 ;dithéthoxytri tyl)-O*(methyl)-2 -@leoxyuridine (2a)

To an ice cold solution oflf (0.600 g, 0.86 mmol) in ACN (4.7 mL) was added

methanol (0.355 mL, 8.77 mmol) followed ®BBU (0.295 mL, 1.97 mmolpand the
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reaction allowed to progress on ice for 30 min then placeooat temperature. After 16

h, the solvent was evaporatedvisicuq the crude product taken up in DCM (50 mL) and

the solution washed with two portions of brine (2 x 100 mL) followed by a back
extraction of the brine washes with 5 mL of DCM. The organierayas dried over
sodium sulphate, concentrated and placed on the high vacuum for 2 hours to produce a
brown foam.

To a solution of the brown foam in THF (10.0 mL) was added TBAF (1M) in THF
(2.03 mL, 1.03 mmol). After 30 min, the solvent was evaporatedaguq the crude
product taken up in DCM (25 mL), the solution was washed with two portions of sodium
bicarbonate (2 x 125 mL) followed by a back extraction of sodium bicarbonate washes
with DCM (5 mL). The organic layer was dried over sodium sulphateancentrated to
produce a brown gum. The crude product was purified by flash column chromatography
usinga DCM /methanol (k1 Y 97 : 3) solvent system to
product as a colorless foam.

R (SiO, TLC): 0.20 DCM / methanol (49:1YH NMR (500MHz, CDC4, ppm):

8.03 (d, 1H, H6J= 7.6Hz), 7.197.36 (m, 9H, Ar), 6.7%.82 (m, 4HAr), 6.25 (dd, 1H,
H16, 5Hz;58 (@, 1H H5)=76Hz) , 4.47 (m, 1H, H3d), 4.
(s, 3H, ArOCH), 3.78 (s,6H,OCk , 3. 50 (Jd 0,8, 3+), 3.4H Eld 1H,
H5@ J= 10.8, 3.4Hz), 2.60 (m, 1H, B ) 2.25 (m, 1H, 128, 1.90 (d, 1H, OH)HRMS
(ESI-MS) m/z Observed67.2100, calculated forsg4sN,0-Na’ 567.2101 [M+Nal]
5 -&-( 4 ;dihéthoxytrityl) -O*(benzyl)-2 -@leoxyuridine (2b)
To an ice cold solution oflf (0.600 g, 0.86 mmol) iCN (4.7 mL) was added

benzyl alcohol (0.909 mL, 8.77 mmol) folwed byDBU (0.295 mL, 1.97 mmol). Ae
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reactionwas allowed to progress on ice for 30 min then placed at room temperature.
After 16 h, the solvent was evaporatediatuq the crude pduct taken up in DCM (100
mL) andthe solution washed with two portiongbrine (2 x 250 mL) followed by a back
extraction of the brine washes with DCM (5 mL). The organic layer was dried over
sodium sulphate and concentrated and placed on the high vacuum for 2 hours to produce
a brown foam.

To a solution of the brown foam iTHF (10.0 mL) was added TBAF (1M) in THF
(2.58 mL, 1.58 mmol). After 30 min, the solvent was evaporatedaguq the crude
product taken up in DCM (25 mL), the solution washed with two portions of sodium
bicarbonate (2 x 125 mL) followed by a back esti@n of the sodium bicarbonate
washes with DCM (5 mL). The organic layer was dried over sodium sulphate and
concentrated to produce a brown gum. The crude product was purified by flash column
chromatography using a DCM / methanol (9 Y 49 1) sol vent
0.443 g (83.0 %) of product as a colorless foam.

R (SiO; TLC): 0.225 DCM / methanol (49:13H NMR (500MHz, CDC}, ppm):
8.05 (d, 1H, H6J= 7.4HZ), 7.187.36 (m, 14H, Ar), 6.7%.81 (m, 4H, Ar), 6.28 (dd, 1H,
H16,55Hz), 5.65 (d, 1H, H5J= 7.4Hz), 5.38 (s, 2H, ArOCHAr), 4.49 (n, 1H,
H36), 4.04 (m, 1H, 3 H4®) 503 (X700.6 3igH:), 8445 6 OCH
(dd, 1H, HS8 J= 10.6, 3.3Hz), 2.62 (m, 1H, 12 9 2.26 (m, 1H, @, 2.09 (d, 1H, OH).
HRMS (ESIMS) m/z Observed643.2414, calculated for s@H3sN,O;Na” 643.2415

[M+Na]”
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3Np-(b-cyanoethytN,N Mijiisopropyl)-5 ®-( 4 -dithéthoxytrityl) -O*(methyl)-2 -6
deoxyuridine (3a)

To a solution of Za) (0.350 g, 0.643 mmol) in THF (3.0 mL) was add2iPEA
(168 ¢eL, 0. 964 thendrbpyise fadditidn cotl,N-diisopoopylamino
cymoet hyl phosphonamidic chloride (172 ¢lL,
was evaporated iwvacuq the crude product taken up in ethyl acetate (50 mL), the
solution washed with two portions of sodium bicarbonate (2 x 100 mL) and once with
brine (100mL). The organic layer was dried over sodium sulphate and concentrated. The
product, a colorless powder, was resuspended in 3 mL of ethyl acetate and precipitated
from 1L of hexanes (0.177 g, 37.0 %).

R (SiO; TLC): 0.36, 0.55 hexanes / ethyl acetate YZ*® NMR (202.3 MHz, ¢
acetone, ppm): 148.36, 148.28RMS (ESIMS) m/z Observed’45.3369, calculated for
CuoHsoN4OsP* 745.3366 [M+H]
3ND-(b-cyanoethytN,N Njiisopropyl)-5 @-( 4 ;dithéthoxytrityl) -O*-(benzyl)}-2 6
deoxyuridine (3b)

To a solution of Zb) (0.413 g, 0.665 mmol) in THF (3.0 mL) was addadPEA
(191 e¢1L, 1. 089 thendrbpyvise faaditidn coi;N-diisoppopylamino
cymoet hyl phosphonamidic chloride (196 ¢L,
was evaporated iwacuq the crude product taken up in ethyl acetate (50 mL), the
solution washed with two portions of sodium bicarbonate (2 x 100 mL) and once with
brine (100mL). The organic layer was dried over sodium sulphate and concentrated. The
product, a colorless powder, was resuspended in 3 mL of ethyl acetate and precipitated

from 1L of hexanes (0.265 g, 48.8 %).
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R (SiO, TLC): 0.72, 0.84 hexanes / ethyl acetate Y2*® NMR (202.3 MHz, ¢
acetone, ppm): 148.37, 148.H4RMS (ESIMS) m/z Observed21.3679, calculated for
CueHsaN4OgP* 821.3679 [M+H]

3 -®-(t-butyldimethylsilyl) -5 -@-( 4 ;dithéthoxytrityl) -O*-(hydroxybutyl) -2 -0
deoxyuridine (4a)

To an ice cold solutin of (1) (1.50 g, 2.16 mmol) iMCN (21.6 mL) was added
1,4-butanediol (0.960 mL, 10.80 mmol) followed BBU (0.743 mL, 4.97 mmo])the
reaction allowed to progress on ice for 30 min and placed at room temperature. After 1.5
h, the reaction was quenchetth 7 mL of saturated sodium bicarbonate, the solvent was
evaporated ivacuoandthe crude poduct taken up in DCM (100 mL); thehe solution
waswashed with two portions of sodium bicarbonate (2 x 150 mL) followed by a back
extraction of the sodium kacbonate washes with DCM (5 mL). The organic layer was
dried over sodium sulphate and concentrébeproduce a brown gum. The crude product
was purified by flash column chromatography using a hexane / ethyl acetate solvent
system(:1 Y 7 : d133pD g (7402 % ¢f praduct as a colorless foam.

R (SiO, TLC): 0.24 hexane / ethyl acetate (2:3).NMR (300MHz, CDC}, ppm):

8.28 (d, 1H, H6J= 7.3Hz), 7.297.45 (m, 10H, Ar), 6.85.90 (m, 3HAr), 6.31 (dd, 1H,

H16, Hzk553(d21H, H5J=73Hz) , 4.52 (m, 1H, H3J8§), 4./
6.7Hz) , 4. 00 (m, 1H, ¥ B889(dt 28, CEB, Jf &6, 5.38AH, OCH
3.58 (ddJ=10813.(Hzy 8.86 (dd, 1H, H& J= 10.8, 3.(Hz), 2.56 (m, 1H,

H2 % 2.25 (m, 1H, &), 1.88(m, 2H, CH), 1.72 (m, 2H, Ch), 1.63 (s, 1H, OH), 0.84

(s, 9H, SiC(CH)3), 0.04 (s, 6H, Si(CH2). HRMS (ESHMS) m/z Observed739.3388,

calculated for GuHsoN2OgSiNa' 739.3391 [M+Na]
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3 - (t-butyldimethylsilyl) -5 ®-( 4 ;dighéthoxytrityl) -O*(hydroxyheptyl)-2 0
deoxyuridine(4b)
To an ice cold solution oflf (1.70 g, 2.44 mmol) iMCN (21.6 mL) was added
1,7-heptanediol (1.70 mL, 12.2 mmol) followed BBU (1.11 mL, 7.46 mmo))the
reaction allowed to progress on ice for 30 min and placed at room tempe#iter 7 h,
the reaction was quenched with 7 mL of saturated sodium bicarbonate, the solvent was
evaporated ivacuq the crude pduct taken up in DCM (100 mLJhe solution washed
with two portions of sodium bicarbonate (2 x 150 mL) followed by ek lextraction of
the sodium bicarbonate washes with DCM (5 mL). The solution washed with brine (150
mL) followed by a back extraction with DCM (5 mL). The organic layer was dried over
sodium sulphate and concentratied produce a brown gum. The crude prcidwas
purified by flash column chromatography using a DCM / methanol solvent syst: fh (49
Y 97 : 3) to afford 1.16 g (68.2%) of prod
R (SiO, TLC): 0.5 DCM / methanol (19:1¥H NMR (300MHz, CDC}, ppm): 8.25
(d, 1H, H§ J= 7.4Hz), 7.277.43 (m, 10H, Ar),6.86 . 88 (m, 3H, Ar), 6. 3
J=45Hz),558(d, 1H, H8=74Hz) , 4. 49 (m, 1H, HI¥BPH7T 4.37
Hz) , 3.97 (m, 1H, $ 8.67)(dt 2K CHDB, J{6s6,5.23.56 OCH
(dd, 1H, H® J= 10.7, 2.Mz), 3.33 (dd, 1H, H& J= 10.7, 2.Hz), 2.52 (m, 1H, B )
2.23 (m, 1H, B &, 1.75 (m, 2H, CH), 1.59 (m, 2H, CH), 1.40 (s, 6H, (Ch)3), 0.83 (s,
9H, SiC(CH)3), 0.03 (s, 6H, Si(Ch,). HRMS (ESHMS) m/z Observed781.3855,

calculatedor C43HsgN2OgSiNa’ 781.3855 [M+Na]
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5 ®-( 4 ;diméthoxytrityl) -O*(phenoxyacetyloxybutyl}2 -@leoxyuridine (5a)

To an ice cold solution o#g) (0.500 g, 0.697 mmol) in THF (7.0 mL) was added
triethylamine (0.157 pL, 1.12 mmol) followed ltlye dropwise ddition of phenoxyacetyl
chloride (0.122 pL, 0.715 mmolYhe reactiorwasallowed to progress on ice for 5 min
and then allowed to come up to room temperatuddter 10 min, the solvent was
evaporated irvacuq the crude product taken up in DCM (50 mLyaskied with sodium
bicarbonate (2 x 100 mL) followed by a back extraction of the sodium bicarbonate
washes with DCM (5 mL)The organic layer was dried over sodium sulphate and
concentrated to produce a yellow gum. The crude product was placed on higm yacuu
1 hour.

To a solution of the yellow gum in THF (7.0 mL) was addeapwiseTBAF (1M)
in THF (1.68 mL, 1.68 mmol). After 30 min, the solvent was evaporate@dng the
crude product taken up in DCM (50 mL), the solution washed with sodium bicagh@nat
x 150 mL) followed by a back extraction of the sodium bicarbonate washes with DCM (5
mL). The organic layer was dried over sodium sulphate and concentrated to produce a
yellow gum. The crude product was purified by flash column chromatography using a
DCM / methanol solventsystem(¢9 Y 193 : 7) to afford 0. 4c¢
as a colorless foam.

R (SiO; TLC): 0.26 DCM / methanol (19 : 1jH NMR (500MHz, CDC}, ppm):

8.02 (d, 1H, H6J= 7.3Hz), 7.197.37 (m, 11H, Ar), 6.8®.97 (m, 7H, Ar)6.24 (dd, 1H,
H16, MHz),55%(d, QH, H5J= 7.3Hz), 4.62 (s, 2H, PhOCIEO), 4.46 (m, 1H,
H36), 4.34 ¢mM23(@RH CBOCOXA 01 (m, 1H, H40),

OCHy) , 3.50 (Xdq.7 34Hz), 3.41500, 1H, H& J= 10.7, 3.4Hz), 2.58
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(m, 1H, H2 %2.24 (m,1H, H2&), 1.75 (M, 4H, (Ch),). HRMS (ESHMS) m/z Observed
759.2891, calculated forsgH44N,010Na” 759.2894 [M+Nal]
5 8&-( 4 ;dithéthoxytrityl) -O*(phenoxyacetyloxyheptyl)2 -@leoxyuridine (5b)

To an ice cold solution o#p) (0.500 g, 0.660 mmol) in TH (6.6 mL) was added
triethylamine (0.194 puL, 1.39 mmol) followed ltlye dropwise addition ggdhenoxyacety
chloride (0.183 pL, 1.32 mmol)he reactionwvasallowed to progress on ice for 5 min
andallowed to come up to room temperatuidter 10 min, thesolvent was evaporated in
vacuq the crude product taken up in DCM (50 mL), the solution washed with sodium
bicarbonate (2 x 150 mL) followed by a back extraction of the sodium bicarbonate
washes with DCM (5 mL)The organic layer was dried over sodiump$ate and
concentrated to produce a yellow gum. The crude product was placed on high vacuum for
1 hour.

To a solution of the yellow gum in THF (6.6 mL) was added TBAF (1M) in THF
(2.58 mL, 1.58 mmol) dropwise. After 30 min, the solvent was evaporatestum, the
crude product taken up in DCM (50 mL), the solution washed with sodium bicarbonate (2
x 150 mL) followed by a back extraction of the sodium bicarbonate washes with DCM (5
mL). The organic layer was dried over sodium sulphate and concentrateotdteera
yellow gum. The crude product was purified by flash column chromatography using a
hexanes / ethyl acetate solvent syste r §4to afford 0.790 g (84.3 %) of product as a
colorless foam.

R (SiO; TLC): 0.29 hexanes / ethyl acetate (4 't8)NMR (500MHz, CDC},
ppm): 8.02 (d, 1H, HBJ= 7.5HZ), 7.20-7.37 (m, 12H, Ar), 6.8®.97 (m, 6H, Ar)6.26

(dd, 1H, H1B6.60 (d)1H=H58=.78H2H4EL (s, 2H, PhOCICO), 4.47
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(m, 1H, H308), #4I=FBBHz)(418 (t,2H] CHOS®, B-GBHZ), 4.02
(m, 1H, H406), 33,. 738. 50s , ( H6d),7, AAH)H3.#15(cdd, 1H,
H58 J= 10.7, 3.4Hz), 2.59 (m, 1H, 2 % 2.25 (m, 1H, &), 1.80 6 1H, OH), 1.63
1.72 (m, 4H, (Ch),), 1.33 (m, 6H, (Ch)s). HRMS (ESMS) m/z Obseved 801.3359,
calculated for GsHsoN2O1oNa" 801.3363 [M+Nal]

3 K0} (b-cyanoethytN,N Niiisopropyl)-5 ®-( 4 -dithéthoxytrityl) -O*
(phenoxyacetyloxybutyl}2 -@eoxyuridine (6a)

To a solution of %a) (0.440 g, 0.597 mmol) in THF (3.0 mL) was addadPEA
(172 €L, 0. 986 thendrbpyvise fadditidn coM;N-diisopbopylamino
cyanoet hyl phosphonamidic chloride (176
was evaporated imacuq the crude product was taken up in ethyl acetate (50 mL), the
solution washed with two portions of sodium bicarbonate (2 x 100 mL) acel with
brine (100 mL). The organic layer was dried over sodium sulphate and concentrated. The
product, a colorlesgum, was resuspended in 3 mL of ethyl acetate and precipitated from
1L of hexanes (0.452 g, 80.4 %).

R (SiO; TLC): 0.53, 0.69 hexanes thgl acetate (2:8/'P NMR (202.3 MHz, ¢
acetone, ppm): 148.35, 148.22RMS (ESIMS) m/z Observed®37.4156, calculated for
Cs1HeaN4O11P" 937.4153 [M+H]

3 49 (b-cyanoethyFN,N Mijiisopropyl)-5 ®-( 4 ;dithéthoxytrityl) -O*-
(phenoxyacetyloxyhepty}2 -@leoxyuridine (6b)

To a solution of §b) (0.400 g, 0.514 mmol) in THF (3.0 mL) was add2dPEA

(147 €L, 0. 848 thendrbpyvise fadditidn col;d-diisodropylamino

cyanoet hyl phosphonamidic chloride (151
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was evaporated iwacuq the crude product taken up in ethyl acetate (50 mL), the
solution was washed with two portions of sodium bicarbonate (2 x 100 mLyraved

with brine (100 mL). The organic layer was dried over sodium sulphate and concentrated.
The product, a colorleggum was resuspended in 3 mL of ethyl acetate and precipitated
from 1L of hexanes (0.348 g, 69.0 %).

R (SiO; TLC): 0.69, 0.80 hexanesethyl acetate (2:87'P NMR (202.3 MHz, ¢
acetone, ppm): 148.35, 148.24RMS (ESHMS) m/z Observed®79.4620, calculated for
CsaHesN4O11P" 979.4622 [M+H]

6.2.3 Oligonucleotide synthesisand purification

The solidphase synthesis @*-alkyl dU containingligonucleotids U-Me, U-Bn,
U4 and U7 (Figure 6.1) were performedon an Applied Biosystems Model 3400
synthesizer on a 1 Omodyanoethyphdsphoraenidifelcyalgsi ng s
as indicated by the manufacer with certain modifications to coupling times as indicated
below. 6 F adsetp r ot e-O-R @leogyphosghéramidites were utilized at 0.1 M in
ACN and modified phosphoramidit8s, 3b, 6aand6b (Scheme6.1) at0.15 M in ACN
with phenoxyacetic anhydride as the capping agent due to the documented labile nature
of adducts at th®*-atom of dT upon extended deprotection times, which also applies to
du.(196)

Assembly of equences was performeddescribed foiTf4 andT7 in Section3.2.3
with a phosphoramidite coupling time for modified phoshoramidigg8b, 6a and6b of
10 min.

The support boundligonucleotide were deprotected in a solutioh10% DBU in

methanol (forU-Me), benzyl alcohol (forU-Bn), 1,4butanediol (forU4) or 1,7
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heptanediol (fotJ7) for 5 days at room temperature in the dark to ensure that the adducts
were not compromise@®l) For U7, which was deprotected with héptanediol, an
extraction of theaqueoudayer with DCM was required prior to applying to thalution

to aC-18 SEP PAK cartridge
6.2.4 Oligonucleotide characterization by ESI-MS and nuclease
digestion
ESI mass spea@rand exonuclease analysis for oligonucleotides were obtained as
described irBection2.2.4
The retention times of the eluted peaks were compared to the standard nucleotides
which eluted at the following times: dC (4.6 min)) ¢5.5 min), dG (6.7 min), dT (7.6
min), dA (8.9 min),0*MedU (9.6 min),0*BndU (27.8 min),0*butyl-4-ol dU (12.3
min) andO*-heptyk7-ol dU (22.7 min), and the ratio of nucleosides determined.
6.2.5 UV thermal denaturation studies

Thermal denaturation stueti were performed and processed as described in

Section2.2.5
6.2.6 CD spectroscopy
CD experiments were carried out as described 8sation2.2.6
6.2.7 Protein expression andpurification
All AGT proteirs except for the C146S Ada variantwere expressed under the T5
promoter of the pQE30 vector as describe8ection2.2.8
Due to the highly toxic nature of the inactive C146S -&dsariant the gene was

introduced into a tigiy regulated system that would inhibit leaky expression of the
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protein..73255 The wildtype AdaC gene was introduced into the pET24B vector
which harbours a lacl gene. The AGagene was amplified from pQE3Ma-C (127) by

PCR using these primers: forwardsGA GCA CAT ATG AGA GGA TCG CAT CAC

CAT CAC CAT,; reverse, 8CG GATGAA TTC TTA CCT CTC CTC ATT TTC AGC

TTC GCG, where the underlined nucleotides depictNtel and EcoRl cutsites in the
forward and reverse primers, respectively. PCR was conducted with Phusion polymerase
with the following conditions: Hot start, 30 s, 98 °C; 35 cycles of denaturati®8 &€

for 10 s followed by annealing at 65 °C for 2(o#dwed by extension at 72 °C for 15 s;

final extension at 72 °C for 10 s.

The amplified product was cleaned up using E. Z. N. A. Cycle Pure Kit (Omega
bio-tek) digested withNdel and EcoR| separated on a 1% agarose gel, the band
corresponding to 586 bpNA fragment excised and extracted from the gel slice using E.

Z. N. A. Gel Extraction Kit (Omega bitek). The digested product was ligated into
pPET24B, which was digested witiidel, EcoRland treated witltalf intestinal alkaline
phosphataseand the ligdon mixture transformed into X0 gold cells. The resulting

mi xture was plated on LB + 50 e€g/ mL kanam
from the colonies that grew and transformed into B834(pLysS) cells after the identity of

the plasmids were verdd by restriction digestion and sequencing.

Cells containing a plasmid coding for tB446S AdaC variantweregrown in 1L
of LB broth supplemented wittkanamycin (50eg/mL) and chloramphenicol(100
eg/mL) until an OQyp= 0.8. IPTG was added at a concatitn of 0.5 mMandthe cells
incubated for 4 h, 225 rpm at 37 °C. The cells were harvested by centrifugation at 6000 x

g at 4 °C for 20 min, the supernatant discarded and the cell pellets taken up in
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resuspension buffer composed of 20 mM HiSI (pH 8.0) 250 mM Na-<Cl , 20
mercaptoethanol supplemented with Complete, Mini, EBie& Protease Inhibitor
Cocktail Tablets at 5 mL buffer per gram of wet pellet. The cells were lysed using two
passes on the French press followed by centrifugation at 170G0rd§ min at 4 °C.
The cell lysate was introduced on &NTA column preequilibrated with equilibration
buffer (resuspension buffer lacking the Complete, Mini, EEflége Protease Inhibitor).
The column washed with equilibration buffer supplemented wittm®1 imidazole and
the protein eluted with equilibration buffer supplemented with 200 mM imidazole. The
pooled fractions were dialyzed against a buffer made up of 50 mVHGigpH 7.6),
250 mM Na Cl-mercapethandl arid 0.1 mM EDTA using 8000 Da cutoff
tubing.
6.2.8 Mono-adduct repair assay

An oligonucleotidesequence used by our group to monitor the repaid*edlkyl
dT was used where an intrinsic diagnodBicll cut sie allows for the monitoring of
dealkylation at thed* atom ofdT or O° atom dG.(235 The sequence of the damage
containing strand was 58 GGC TXGUAQ'C ACC
MedU (U-Me), O*-BndU (U-Bn), O*butyl-4-ol dU (U4) and O*heptyt7-ol dU (U7).
The sequence of the complement strand was
represent th&cll cut site.

Radiolabellingand epair reactionsvith the substrates were conducted as described

in Secton 3.2.8
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6.2.9 Binding studies

Binding studies of the moradduct containing oligonucleotides were conducted as

described irbection3.2.9

6.2.10 Modelling of O*alkyl dU into AGT active sites

The initial model of the chimera was generated using Modeller 9.10 using PDB
1T38 as template as previously described by our gr@6@8)(The modified DNA was
placed in the hAGT or chimera active site based on PD# by sibstituting 0°>-MedG
to O*-MedU, O*butyl-4-ol dU or O*heptyt7-ol dU. The placement of the modified
nucleoside was verified with PDBYFH.

The preliminary models underwent conjugate gradient minimization, simulated
annealing, and torsion angle dynamicsngsiCrystallography & NMR Systen222)
CHARMM topology files were modified to use the altered nucleotides by adding
restr ai nt scarboo of thelespn in sgreonformation with respect to the N3
atom of thenucleotide as observed in PBI1T38, 1139, and ¥FH.(223

The models underwent 2 sets of 100 steps ofigmaaninimization and 200 steps
of simulated annealing. The first cycle was carried out at 500 K with slow cooling at a
rate of 4.5 K per cycle of dynamics. The second cycle was carried out at 350 K with slow
cooling at a rate of 2.5 K per cycle of dynami@nd the minimized models displayed

usingPyMol.
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6.3 Results anddiscussion

6.3.1 Substrate preparation

The structures of th©*alkyl dU substrates generated and thieggonucleotide
sequence into which they were incorporated for use in this study are shbignra 6.1.
The adducts varied in size and shape to obtain an understanding on how different classes
of lesions are acted upon by AGUD:-Me, U4 and U7 were synthesized to make the
parallel with similar adducts studidy our group at th®* atom ofdT in the same DNA
context.U-Bn on the other hand was prepared to gain an understandinb stbstrate
placement of adducts at t¥ atom of dU in AGT active sites and 2) if this could be an
0O°-BndG analoguewith potert hAGT inhibitingproperties(127,137,142)

The synthesis of the phosphoramidite precursors required for solid pimisessy
are shown inScheme6.1. The synthesis began with a previously reported protected
convertible dU derivative 1.(254) The convertible nucleoside was transformetb i
variousO” alkyl adductsusing the appropriate alcohol (methanol @¥MedU, benzyl
alcohol for O*-BndU, 1,4butanediol forO*butyl-4-ol dU and 1,7heptanediol forO*
heptyt7-ol dU) and DBU. For the adducts that did not contain a terminal al¢@fel
MedU and O*BndU precursors), the -®H were directly exposedia a fluoride
treatment to afford compoun@s and2b, which werephosphitylatedo generat8a and
3b, respectively. For the terminal alcohol containing adddetand 4b, the hydroxyl
groups requiredintroduction ofprotectve groupsthat would be compatible with solid
phase synthesis and easy to remove duohgonucleotidedeprotection. This was

achieved with a phenoxyacetyl group, which was the capping functionality to be used
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during soid phase synthesigor these compoundkd 3*OH were exposedia a fluoride

treatment to affordaand5b and therphosphitylatedo yield 6aand6b, respectiely.

N R
LN R ¢
N o] f\
B
SN SN
Cr. Cl, oo,
DMTO N O — DMTO N o — [e)
(6] (e}
O.__NiPr,
oTBS OH P
OCH,CH,CN
1 2a, 2b 3a, 3b
R = CHj or C;H; R = CH3 or C;H;
liii)
OPac
OH H#
H_/ H_/OPaC 0" /n=3,6
O% /n=36 O' /'n=36
B
N
N iv SN
(J\ PY LU \ Jq Y) | pmTo N/go
DMTO N~ 0 DMTO N~ 0 fe)
(e} (0]
;'; O.__NiPr,
OTBS OH I‘D
OCH,CH,CN
4a, 4b 5a, 5b 6a, 6b

Scheme6.1: Synthesis oD*-alkyl dU amidites3a, 3b, 6a (n=3) andéb (n=6).
Reagents and conditiong:MeOH (a) orBnOH (b), DBU, ACN, 16 h; TBAF (1 M in
THF), 30 min; ii) N,N-diisopropylaminocyanoethylphosphonamidic chlori@dPEA,
THF, 30 min; iii) 1,4-butarediol (a) orl,7-heptanediol (b), DBU, ACN, 1.5 h (a) or 7 h
(b); iv) phenoxyacetyl chloride, triethylamine, THF, 10 mirBAF (1 M in THF), 30
min; v) N,N-diisopropylaminocyanoethylphosphonamidic chlorid®dPEA, THF, 30
min.

The solid phase synthesis thfe oligonucleotide was conducted usingtandard
phosphoramidite chemistry, but some prospective hurdles involving the @eatiyl
dU and deprotection conditions wecgcumventedby using a mixture of alcohol and
DBU instead of the conventional amni@rethanol treatment which is known to remove
O*alkyl dT adductsZ56257) Another difficulty, which was not foreseen, was the
incompatibility between 1;heptanediol, used for the deprotectionUif, and theC-18

SEP PAK cartridgesThe nonpolar property othe diol obstructed binding of the DNA

to the resin and hence desalting could not be achieved. To circumvent this issue a DCM
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extraction was required prior to applying the aqueous layer to th8 EEP PAK

cartridges
6.3.2 Oligonucleotidecharacterization by ESI-MS and nuclease
digestion

The molecular weights of the modified oligometstained from HRMS were in
agreement with the calculated masses indicating that the lesions were not compromised
by the solid phase synthegisocedureor deprotection steps. €hESIMS data was
supported by the nucleoside ratios extracted from the exonuclease digestion. Exonuclease
digestion of theoligonucleotide each revealed the presence of an additional peak aside
from the 4 natural nucleosides, supporting the presende 6f'talkyl dU modifications

or dU for DNAU.
6.3.3 UV thermal denaturation studies

The effect of the adducts at tk#¥ atom ofdU on thermal stability of the DNA
duplex were examined. The melting temperatures of the different duplexes are shown in
Table 6.1 and their curves idppendix VI. The noralkylated control (J) displayed the
highest thermal stability with &, of 58 °C, identical to the one observed for the same
DNA havingdT at X.(235) Introduction of an alkyl group ahe O* atom ofdU lead to a
drop of ~10 °C inT,, irrespective of the size or functionality of the lesiimn the
modifications investigatedThis is also in agreement with previously published work,
where methylation, hydroxybutylation and hydroxyheptylation of@hatom ofdT at X

decreased th@&, of the duplex by 91 °C with respect to the neaikylated control.
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Clearly the absence of the C5 methyl of dbbO*alkyl dU at X has no effect on DNA
stability.

Table 6.1: Effect of O*-alkyl dU modifications orthermal stability of DNA

DNA* Tm (°C)
U 58
U-Me 48
U-Bn 48
U4 47
U7 46

'5.GGC TXG ATC ACC AG
CCG AAC TAG TGG TG5'

6.3.4 CD spectrosmpy

CD analysis of dsDNA containind, U-Me, U-Bn, U4 andU7 exhibited virtually
identicalspectroscopic signatures characteristic @6Bn DNA having a positive signal
at 275 nm, a crossover at 260 nm and a negative signal at 250 nifigwee6.2.(200)

The adducts did not cause a dramatic effect on the ogémattureof the DNA duplex.
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Figure 6.2: FarUV CD specta of duplex containing oligonucleotidés(d 6 ), U-Me
(éé)UBn (i A 1),Ad@Ai)andU7 (1 ii) and the compl emen
CTGGTGATCCAGCC.
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6.3.5 Mono-adduct repair

The repair of outO*alkyl dU substrate libraryvas studied with 3 natural AGT
homologus (and their variants) and a chimera (and its variants). Initially, the different
substrates were incubated overnight with the various AGT to determine which proteins
could repairour substrate (See Appendix )L Time course repair studies with the "wild
type" proteins were conducted, with the omission of-&dsince it only repairetd-Me
and did so rapidly

Figure 6.3A shows the repair dJ-Me by hAGT at room temperature. The reaction
required 45 min to reach comtegion. This represents a ~28ld increase in rate over the
repair of the alkylatedT counterpart. Complete repair 0fMe by the chimera occurred
in less than 3 min, as observed Rigure 6.3B, making this prote@ ~20 times more
efficient at repairing this lesion than its human equivalent. Repald-bfe by the
chimera occurred ~30 times faster than it did ®#MedT. The chimera was still less
active than OGT since the later protein achieved total repair cuthstrate in less than

15 sec, as was observed w@MedT.(235)
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Figure 6.3: Time course repair of)-Me at room temperature byAjf hAGT and B)
chimera.

Repair studies otJ-Bn (Figure 6.4) displayed hAGTs preference for the benzyl
adduct over the methyl at ti@" atom ofdU. Once more, hAGT fell short of OGT and
the chimera, where both proteins completely repalieddsion in less than 15 sé&Bn
was repaired ~100 times faster thdwMe by hAGT. These data correlates well with the
reported repair rates @°-MedG and O°-BndG, where the Itter lesion is repaired ~80
faster by hAGT.160) These similar resultsuggest that the benzyl adduct, whether at the
O° atom ofdG or O* atom of dU orient in similar fashions in the hAGT active site.

Despite these promising dat®’-benzyuracil would not make a potent inhibitor of
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hAGT since the repair 0©°-MedG in an identical sequence and under the same
conditions was achieved in less than 15 28&)(The effect of the added phenyl ring
appeared to have the same consequence on therehivhere an increase in rate of repair

was observed fdd-Bn overU-Me.

0 T T 1

0 50 100 150
TIME (sec)

Figure 6.4: Time course repair df-Bn at room temperature by hAGT

hAGT was unable to repaid4 or U7, which follows the trend we skrved
previously for the repair of these same adductsher®* atom of dT(235) Unlike what
was discovered falT, the chimera was able to repair bo#handU7 at reasonable rates.
U4 was fully repaired in 2 hours Figure 6.5A) representing a 6fbld decrease in
activity with respect to OGT which repaired the damage in ~2 min&igsré 6.5B).
The effect of the C5 methyl haalreduced influence on OGT, with respect to both the
chimera and hAGTwhere a Sold activation was observed upon the removal of the C5

appendage.
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Figure 6.5: Time course repair a4 at room temperate by @) the chimera andB|
OGT.
Repair ofU7 by OGT and the chimera occurred at virtually identical rates as shown

in Figure 6.6. The time course repair of this adduct hightgyharge substrate
discriminationpatterns amongst AGTs. 1) Removing the C5 meth@’eieptyt7-ol dT

not only permitted the chimera to repair the lesion but allowed the repair to occur at a rate
similar to OGT, further demonstrating the more accrued effect of the C5 methyl on the
chimer (and therefore hAGT) than on OGT. 2) The absence of the C5 methyl in this
case increased OGTs ability to remove the adduct bjol80 suggesting a steric
congestion in the OGT active site f0i7 as opposed t/4, a trend that is not observed
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for the chimera. 3) Repair of the longél7 lesion occurred 1old slower by OGT than

U4, while the chimera repairdd7 8 times faster thab4.
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Figure 6.6: Time course repair df7 at rJ(;TnE::r;:z)erature by the chim¢iad 1) ahd
OGT (-)

The kinetic data support the notion that the active site cavities of OGT and hAGT
differ considerably. By substitutingraumber of amino acidsf the hAGT activesite with
the respective amino acifi®m OGT, the chimera was capabbf removing all adducts
in our substrate library. Indeed, residues-189 of hAGT, which are altered in the
chimera, play a substantial role in the mediatio@balkyl damage repair. Since part of
the active site is still hAAGT in nature some propsrbelonging to the human homologue
persist in the chimera. The active site of hAGT can be viewed as a tunnel more than a
pocket, allowing itand the chimerdo procesdongerlesions. This was best exemplified
when comparing th&4 versusU7 substratesin OGT, U7 seemed to spatially saturate
the activesite, perhaps due to the more poedia shape active site of this protein,
therefore reducing the processing rate of the protein. For the chimera, the longer alkyl

chain may have allowed the terminal hyxlyl moiety to be occluded from the active site

permitting repair to occur more efficientlgince the effect of the C5 methyl of dT
206



hindered hAGT and the chimera to a similar degree, it can be infered that the amino acids

that are substituted in the chena (139159) do not participate in the steric clash.
6.3.6 Binding studies

Other factors aside from the shape of the active site may play a role on substrate
discrimination by AGTs. The substrate recognition amongst AGTs is of importance
considering that of Basic amino acids that are believed to govern the hBGA ionic
interaction (Lys 125, Arg 128 and Arg 135), only Arg 128 is present at a similar location
in OGT.(168) Different interaction patterns amongst A&with DNA could dictate the
orientation of the modified nucléde into the activaite and contribute to the distance
between thd e s i a@arbors andJthe reactive active site Cys residue. We conducted
EMSAs with the inactive AGT variants to help determine if the various AGTs studied
interact differently with our substrates to aid in the understanding of our kinetic data.

The bindng data shown iffable 6.2 reveal no correlation between repair kinetics
and binding affinity or stoichiometry (all stoichiometries indicated 2 AGT per dsDNA).
Indeed, OGT showed the fastest repair kinetics bwraots with the DNA with the
lowest affinity withKqval ues in the | ow €M range whil e
nM Ky values. Perhaps binding affinity does not govern the reaction kinetics but the
difference in affinities does support the concept that OGT binds DNA in a different

fashion than the other hwlogues.
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Table 6.2: K4 of AGTs binding to dsDNAcontainingU, U-Me, U-Bn, U4 andU7
DNA' OGT ( ¢AdaC( € M) hAGT( € M) Chimera( € M

U 3.77 £0.08 0.330+0.014 0.381 +0.019 0.258 +0.013
U-Me 2.69+0.26 0.660 +0.041 0.269 +0.010 0.149 +0.003
U-Bn 3.44+0.22 0.603 +0.044 0.298 +0.010 0.179 +0.003
U4 3.72+0.13 0.887 £0.049 0.593 +0.045 0.426 + 0.004
U7 3.81+0.08 0.974 +0.052 0.619 + 0.021 0.414 + 0.003

'5-GGC TXG ATC ACC AG
CCGAAC TAG TGG TG5'

The chimera bound the DNA with similaffinities as hAGT but displayed
different affinities tharOGT. Thisis logical consideringthat the altered amino acids in
the chimera are around the active site and not in the-tugtvhelix motif which makes
up the AGFDNA binding interface. The chimera's conferred ability to repair our
substrates is therefore not caused by alteration in the binding interface and must therefore
come from the shape of the active site that permits these subsirditesuch that the
substrate and Cys side chaidopt a spatial arrangemehatallow for the alkyl transfer

to occur.
6.3.7 Modelling of O*-alkyl dU into AGT active sites

To gain more insight into the interaction of the chimera with @ealkyl dU
adductsyelative to hAGT, molecular modelling was performédview of the chimeras
similar binding properties to those of hAGT it is reasonable to prepare a molecular model
based on the hAGDNA co-crystal1T38to model the adducts into both the hAGT and
chimem active sites. Attempts to generate models of OGT based on the same template
proved unsuccessfids therepair data and OGT models did not correldte to the

different binding properties of OGT and hAGT to DNA.

208



Table 63: Ext ract ed di scarzon of desion artd w@Tereactite Cys 145
sulphur atom as determined by molecular modelling

Lesion hAGT (A) Chimera(A)
0*MedT 5.1239 4.4
0*-MedU 39 3.8
O%butyl-4-oldU  ROTO! 5.3
O*heptyt7-oldUu  ROTCO' 5.0

"ROTO signifies Cys 145 side chain is not in
correctrotamerfor thiolate anion formation

In general, the modelling data agrees with our experimeestallts where the
shorter distance between reactive groups is manifested by quicker reaction kinetics.
hAGT is limited toO*-MedU because of the rigidity of the active site producing steric
clashes with the longer adducts, which wasservedin our models & improper
placement of the Cys 145 side chain for thiolate anion formatieaFigure 6.7A.
Adoption of this rotameby Cys 145 is notinreasonableonsidering the crystal structure
of the C145S hAGT in complexith O°-MedG has its Ser 145 in a similestameic
stateasthoseproduced in our modellinfl55

Amongst the many alterations in the chimera the N157G and S159A variations can
be partially attributed as the $ia for the chimera's ability to repair a vast array of lesions
as opposed to hAGT. These point substitutions grant flexibility to the active site helping
to orient the modified nucleoside for repasee Figure 6.7B. Studies with similar
chimera proteins by Dr. Anthony Pegg leadctoimparabldinding where the increased
activity of their chimera were attributed to the flexibility of the proteins active B28).(

According to the modelling, the increased rate of repailUefie over its dT
counterpart by hAGHrises from the alleviation of a steric clash between the C5 group of

dT a n dcarhbn of Ser 159 and the side chain of Arg 135. In the chimera, Arg 135 still
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remairs and the S159A alteration does not alleviate the former clash explaining why the
chimera is affected in a similar fashion as hAGT by the C5 appendage.

U7 repair occurred more rapidly by the chimera th#hdue to steric effectas
noted inFigure 6.7C. The longer alkyl chain 0®*-heptyl7-ol dU spas a distance vast
enough to permit the terminal hydroxyl group to be solvent exposed. This manifested
itself in a reduction in distance between the reactive moiaiieg®*theptyl7-ol dU over

O*butyl-4-ol dU by 0.32 A.
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(B)

Figure 6.7: Molecular modellingresultsof O*alkyl dU adducts in hAGT and chimera
active sites.

(A) Rotameradoption of Cys 145ide chain of hAGT when bound to DNA containing
0*-MedU (green sticks) oO*butyl-4-ol dU (yellow sticks). B) Mobility of the loop
made up of amino acids 15GYAGG (represented asbbong when the chimera is
bound to DNA containin@’*-MedU (green)O*butyl-4-ol dU (yellow) andO*-heptyt7-

ol dU (cyan), where Cys 145 side chain is shown as white stiCksAdtive site of the
chimera showing the space filling @*-butyl-4-ol dU (yellow) and wireframe o*
heptyl7-ol dU (cyan), where the oxygen atonte ahown in red.
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6.4 Conclusions

The C5 appendage afT displays a negative effect on processingQStalkyl
pyrimidine lesions by AGTSs. Its inhibitory effect is mastservedoy hAGT and the
chimera protein. As the lesiat theO* positionaugments in siz&om a butyt4-ol to a
heptyt7-ol, the role of the C5 methyl is greatly amplified on OGT mediated repair. These
disparities between homologues signsubstantial differences in active site shapes
and/or sizes as well as DNA binding interfaces, the latgported byour binding
experiments Modelling suggests substrate orientation as the determining fact@f-for
alkyl pyrimidine repair. The C5 methgroup present in dT, clashes with Ser 159 and
Arg 135 and limits the inclination of the nuctete intothe hAGT active Figure 6.8).

This clash also holds true for the chimera but the added mobility of the loop made up of
157- GYAGG allows the nucleale to penetrate further into the active site and

contributes tdhe promiscuity of this protein over its human equivalent.

4

Figure 6.8: Effect of C5 methyl or©™-alkyl pyrimidine repair

C5 methyl (white stick) inhibits inclination of the modified nucleoside (yellow k&{
into the hAGT active site, where the Cys 145 reactive sulphur is shown in orange on the
surface representation.
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CHAPTER VII

Structural Basis for hAGT Selective Mediated Repair ofO°%-2 -0
Deoxyguanosineheptylene O°-2 -@leoxyguanosine and notO*2 9
Deoxyuridine-heptyleneO*-2 -@leoxyuridine  Interstrand Cross-
Linked Containing DNA

\?%\V 5}:\ 2 x hAAGT \?%‘V jﬁj\\
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XLUU7 Evaded Repair
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Graphical Abstract: XLUU7 evades hAGT repair (top), whildLGG7 is repaired by
the protein (bottom)

Denisov AY, McManud-P,O'Flaherty DK, Noronha, AM, Wild€J.
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JACS, March 2013.
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Abstract

AGT are responsible for the removal of alkylatidamage from th©°® atom ofdG and

the O* atom ofdT. hAGT is capable of repairintCL lesions between tw®° atoms of

dG when tethered by a hyiene KLGG4) or heptylene XLGG7) chain but is inactive
when the ICL involves th©* atoms ofdT. We present # synthesis and biophysical
characterization of ICL DNA containing eitherd& O*dU-butyleneO*dU (XLUU4) or
O*dU-heptyleneO?dU (XLUU7) ICL to study the effect of the C5 methyl df on AGT
mediated repair of ICLsXLUU4 andXLUU7 evaded repair by all AGSTanalyzed. The
AGT homol ogous interact with the | CL DNA
constants and 2:1 or 4:1 protein:DNA stoichiometries. The solution structuxesJaf7
andXLGG7 were solved and compared. The global structaresirtually idertical with

a RMSD of 1.22 A. Moreover, the crelisk resides in the major groove for both DNA
species. At a local level, the heptylene linkage asiapE conformation about the G@*

bond in XLUU7 whereas aZ conformation about the GB° bond is observedfor
XLGG7. ThiskE versusZ conformation may be the underlying cause for hAAGTs substrate
discrimination sincsubstrates proficient at undergoing repair by hAGT have been shown

to adopt theZ conformation
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7.1 Introduction

It was once believed that DNA, theource of the genetic code, was an inert
molecule. This conjecture has been disproven and research now focuses on studying both
the causes and consequences of modifying events. It is well accepted that many sites in
DNA are susceptible to modificationgiciuding the exocyclic atoms of timgrogenous
baseq12) The sources of DNA damage are vast and can stem from both exogenous and
endogenous agent25g)

One class of chemicals that modify DNA arefumctionalalkylating agents. These
agents are extremely cytotoxic due to the nature of the lesion they induce. Unlike their
moncadduct forming counterparts, -fuinctional alkylating agents have two reactive
moieties, which allow them to form crebsks between ractive residuesiCLs formed
by bi-functional alkylating agents tether two complimentary strands of DNA togéther.(

The potency and cytotoxic property offinctional alkylating agents are attributed to
their ability to form these ICL since they inhibit many cellular processes such as DNA
replication and RNA transcription. In a study of 234 DNA alkylating chemicals, bi
functional alkylating agents claBsthemselves as the most toxic where half of the top 20
agentswere bifunctional in nature40) Moreover, 12 out of the 20 most potent anti
cancer drugsrecrosslinking agents, with all of these ranking in the top 4%5).(ndeed,

ICLs are cytotoxic, where 40 ICLs in repair deficient mammalian cell is enough to cause
cell death, while a single ICL is sufficient to kill repair deficient bacteria and

yeast(35,36)

216



This cytotoxic nature has been exploited in chemotherapy to target cancer cells.
Since both transcription and replication are hindered, the fpsbéferating cancerous
cells are affectetb a greater levdby these lasns. Due to the success of ICL forming
agents many classes of-fonctional alkylating agents have emerged and find use in
chemotherapy. Examples include: aziridines, nitrosoureas, nitrogen mustards and alkyl
sulphonates and their derivativd)

The chemistry of bifunctional alkylating agents is complex and many products can
arise from their reaction within the cell. Specific lesions in DNA have been isolated and
characterized such as the major ICL productmid when treating DNA with
hepsulfam.[5) This product, composed of tva§s crosslinked through their N7 atoms by
a heptylene linkage, is unstable and leads to depurinatiothamdidazole ring opened
formamidopyrimidine derivative over time. For this reason we synthesized stable mimics
of the ICL formed by hepsulfam by linking ti@® atoms of dG an®* atoms of dT by
heptylene tethers to conduct biophysical and repair as$4§214235 We have
expanded on these mimics by varying the length of the linker by introducing a butylene
linker within identical DNA sequence$etramethylene intrastrand crebsks have been
shown to be produced by the agent busulfan.

Repair of ICL is complex and the mechanisms involved appear to be lesion
specific.208209 No single repair mechanism can be attributed to ICL repair on its own
but rather many mechanisms act together to achieve total remotraed dhmage ICL
removal is difficult since the genetic material on both strands of DNA are afféeied
counteracting natuiefailsafe template assisted resynthesis. Removal of the damage from

one strand by an excision repair mechanism generates an intermediate that cannot be
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resynthesized using the compliment strand since itself contains the renindrg o
damageNER, HR andTLS haveshown activity in ICL repair.(reviewed 259)

AGT proteins are part of the direct repair pathway. Unlike most repair mechanisms
in the cell this protein acts autonomously to achieve removal of DNA dariage.
substrate nage is quite limited where AGT is documented to re@8ialkyl dG, and in
some homologue©*-alkyl dT lesions.O%alkyl dG andO*alkyl dT are mutagenic and
if left unrepaired cause G to A and T to C transitions, respecii2&/25) The human
homologuehas been extensively characterized and repairs DNA by flipping the modified
nucledide out of the DNA duplex and into its active site. This rotation positions the
reactive Cys residue (Cys 145 in hAGT) in close proximity to the adduct promoting the
nucleophilic attack by the Cys thiolate anion through g&t$pe mechanism, restoring
the natural nucldae in the processbl155 The resulting alkylated AGT is
subsequently targeted for proteolysis through the ubiquitin mediated patbOvhy.(
Substrate discrimination patterns amdng&T homologues exist, where thHe coli
homologues, Ad& and OGT, are capable of removidgMedT efficientlywhile hAGT
shows virtually no repair of this addu®3(117) In contrast, hAGT repairs larger adducts
at theO® atom of dGas opposed tits E. coliequivalents127,128

Repair studies with hAGT revealed that thietpin can repair bot®°dG-alkylene
0°dG crosslinks containing a tetraor heptamethylene lesiom a mismatched, 1,2
st agger SNC sequehceTdntext, whetee O°dG-heptyleneO°dG crosslink is
repaired more efficientlyn all sequence contex($46214) Ada-C and OGT lacked this
function, further demonstrating disparities amongst homologues. Repair assays with

OdT-alkyleneO*dT crosslinks containing a te& or heptamethylene lesiomn a
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mismatched sequence revealed hAGT andetheoli homologues could not process the
ICL.(235 These finding are in accordance with hAGTs poor capability to reg@iir
MedT. hAGTbound theD*dT-alkyleneO*dT crosslink containing DNA with reasonable
affinity supporting thenotionthat the protein can recognize the lesion. Unfortunately, the
substrate discrimination patterns observed between AGTs is not yet understood.

An AGT chimea composed of mainly hAGT residues and part of the active site of
OGT has shown promise in conferring hAGT the ability to proc@5edT while
maintaining its ability to process ICL2%3 The chimera showepoor repair of larger
O*butyl-4-ol dT and O*heptyt7-ol dT adducts and was unable to repair @f&lT-
alkyleneO*dT crosslinks. Removal of the C5 methyl, such as is the cas©fdrutyl-4-

ol dU andO*-heptyt7-ol dU allowed the chimera to remove the ads.SeeCHAPTER

Vi)
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Figure 7.1: Structures of A) the O%dU-alkyleneO’dU crosslinks and B)
oligonucleotidesXLUU4 andXLUU7

We present the synthesis ©fdU-butyleneO*dU (XLUU4) and O*dU-heptylene
0%dU (XLUU7) as shown irFigure 7.1, their characterization and interaction with AGT
to elucidate the role of the C5 methyl of the crlasked dT of the XLTT ICL series on
AGT mediated binding and repair. The solution structuresL@G7 andXLUU7 were
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solved and compared to aid in the understanding of the selective ICL pgptarn

exhibitedby hAGT and its chimera.

7.2 Experimental

7.2.1 Materials

SeeSection 6.2.1for materials.
7.2.2 Solution synthesis ofsmall molecules

The solution and soligphase synthesis LGG7 have been described previously
by our groupl46 3 @-(t-butyldimethylsilyl}5 ®-( 4 ;dithéhoxytrityl}C4-(1,2,4
triazol1-yl)-2 @leoxyridine was prepared by a three step synthexbd)( -G-@
butyldimethylsilyl}5 ®-( 4 ;dithéthoxytrityl-O*-(hydroxybutyl)}-2 @leoxyuidine and
3 ®-(t-butyldimethylsilyl}5 ®-( 4 ;dithéthoxytrityl}-O*-(hydroxyheptyl)2 -6
deoxyuridine were synthesized as descrihe€CHAPTERVI.

1-{O*[ 3CB(t-butyldimethylsilyl) -5 @-( 4 -dithéthoxytrityl) -2 -@leoxyuradinyl |} -4-
{O*[ 30B(t-butyldimethylsilyl) -5 @©-( 4 -dithéthoxytrityl) -2 @leoxyuradinyl]} -
butane (1a)

3 ®-(t-butyldimethylsilyl}5 ®-( 4 sdithéthoxytrityl}O’*-(hydroxybutyl}2 6
deoxyuidine (0.500 g, 0.697 mmolvas dissolvedn ACN (6 mL) and stirred on an ice
bath. To thiswa s a d-O-¢t-butyldniethylsilyl}5 ®-( 4 ;dithéthoxytrityl}C4-
(1,2,4triazok1-yl)-2 @eoxyuidine (0.582 g, 0.837 mmol) followed by the dropwise
additon of DBU( 0. 313 ¢ L, The redctorallowed topraceed at OC for 5
min andthen allowed to warm up tmoom temperature. After 4 dayhe solvent was

evaporated in vacudhe crude product was taken upmCM (100 mL), the solution
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washed with two portions of sodium bicarbonate (2 x 100 amd one portion of brine
(100 mL). The organic layer was dried over sodium sulphate and concentrated to produce
a yellow gum. The crude product was purified by flash column chromatography using a
hexanes : ethyl acetate (2 : 3) solvent system to affgi@00gy (84.3%) of product as a
colorless foam.

R (SiO, TLC): 0.29 hexane / ethyl acetate (2 : 3 NMR (300MHz, CDCls,
ppm): 8.27 (d, 2H, H6), 7.28.44 (m, 20H, Ar), 6.86.90 (m, 6H, Ar), 6.31 (dd, 2H,
H16, J= 4.2 Hz), 5.6B3d), £L.HiA4 HBB.9 (MH,52Ar(GC
2H, H406), 3.84 @Bs.,5712H,d,OCH, ®KH56)2,. 5F. Jam, (
H2 Y 2.25 (m, 2H, &), 1.88 (m, 4H, (Ch),), 0.85 (s, 18H, SiC(Ctk), 0.04 (s, 12H,
Si(CHs),). HRMS (ESHMS) m/z Observed1343.63B, calculated for HosN4O14Si"
1343.6383 [M+H]
1- {O*[ 30B(t-butyldimethylsilyl) -5 ®-( 4 ;dithéthoxytrityl) -2 -@leoxyuradinyl]}-7-
{O*[ 3B(t-butyldimethylsilyl) -5 -@©-( 4 ;ditéthoxytrityl) -2 -@leoxyuradinyl]}-
heptane (1b)
3 -®-(t-butyldimethylsilyl}5 ®-( 4 -dithéthoxytrityl-O*(hydroxyheptyl)2 -6
deoxyuridine(0.510 g, 0.672 mmolvas dissolved in ACN (6 mL) and stirred on an ice
bat h. To t hi O-(t-bugldimethyldilges dD-( 3 édithéthoxytrityl)}C4-
(1,2,4triazok1-yl)-2 @eoxyuridine (0.582 g, 0.837 mmol) followed by the dropwise
addition of DBU (0.313 ¢L, 2.09 nRfOforl5) . The
min and then allowed to warm up to room temperature. After 4 days, the solvent was
evaporated in vacuo, the crude productwaken up in DCM (100 mL), the solution

washed with two portions of sodium bicarbonate (2 x 100 mL) and one portion of brine
221



(100 mL). The organic layer was dried over sodium sulphate and concentrated to produce
a yellow gum.The crude product was purifleby flash column chromatography using a
hexanes : ethyl acetate (1 : 1) solvent system to afford 0.776 g (83.3%) of pure product as
a colorless foam.

R (SiO, TLC): 0.47 hexane / ethyl acetate (2 : 3 NMR (300MHz, CDC},
ppm): 8.22 (d, 2H, H6), 7.22.41 (m, 20H, Ar), 6.8%.86 (m, 6H, Ar), 6.28 (dd, 2H,
H16, Bz)A.9.57 (d, 2H, H5), 4. 48 306nm, 2H,
2H, H46), 3.890 (3s,5412H,d, OQH, ®H506)2,. 53. 3(2m, (
H2 ) 2.23 (m, 2H, R®, 1.73(m, 4H, (CH)2), 1.39 (m, 6H, (CH)s), 0.81 (s, 18H,
SiC(CH)s), 0.01 (s, 12H, Si(Ch,). HRMS (ESIMS) m/z Observed1385.6847,
calculated for €H10iN4014Si," 1385.6853 [M+H]
1-{O*[ 5@( 4 dihéthoxytrityl) -2 -@leoxyuradinyl]}-4-{O*[ 5CB( 4 ; 4 6
dimethoxytrityl) -2 -@eoxyuradinyl]}-butane (2a)

To a solution of 1a) (0.767 g, 0.570 mmol) in THF (7.0 mL) was added TBAF (1
M in THF) (2.57 mL, 2.57 mmol) dropwise. After 10 min, the solvent was evaparated
vacuq the crude product taken up BCM (50 mL), te solution washed with sodium
bicarbonate (2 x 150 mL) followed by a two back extraction of the sodium bicarbonate
washes withDCM (2 x 5 mL). The organic layer was dried over sodium sulphate and
concentrated to produce a yellow gum. The crude producpw@sed by flash column
chromatography using@CM / methanol solvent system (42 Y 9 1) to aff
g (99.6 %) of product as a colorless foam.

R (SiO; TLC): 0.24 dichloromethandDCM) / methanol (19 : 1)!H NMR

(500MHz, CDC}, ppm): 8.06 , 2H, H6), 7.197.37 (m, 20H, Ar), 6.8%.82 (m, 6H,
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Ar), 6.24 (d, 2 H,J=5%bH9),560(d, 2H, H5), 4.47 (m, 2H,
ArOCH)) , 4.03 (m, 2H, H#¥Pp)3.83078d@s, 2H2HHS5 OF
H5® ) , 2. 5 92))@.88 (m,2H 2&),H2.00 (m, 2H, OH), 1.83 (m, 4H, (GH).
HRMS (ESHMS) m/z Observed1115.4658, calculated for &He;N4O14" 1115.4654
[M+H]*
1-{O*[ 5@( 4 dihéthoxytrityl) -2 -@leoxyuradinyl]}-7-{O*[ 5C8( 4 ; 4 6
dimethoxytrityl) -2 -@eoxyuradinyl]}-heptane (2b)

To a solution of Ib) (0.575 g, 0.415 mmol) in THF (4.0 mL) was added TBAF (1
M) in THF (1.87 mL, 1.87 mmol) dropwise. After 10 min, the solvent was evaparated
vacuo,the crude product taken up ICM (50 mL), the solution washed with sodium
bicarbonate (150 mL), brine (150 mL) followed by a two back extraction of washes with
DCM (2 x 5mL). The organic layer was dried over sodium sulphate and concentrated to
produce a yellow gum. The crude product was purified by flash column chromatography
using aDCM / methanol solvent system (€3 Y 1 % afford 0.476 g (99.2 %) of
product as a colorless foam.

R: (SiO; TLC): 0.29DCM / methanol (19 : 1)*H NMR (500MHz CDCk, ppm):
8.06 @, 2H, H6), 7.267.37 (m, 20H, Ar), 6.7% . 82 (m, 6H, Ar), 6. 25
556Hz), 5.60 (d, 2H, H5), 4. 4B, (4, 02H( MH3B®M,
3.77(s,12H,0Ch , 3.48 (dd, 2H,®HLM2KEEHPEZ2 (I dd, 2
2H, OH), 2.25 (m, 2H, B, 1.71 (m, 4H, (Ch),), 1.38 (m, 6H, (Ch)s). HRMS (ESt

MS) m/z Observedl157.5120, calculated forg@73N4O014° 1157.5123 [M+H]
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1- {O*[3ND-(b-cyanoethytN,N Njiisopropyl)-5 ®©-( 4 -dithéthoxytrityl) -2 6
deoxyuradinyl]}-4-{O*[ 30Njp-cyanoethytN,N Niiisopropyl)-5 ®-( 4 ; 4 6
dimethoxytrityl) -2 -@eoxyuradinyl]}-butane (3a)

To a solution of Za) (0.614 g, 0.551 mmol) in THF (3.0 mL) was add2iPEA
(288 €L, 1. 65 ntheodropwisé additioo whéNtdiisdpropylamino
cyanoet hyl phosphonamidic chloride (308 €L
evaporatedn vacuq the crude product taken up in ethyl acetate (50 mL), the solution
washed with two portions of sodium bicarbonate (2 x 100 mL) and once with brine (100
mL). The organic layer was dried over sodium sulphate and concentrated. The product, a
colorlessgum was resuspended in 3 mL of ethyl acetate and precipitated from 1L of
hexanes at78 °C (0.757 g, 90.8 %).

R (SiO, TLC): 0.24, 0.44, 0.58 ethyl acetat®® NMR (202.3 MHzds-acetone,
ppm): 1483 and 148.2 HRMS (ESIMS) m/z Observed1515.6805, calculated for
CeoH101NgO16P>" 1515.6811 [M+H]
1-{O*[3ND-(b-cyanoethytN,N Njiisopropyl)-5 @-( 4 -dithéthoxytrityl) -2 -6
deoxyuradinyl]}-7-{O*[ 30Njp-cyanoethytN,N Niiisopropyl)-5 ®-( 4 ; 4 6
dimethoxytrityl) -2 -@eoxyuradinyl]}-heptane (3b)

To a solution of Zb) (0.456 g, 0.394 mmol) in THF (3.0 mL) was addadEA
(203 & Lmmol)lfolldwed bythe dropwise addition ofN,N-diisopropylamino
cyanoet hyl p hos phona@mmdol).Aftec30 Mio, the sblwent(wasl 8 ¢ L
evaporatedn vacuq the crude product taken up in ethyl acetate (50 mL), the solutio
washed with two portions of sodium bicarbonate (2 x 100 mL) and once with brine (100

mL). The organic layer was dried over sodium sulphate and concentrated. The product, a
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colorlessgum was resuspended in 3 mL of ethyl acetate and precipitated fronfi 1L o
hexanes at78 °C (0.488 g, 80.3 %).

R (SiO; TLC): 0.30, 0.44, 0.55 hexanes / ethyl acetate (2 *’B)NMR (202.3
MHz, ds-acetone, ppm): 148.3 and 148HRMS (ESIMS) m/z Observedl557.7260,

calculated for @sH1oNgO16P>" 1557.7280 [M+H]
7.2.3 Oligonucleotide synthesisand purification

Solid-phase synthesis aKLUU4 and XLUU7 was conducted on an Applied
Biosystems Model 3400 synthesizer on a 1 umole qedl&JU4) or 5 x 2 umole scale
(XLUU7) as described isection 3.2.3 The modified bisphosphoramidite 3a and 3b
were dissolved in anhydrous ACN atancentratiorof 0.05 M The coupling timdor
themodified bisphosphoramidite3aand3b were 30 min.

The CPG was removed from the column, placed st@w c@a microfuge tubes
and 500 ¢ LDBWih n-propahod $élution added to each pmole of material.
Deprotection and cleavage of the oligonucleotide was conducted for 5 days in the dark at
room temperature.

XL UU4 andXL UU7 were purifiedas described iSecion 3.2.3
7.24 Oligonucleotide characterization by ESI-MS and nuclease
digestion

ESI mass spectra and exonuclease analysis for oligonucleotides were obtained as
described irSection2.2.4
The retention times of the eluted peaksre compared to the standard nucleotides

obtained which eluted at the following times: dC (4.3 min), dU (5.6 min), dG (6.8 min),
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dT (7.7 min), dA (9.0 min)Q*dU-butyleneO*dU (17.8 min) andd*dU-heptyleneO*dU
(26.5 min) and the ratio of nucleosides determined.

7.2.5 UV thermal denaturation studies

Thermal denaturation studies were performed and processed as described in

Section2.2.5
7.2.6 CD spectroscopy

CD experiments werearried out as described as3action2.2.6
71.2.7 Protein expression andpurification

All AGT proteinsexcept for the C146S Ada variantwere expressed under the T5
promoter of the pQE30 vector as describe&ection2.2.8 The C146S Ad& variant
wasexpressed under the& promoter of the BT vector as described Section6.2.7.

7.2.8 Crosslink repair assay

Crosslink repair assays were conttad as described Bection2.2.10
7.2.9 Binding assay

Crosslink binding assays were conducted as describesetion3.2.11 Binding
reactions consisted of 0.5 nM radabelled dsDNA, increasing AlG(C139S OGT, 1.5
10.6eM; C146S AdaC, 0.31.2eM; C145S hAGT,; 0.5L.8¢M or C145S chimera, 1-5
10.6eM) in a total solution volume of 26L. composed of 10 mM TrisICI (pH 7.6), 100

mM NacCl, 1 mM “BBAand 215% glgcerol.mL
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7.2.10 NMR spectroscopy oflCL DNA

The DNA samples were dissolved in 02A.QJU7) or 0.4 mL KLGG7) of 100%
D,0 or 9:1 HO/D,O buffer containing 15 mM sodium phosphate (pH=7.5) and 100 mM
NacCl to a final strand concentration of 08.JU7) or 1.0 mM KLGG7).

The proton NMR spectravere recorded on Varian Unity Inova 500 and 800 MHz
spectrometers equippe&dth cryoprobesDuplex melting temperatusef approximately
50 °C for XLUU7 and 60°C for XLGG7 wereconfirmed by recording proton 1D NMR
spectra at different temperatures. NOE§Wclear Overhausereffect spectroscop)
experiments were performed in® at 25 °C using mixing timetg, of 70, 250 and 400
ms. All spectra were processed by NMRPipe and the volumes of crosspeaks of NOESY
spectra were calculated using NMRVie260261) NOESY experiments for imino
protons in 9:1 KHO/D,O were performed at 0 °C with a mixing time of 200 ms. BQF
COSY (doublequantumfiltered correlationspectroscop) spectra were collected without
phosphorus decoupling. Proton TOCSY MLHEW (total correlatedspectoscofy using
Malcolm Levitt's compositepulse decoupling sequengeexperiments were performed
with a mixing time of 76 ms. Phosphorus spectra and-ddrRelation HSQC
(heteronucleasingle qguantumcorrelatior) spectra (with g4 = 15 Hz) were recorded on
Varian VNMRS P NMR 202.3 MHz and proton NMR 500 MHz). Proton chemical
shifts were measured relative to internal D@-dimethyl4-silapentanel-sulfonic
acid, and phosphorus resonances were indirectly referenced to 8%0.(262
Correlation times(§=3-3.5 ns) were determined using #H8-H6 NOESY crosgpeaks of

dC assuming isotropic motior263)
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7.2.11 Structural modelling

The starting coordinates were generated from RNBB.(241) Crystallography &

NMR System1.2 software with nucleic acid dilydrogen force field was used for
molecularmodelling(222 The rumber of NOEdistance(nuclear Overhausereffect),

torsion angle and other constraints e¥ported in the rests section inTable 7.2. A 2-

fold symmetry, noncrystallographic symmetry restraints were imposed on all heavy
atoms. The gentle refinement was accomplished by molecular dygamulation (15

ps at 2000 K wittslow-cooling annealing to 0 K) including artesian cooling stagéhe

final ensemble othe 10 best structures were collected, dahd atomic coordinates of
average and energy minimized structures have been deposited in the Protein Data Bank
under ID codeLzV for XLUU7 and 2LZW forXLGG7.

Distance restraints were derived from NOESY spectra at different mixing times by
crosspeak volume integration, using thdistance relationship and average crosspeak
volume values foH5-H6 in dC anddU (d = 2.45 A) aad Me-H6 in dT (d = 2.70 A)as
calibration.The distance constraints were given wath0% lower and 15% uppdémits.

Sugar puckering was determined from vicinalodiplings. The fivesugar torsion angles
were constrained correspondinghe range o&type conformations 1-éxo, @ -@ndo,

C 3-éx09, which weredetermined fromthe strongH 1-@2 é@nd very weakH 2 61 3 6
crosspeaks ithe DQFCOSY spectra. Thé torsion angles were constrained using the
informationfrom the H5'/H5"-P andH4'-P crosspeaks itheH,P-HS QC spectr a.
angles were found to be in theans conformation (180t 30 °) as determined by the
relative low intensity of théi5'/H5"-P crospeaks as well as strofigH4-P W-pathway

couplings. The 9 anig2D ® ssingviberNOHE4£-d h &osspeak n e d
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linewidths (911 Hz). Due tahe larger valueof the NOE H4' crosspeak linewidths for

U6 in XLUU7 and T7 inXLGG?7 residue (~14 H) and absencef “JH4'P W-pathway
coupling crosspeaksée Appendix VII) , t he 9 anXUWsandfTgdin UG
XLGG7 were constrained to be out tife 60 + 40 ° rangeZ64) Phosphorus chemical
shifts spanedavery narrow region that is typically foundrfondistore d DNA, and
angles wereonstraineased orthe moderate intensityf the H 3-B crosspeaksn the

range ofB-DNA (170 = 50°). Finally, the glycosidic anglesd) were not constrained in
structure calculations but were fixed indirectly lytranucleotide aromatisugar
distances. Global helical parameters were calculated using the CURVES+

program.R65266)

7.3 Results

7.3.1 Substrate preparation

The structures oiXLUU4 and XLUU7 are shownin Figure 7.1. The O%dU-
butyleneO*dU (3a) and O*dU-heptyleneO*dU (3b) bis-amidites were synthesized as
shown inScheme7.1 starting from the monadduct containing nucleoside containing a
tetra or heptamethylene linker with a terrairalcohol which was prepared as previously
reported by reacting theppropriate dia | ¢ o h o | -O-(utyldimetBytsilyl)-5 €-

( 4 sdihéthoxytrityl}C4-(1,2,4triazok1-yl)-2 -@eoxyuridine(see CHAPTER VI). The
protected monomer s WG (butyldimethydsilyles5d@®-( 4v5i 4 d
dimethoxytrityl}C4-(1,2,4triazok1-yl)-2 -@leoxyuridine to achieve the protected dimers
la and 1b. Desilylation of the dimers followed by phosphétybn produced the cross

linked bis-amidites3a and 3b, required for solid phase synthest? NMR signals at
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148.35 and 148.22 ppm f8aand 148.35 and 148.21 ppm iy confirmed the presence

of the phospbramidite groups.

!
O/\WZ\EOH N
C Ct
DMTO N/&O DMTO NKO
(0] + :O:
OTBS OTBS
‘(i)
DMTO Oﬁmo ODMT
@ ™
o NN NO N (L0 oR
RO R r
o] o]
1a,1b (R=TBS) > (i
2a,2b (R=H)

(i)
3a, 3b (R =P(OCEt)(NiPr,)) >
Scheme 7.1: Synthesis of O%dU-butyleneO’dU and O*dU-heptyleneO*dU bis-
phosphoramidites

Reagents and conditions: (i) DBU, ACN. (iNBAF (1M in THF), THF. (iii) N,N-
diisopropylaminocyanoethylphosphonamidic chloridé?EA, THF.

7.3.2 Oligonucleotidecharacterization by ESI-MS and nuclease
digestion

Mass spectrometry analysis XEUU4 andXLUU7 confirmed the presence of the
crosslinks and absence of other modificatioasthe observed and calculated masses
were in agreement

The nucleosle compositions oXLUU4, XLUU7 and the controkequenced,
were confirmed by exonuclease digestiéii elution chromatograms shaad the four
standard nucleosidewhile XLUU4 and XLUU7 displayed an additional pegkeach
eluting later than the standardsresponding to the crodmked nucleosidesThe single

stranded control sequentiediplayed an additional peak that eluted betwe€rand dG
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corresponding to dUThe extracted nuabdide ratios are in correlationvith the
theoretical compositions. Moreer; the elution chromatograms EUU4 and XLUU7
show no speceethat elutes at the same time as dU (from control oligonucledtjde
indicating that the crodnks were not compromised during septase synthesis and
oligonucleotide deprotection.

7.3.3 UV thermal denaturation studies

The effect of the crodink in XLUU4 and XLUU7 on duplex stabilitywas
analyzed by thermal denaturation studideth modified duplexes displayed sigmoidal
denaturationcurvescomparable to the control duplex as observedrigure 7.2. The
presence of the ICL stdized the DNA duplex with the 4 methylene linker having a
greater stabilizing effect than the 7 methylene linker. The melting temperatures for
XLUU4, XLUU7 and the control (LA pair instead ofJ-U crosslink) were 61, 47 and
41 °C, respetively. These values follow the same trend as our previously prepared
XLTT serieswhereXLTT4 , XLTT7 and the control (A pair instead othe T-T cross
link) displayed melting temperatures of, @ and 41 °C, respively.(235

0.3 -

NORMALIZED ABSORBANCE

5 25 45 65 85
TEMPERATURE ("C)
Figure 7.2. T, curves of XLUU4, XLUU7 and control DNA duplex containing U.
Control DNA@® &8 ), XLUU4 ( ¢ é ) Xduduy (i A 7). A
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7.3.4 CD spectroscopy

The overall secondary structures of the control DNAUU4 and XLUU7
appeared virtually identical demonstrating that the alkylene linker had no substantial
effect on the DNA conformation. All DNA showed characteristicfoBn DNA
signature with positive signals centered around 275 nm, cross overs around 260 nm and
negative signals around 250 nm, as showhigure 7.3.(200201) Similar FarUV CD
signatures were reported by our groupXal T4 andXLTT7 .(235

40 -
30 1
20 1
10 - 47

MOLAR ELLIPTICITY (8x10%)

220 240 260 280 300 320

WAVELENGTH (nm)

Figure 7.3: FarUV CD spectra ofXLUU4, XLUU7 andcontrol DNA duplex containing
U. Control DNA @ 8 ), XLUU4 ( é é ) Xdudur (i A 1). A

7.3.5 Crosslink repair

Repair ofXLUU4 and XLUU7 wereperformedwith hAGT, OGT, AdaC andthe
chimeic hAGT/OGT protein The positive controlXLGG7 incubded with hAGT (lanes
2 and13), was used as a marker since the various species produced by this reaction are
known and aid in the identification of the products formed in our assateenhour
reactions between AGT and ICL DNA lead to no detectable levels of fully repaired DNA

speies (bottom band) nor an AGINA covalent complex (top band) representing a
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repair intermediateHigure 7.4). Clearly, XLUU4 and XLUU7 evaded repair by all

AGTs tested.
12 3 4 5 6 7 8 9 1011 12 13
AGT-DNA —p - "
Covalent
Complex

Substrate  —p R L L LT Y B I B
DNA

Repaired —p " -
DNA S

Figure 7.4: Repair gel oXLUU4 andXLUU7 by hAGT, OGT, AdaC and the chimera.

Denaturing gel of the repair of 2 pmol of DNA by 60 pmol AGT. Lane 1, Control DNA
U; lane 2 XLGG7 + hAGT; lane 3XLUU7; lane 4 XLUU7 + hAGT; lane 5XLUU7 +
OGT; lane 6 XLUU7 + AdaC; lane 7,XLUU7 + chimera; lane 8XLUU4; lane 9,
XLUU4 + hAGT; lane 10XLUU4 + OGT; lane 11XLUU4 + AdaC; lane 12 XLUU4

+ chimera; lane 1XLGG7 + hAGT.

7.3.6 Binding studies

EMSA were invoked to gain an understanding on how the various W&Fact
with XLUU4 and XLUU7. All AGTs bound the ICL DNA in the loveM, while they
showed no binding to the control DNA at these and higher concentraliabke (7.1).
XLUU7 was bound with slightly higher affinitthan itsXLUU4 equivalent by all AGTs
representing commonality amongst AGTs. OGT and-8dadid not bind the ICL DNA
as tightly as their mammalian homologue or the engineered chimereC AdaGT and
the chimera bound the ICL DNA with a 2:1 protein:DN#oishiometry, while OGT

showed a 4:1 stoichiometry under identical binding conditions (data not shown).
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Table 7.1: K4 of AGTs binding tocontrol and ICL DNAXLUU4 andXLUU?7.
DNA OGT (& AdaC( ¢ M hAGT( ¢ M) Chimera( € M
Controf  >20 >100 >20 >20
XLUU4® 8.40+0.18 8.73+042 2.78+0.03 4.02+0.18
XLUU7®? 7.61+054 822+060 1.74+0.22 2.33+0.17

45' CGAAAUTTTCG / 3' GCTTTAAAAGC

P 5' CGAAAXTTTCG / 3' GCTTTXAAAGC, whee X are crosdinked by a
butylene KLUU4) or heptyleneXLUU?7) linkers.

7.3.7 NMR Spectroscopy of ICL DNA

The assignment of the oligonucleotide rexthangable proton resonances in the
NOESY spectraKigure 7.5) waspeaformedusingtheH 1 6-KI6/HB(i))-H 1 81§ pathway
in the standard manner employed for ripahded DNA duplexe67) The DQF
COSY, TOCSY and HAMHSQC spectraseeAppendix VII) were also used to assigjme
sugar protons and phosphorus signals. @Ae H2 resonances were confirmed by
interstrandH2(A3)-H 1(610), H2(A4)-H 1(869), H2(A5)-H 1(68) NOE crosspeaks. The
proton and phosphorous chemical shifts obtained XatJU7 and XLGG7 (see
Appendix VII) were in agreement with those published 40DNA duplexcontaning a
N*dC-ethyleneN*dC crosslink where the crosknk was harbored in an identical DNA
sequence apart from the crdsged nucleotides3b) The strong intraresidue NOE
crosspeakobservedfor H6-H 1(86) in XLUU7 corresponds to a distance of ~A5
(Figure 7.5A). This was coupled with a relatively weHk-H2 @6) crosspeak and weak
sequentialH6(U6)-H 1 62//6HH PAS) crosspeaks indicative that U6 adopted Hye
conformation about thglycosidic bond InXLUU7.(268) The same phenomenon was
observed forT6 of XLTT7 (data not shown). The heptylene linker protons of both

XLUU7 and XLGG7 displayed various crosspeaks amongst each other but produced
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very few crosspeaks with th@igonucleotide protons except for a strad§(U6) to the

neighboringCH,(1) group crosspeak iKLUU7 .

(A)
HZ(AT) H2(A3)} H2(A4)
| [
510
G2
=
5.30 ]
5.50
=
570
i a4 _3
5.90 AS
6.10 &1
B.00 7.80 T.60 7.40 7.20
(B)
H2[AT) H2(A3) HI{Ad)
| 1
510
— o
Ad [
5.30
*
c1
570 L]
: L
T
1]
5.00
Ta "
I
6.10 &1 '. H
T8
8.00 7.80 7.60 7.40 7.20 7.00

Figure 7.5: Expanded plots dOESY spectra ofA) XLUU7 and 8) XLGG7

NOESY spectra were recordeaddat500 MHz at 25 °C (=250 ms), the assignmisnof
oligonucleotide protons are shown by solid line and nucleotide name with nuriber; |
H5-H6(C1,U6,C10) crosspeaks, respectively.
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The most noteworthy difference amongst the ICL DNA analyzed stems from the
NOE data linking the orientation of the csdmkedalkylene chain with respect to thS
atom of U6 inXLUU7 and theN1 atom of G6 inXLGG7. The adoption of theyn
conformation about thglycosidic bondof U6 in XLUU7 cause the CH(1) (methylene
attached ta0?) to adopt theE-configuration abouthe C40* bond of the crosknked
nucleotidesas extrapolated from the strong NOE crpsaks betweerH5(U6) and
CHy(1) protons inXLUU7 (corresponding to a distance of ~2.5 A). On the other hand,
the CHy(1) in XLGG7 adops the Z-configuration about th€6-O° bond as a result of the
canonicalanti-conformation adopted by G6 about tjiigcosidic bond as validated by the
absence of crogseaks betweeH8(G6) andCHy(1) protons irXLGG?7.

The presence of strorg 1-@2 @rosspeaks and weak2 &H 3 €rosspeaksor all
residues except for the terminal G11tlve DQFCOSY spectra indicates that the most
populatedconformations are of th8outhtype, corresponding to thB-DNA form (see
Appendix VII).(268)

The iminaproton assignments were conducted based on NOESY spects® ioyH
inter-imino crosspeaks and their crosspeaks WR{A3,A4,A5) as well as withNH,
proton signalsKigure 7.6A). The 1D NMR spectra of the imino poois forXLUU7 at
different temperatures are shownHRigure 7.6B. A strong inverse dependence between
the intensity of the signal at 13.95 ppm with increasing temperature from 0 to 10 °C was
detected, but the temqaure dependence was greatly reduced for the signals of the T8
and G2 imino protons. This could be a result of signal overlaps between the T7 and T9
imino proton.Indeed, great fluctuations in the positions of the T7 imino protons have

been reported foritferent ICL DNA within virtually identical sequences, ranging from
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13.714.1 ppm(238241,269 The T7 imino proton iNXLUU7 did not show strong or
medium intensity IMDE crosspeaks with other protons suggesting a faster exchange with
water protonsgsin case of imino proton of terminal G11, dégure 7.6A). This was
not observed witiXLGG7 as it appeared texist in a single @nformation, where all

imino protons were well defined at’C (Figure 7.6C).
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Figure 7.6: NMR spectroscopy of amine and imino protonXbfJU7 andXLGG7

(A) Sdected region of 800 MHz NOESY {200 ms) spectrum ofLUU7 in H,O at O
°C, correlationshetweenamino and imino protons are shawB) *H NMR spectra of
imino-protons ofXLUU7 at low temperatureshe minor form signals are indicatedth

stars(C) *H NMR spectrum of imingprotons ofXLGG7 at 0 °C.
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7.3.8 Structure modelling and analysis

NMR-restrained molecular dynamic calculations were performed to determine the
structures oiXLUU7 and XLGG7. The structural statistics are presented able 7.2.
The supamposition ofresidues 4 of strand A and-41 or strand B (corresponding to
half the ICL duplex) oftO minimized structures ofLUU7 are shown irFigure 7.7A.
The DNA sugarsadopted theSouthconformation with pseudorotation angles between
124° and 180 °The crosdinked U6 residues ilXLUU7 adopted thesynconformation
with ac-glycosidic angle of 77 °. The heptylene cris&s reside in the major groove for
both ICL duplexes. The ICL DNA melting temperature profiles, as observed by NMR,
suggest a greater flexibility for the central nucleotidgesXLUU7 with respect to
XLGG?7. This notion is supported by the larger atomic RMSDXbtJU7, as noted in
Table 7.2, and also the broadened and lower intertdyH6 NOESY crosspeaks for the
U6 residues compared to C1 and C10 resideiegi(e 7.5A).

The atomic RMSD for residues 1:5 of strand A and 7:11 of strand BLoiU7
and XLGG7 was calculated to be 0.6% (Figure 7.7B). The atomic RMSD for the

whole duplexpmitting the crosdinked nucleotides, was 1.22for all heavy atoms.
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Table 7.2: Structural statistics for 10 final individual structuresxalUU7 andXLGG7

Duplex XLUU7 XLGG7

Number NOE distance restraints 131 150

Intranucleotide 77 84

Internucleotide 54 66

Torsion angle restraints 87 87

Hydrogen bond restraints 34 34

NOE violation (>0.2 A) 0 0

Torsion angle violation (>5 °) 0 0

Heavy atoms RMSD relative to average structu

Full duplex (A) 0.58 0.41

Residues 1:5 of strand A and 7:11 of strand B ( 0.24 0.29

Average RMSD from covalent geometry:

Bond lengths (A) 0.0026 + 0.0001 0.0026 + 0.0001

Angles (°) 0.380+£0.005 0.411+0.011

Impropers (°) 0.315+0.023 0.355 £ 0.022
(A)

Figure 7.7: Supemposition of half of the ICL dupleky residues 1:5 of strand A and
7:11 of strand B.

(A) Supemposition of 10 final individual structures 8. UU7. (B) Supeimposition of
XLUU7 (in blug) andXLGG7 (in red) average minimized structures.

Upon comparing the overaminimized structures oXLUU7 and XLGG7, as
shown inFigure 7.8, it is obvious that thetacking interactions between the A5:T7 base
pair and the nghboring U6 residues iXLUU7 (Figure 7.8C) are poor compared to

those iINXLGG7 (Figure 7.8D). This results in an increased mobility for the central
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nucleotides oXLUU7 where the iminegprotons of the A5:T7 base pairs undergo a faster

exchange with water, as eluded to earlier.

(B)

(D)

Figure 7.8: Comparison of the average minimized solution structureXLe&fU7 and
XLGG7.

The vew into the major groove ofA) XLUU7 and B8) XLGG7. The stacking
interaction between A5:T7in red) and crosdinked (n blue) (C) U6 and D) G6
residues.

The helical and groove parameters extrapolatedXiddU7 and XLGG7 are
shown inFigure 7.9. The minor groove is slightly larger aroutite G6 residues in
XLGG7 compared to the crodmked U6 residues irKLUU7. The major groove in

XLGG7 is ~2 A wider than in XLUU7. The rise between the A5:T7 base pair and
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neighloring G6 residues iXLGG7 is ~1A bigger than the remaining nucleotides in the
DNA.

A noted increase of 102 A in the major groove width around the site of the cross
links was observed whasomparing the parameterstEUU7 andXLGG7 to those of a
previausly solved structuréharboring a shortN*dC-ethyleneN*dC linker within an
identical DNA sequence (except fdine crosdinked nucleotides§241) Rather, the
widening of the major groove as observedXiolUU7 and XLGG?7 is analogous to the

structure of amN3T-butyleneN3T crosslink containing duplexZ38)
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Figure 7.9: Helical parameters and groove widths of averagemined structures

XLUU7 (filled triangles), XLGG7 (filled squares) andhe previously characterized
XLCC2 (PDB 1N4B) (open circles). The helical parameters involvitig central
nucleotides inKLUU7 could not be used in the comparison due tosghreconformation
of theU6-bases and wetbereforeomitted.

7.4 Discussion

The solution synthesis of the amidites required for the ICL DNA contai®fdy-
alkyleneO*dU crosslinks were prepared with high yield reactions such as those used by
Swann forO*alkylateddT.(221) The solidphase synthesis of th.UU andXLTT ICL

DNA generated little desired product. On averageAid (60 nmoles) of pure material
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was obtained per 1 emol c o | uerbasis for theplowe s en't i
overall yield can be attributed in part to the method of deprotection of the
oligonucleotide. Sinc®* alkylateddT anddU are susceptible to nucleophilic attaak
C4, the standard ammonia/ethanol deprotection could not be utiRBE&RE7)
Moreover, oligonucleotide deprotection in methanol and DBU lead t®tmeethylated
products, removing our cro$isks in the processs observed by denaitng PAGE and
confirmed by mass spectrometry (data not shown). To circumvent this issue a mixture of
10 % DBU inn-propanol was adopted for deprotection. It is our belief that the larger size
of the n-propanol alkoxide, in comparison to the methanol alkexigrevented
breakdown of the crodsks at the expense of recovery from the CPG during the 5 day
incubation.

The presence of the ICL IKLUU4 and XLUU7 increased thd&,, of the duplex
from 41 °C to 61 °C and 47 °C, respectivelis is comparable to relési obtained with
theXLTT series where the contro{LTT4 andXLTT7 hadaTm,of 44 °C,66 °C and 50
°C, respectivelyZ35 These ICL DNA are not as stable as KeGG series where
XLGG4 and XLGG7 had T, of 70 °C to 60 °C, respectivel.85 The reduction in
thermal stability of theXLUU series with respect to thd.GG maybe attributed to the
greater flexibility of the duplex at the creksk site brought upon by idturbances to the
base stacking interactioas observed in the NMR experiments.

Much like itsXLTT counterpartsXLUU4 andXLUU7 evaded repair by all AGT
tested. It is known that hAGT and the chimera are capable of repairing ICL DNA,
whereas thé=. coli homologues are nol46214,235) It has been recently documented

that hAGT and the chimera have increased repairtiabilof O*-alkyl dU over the C5
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methyl containingd*alkyl dT adduct{CHAPTERVI). This inhibitory effect of the C5
methyl on AGT mediated repair 6f-alkylateddT was initially believed to be the cause
for hAGT and chimeras inability to repaXLTT ICLs. Removing the C5 methyl
conferred the chimera with the ability to repair lar¢gsions at theD* atom of the
modified dU where buty4-ol and hepty7-ol adducts were efficiently removed from dU
by the chimerasiopposed to the same lesionsd@nwhich were left virtually untouched
by the protein. Unfortunatelghe XLUU series, lacking the C5 methyl groupld not
confer hAGT or the chimera with the ability to remakis ICL damage.

All AGT recognized the craslinks in XLUU4 and XLUU7 as observed by our
binding results. The AGTs displayed poor binding to the control DNA. Such poor
binding of similar DNA by hAGT was previously observed by our group. This was
ultimately attributed to the lack of a centd® in the DNA duplex.2395 Indeed, a
similar parallel can be made with A€awhere it binds unmodified DNA with k&4 of 2
em when dG is present i n173ltappears thatallaAGT r egi ©
have evolved to recognize unmodified dG to aid in initial DNA binding prior to migration
to sites of damage supporting the notion that the primary role of AGT is to @pair
alkyl dG.

Both AGT capable of ICL damagepair (hAGT and the chimera) bouXd UU4
and XLUU7 with the highest affinity. Thisigherbinding affinity partially explain the
source for hAAGT and the chimeras ability to process ICLs overEh&oli counterparts.
More interestingly, OGT bound the LICDNA with a different stoichiometry than the
other AGTs. AdeC, hAGT and chimera bound the ICL DNA with a 2:1 protein:DNA

ratio while OGT bound the DNA with a 4:1 ratio. OGT binds ##6h DNA with a
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similar stoichiometry as Ad&, hAGT and the chimera, wih indicates that with nen

ICL DNA OGT binds DNA in a similar fashion as the other AGT$APTERVI). The

increase in stoichiometry observed with OGT in the presence of the ICL could be a result
of OGTs inabilityto migrate across the crelsk. This would cause OGT to recognize

the ICL DNA as 4Aistinctstrands of DNA as opposed to 2, validating the increase from 2

to 4 proteins per ICL duplex. Irrespective of stoichiometry, all AGT bound the ICL
DNAs inthelowe M r ange, simil ar withdAGT foeXL@E4fori ni t vy
XLGG7, which are repaired by the proteRild Therefore ICL DNA recognition by

AGT is not the basis for the lack of activity observed.

An overlay of XLUU7 and XLGG7 exposes their similar overall structure. Both
ICL DNA adopted the standard-i8Brm fold as was expected from our and previGiB
analysis of the DNAXLUU7 and XLGG7 show similar bends in the DNA structure
suggesting that preferentiaepair of ICL DNA by AGT is not brought upon by
deviations of the DNA structure from itanonicalform, such ass stipulatedfor other
DNA binding proteins including minor groove binde?s(271) As was previously
modeled, the croséink resicesin the mapr groove forXLGG7 .(145 The same pattern
was observed foKLUU7. This entails that the location of the crdisdk in XLUU7 is
not responsible for DNA repair evasion by this potential substrate.

Some substaral differences in structure, namely at the site of clogswere
observed between structures. These dissimilarities have the potential to play a role in
substrate recognition and repair by AGT homologues. The most important finding is the
adoption of theorientation of the crosknked nucleotides about their glycosidic bonds.

The modifiedheterocyclesn XLUU7 adopted theynconfiguration about the glycosidic
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bond, which caused the crdgsk to adopt theE-configuration about the G®* bond.
The modifed heterocyclesn XLGG7 adopted the usuanti-configuration about the
glycosidic bond, placing the linker inZconfiguration about the G6° bond. In view
that hAGT has been crystiaed repeatedly with monralkylated dG in the Z-
configuration about #1 C6Q°, it appears that the orientation of the linker may play a role
in substrate repair byhe protein(155 Similar crystallographic data stemming from
hAGT co-crystallized with DNA harboring a modifiedC displayed the adduct in &
configuration about the G@* bond, supporting the notion that purine and pyrimidine
orientations are conserved whenesenin the hAGT active site prior to repaitl)

XLGG7 showed a slight increase in minor groove widthl & A) relative to
XLUU7. Since hAGT is known to bind in the minor groove of DNA, this added space
may be required for the protein to interact correctly with the substrate to place the adduct
in the proper origiation for repair to occurlgb)

The greater level of flexibility observed in the corextfUU7 could aid in evading
repair by AGT.Unlike nucleotide excision repair based DNA damage reversal, AGT
mediated repga is not based on the flexibilty/bendability of the DNgkaffold(272)
Rather, flexibility may aid in evading repair since DNA binding by hAGT is
transient.{49163166167) Due to this nature, greorganized substrate, such as
XLGG7, would undergo repair more efficiently than a disorganized molecule since the
protein must bessociated with the substrate long enough for the proper conformation to
be adopted by the substrate to promote repair.

Our solution structures shed some light on the selectivity of hAGT for different ICL

substratesOur findings would begreatly aided byAGT-ICL DNA crystal structures
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Due to theinherint complicated nature of DNArotein cecrystals, the preparation of
such material do not appaa&adily accessibleAlso, the cooperativity of AGT binding to
DNA could be required for ICL repair. Since hAGihs only been crystallized in its
truncate form, missing part of its -@@rminal, its cooperativity has been
abolished 168169 Moreover, biomolecular NMR of suchomplexes would be
considerably complicated to solve considering the size of the-BSA complex but

more importantly the 2:1 stoichiometry observed for AGT bindinfpéselCL DNA.

7.5 Conclusions

The solution structueof two ICL DNA (XLUU7 and XLGG7) have been
determined by NMR which show that themethylene groups of the linkers muastopt
the proper Z-configuration about the G6° bond in purinesor C4-0* bond in
pyrimidines to enabletheir removal by hAGT In the former ICL, thisproperly
preorganizedsystem allows hAGT and the substrate to interact in an efficient manner,
pl acing the reactive thiolate acarbooaofthef t he
adduct undergoing nucleophilic attack leading to ICL refddirs was not the case for the

latter DNA, which adopted the-configurationand hence evaded hAGT based repair.
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CHAPTER VIII

Conclusions,future works and significance
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8.1 General conclusion

The methodology to generate ICL DNA using a combination of solution and solid
phase synthesis proved versatile and effective during the course of this research. Using
soluion synthesismodified nucleosides containing various protecting groups were
produced to either generate mesmbducts or crosknked DNA in the desired motiby
automated DNA synthesisThe methodology is versatilenabling thelCL to be
engineeredn the 1,3 motif These 1,3 ICL motiffeeCHAPTER 1) were attained due to
the added asymmetry in the ICL duplex, which was achieved by using the Alloc
protecting group which was selectively removed priomptmsphityléion creating an
amidite with two DMT andh TBS protectivegroup.

Introduction of an kkyl group atthe O° atom of dG wasperformedusing the
Mitsunobu reactionvhich is selective and can be performed umdid conditions(188)

Alkyl groups were introduceat the O* atoms of dT and dU using a method described by
Swann's groupsimilar toapproacheseported using an amirie generat&*dC-alkylene
N*dC crosslinks.(221,254)

The resultspresented in this thesmovides evidence that hAGT may very well
play a role in ICL damage detection and remolralvivo assaysconducted inSection
2.2.12 provide convincing evidence that overexpression oA@T limits the cytotoxic
effects of hepsulfam. Whether this effect is due to removal of ICLs (such as those
generated iNXKLGG7), monceadducts or reacting directly with the agent itselftif s
unclear. Indeed, highly reactive Cys containing proteins are known to react with

alkylating agents. Such an example is the reactivity of glutathietranSferase and
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hepsulfam, where increased levels of glutathioreaSsferase are correlated with a
reduced toxicity by the ager2{3 Certain steps still need to be taken to address this
concern. For example, hAGT could be expressed after cell exposure to the agent. This
would allow time for the DNA lesions to be induced prior to hAGT repair. If similar
correlations are observaghen hAGT expression is induced post alkylatrath respect

to those reported by our group, then it would suggest that hAGT reacts with the DNA
adducts formed by hepsulfam rather than with the agent directly. hAGT is docurtzented
increase the toxicity of certaimbifunctional alkylating agents, such as 1,2
dibromoethane236) As eluded to in the introduction, hAGT heglievedto directly react

with 1,2dibromoethane to create a brortiogated hAGT, after which the alkylated
protein interacts with DNA to form a proteDNA covalent complex containing an
ethylene linkage. According to the Iidibromoethane mechanism, if hAGT reacts
directly with hepsulfam we should, in theory, observpaoaitive correlation between
hAGT and toxicity levelsby the agentFurtherin vivo studies are clearly needed to
understand the exact role of hAGT in hepsulfam chemistry.

Irrespective of then vivo studies, tB in vitro repair assays demonstrdtdGTs
ability to eliminate O%dG-alkyleneQ°dG ICL in the clinically relevant 1,3 motif. The
phenomenon occurred with butylene and heptylene -tirdss demonstrating substrate
promiscuity by the proteirhAGT is limited to ICL that involve to th&® atom of dG a
observed by the absence of any repai®&fT-alkyleneO*dT and O*dU-alkylene O*dU
ICL DNA, irrespective of the tether lengtthe mode by which hAGT can eliminate

these ICL remaingo be uncoverednd needs to be studied/oreover, the substrate
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selectvity presentedby hAGT for theXLGG ICL DNA series is not understood nor
documented in the literature.

Repair of the corresponding moeadducts highlighted substantial difference
amongst homologues. Repair®@t-butyl-4-ol dT andO*-heptyt7-ol dT was acteved by
OGT and to a minimal extent, by the engineered chimera, which was created by replacing
a portion of the hAGT active site (residuE39-159) with the respective amino acids in
OGT. hAGT, unlike théE. Colihomologues, did not repa*-MedT with anappreciable
rate These finding follow the same correlation as observed for the ICL DNA, where
hAGT shows limited capability to elimina@-alkyl damage

The poor repairof O*alkyl dT damage by hAGT represent a significant
evolutionary oversight, corggring that many organisms have evolved AGT capable of
eliminating such damagdVe deemed it important to understand the basis for this
discriminatory pattern amongst AGTs

The first approach involved generating covalent complexes between hAGI*and
alkyl dT for crystallographic purpose®°dG-alkyleneO*dT containing ICL DNAwere
employed to create hAGIDNA covalent complexes where Cys 145 of hAGT would be
tethered to thed* atom of dT by the alkylene chain due to the previously observed
selectivity of AGT for crosslinks involving theQ® atom of dG.The hAGTalkylene
O*dT crosslinking reaction was not efficient where the reaction was virtually absent
when the tether was composed of 4 methylene gro¥p&T4). The crossinking
reaction conducted witlKLGT7 produced a considerable amount of hA&dptylene

O*dT crosslinking.
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The second approach, which stemmed from molecular modelling, entailed
analyzing the effect of the C5 methyl of dT ©fralkyl damage repair by AGT. This was
achieved bycomparing tl rates of repair o©*alkyl dU versus theirO*alkyl dT
analogues by the various AGRemoval of the C5 methydonfeared hAGT with the
ability to eliminateO’-Me dT damage with a 3fld increase in rate of repair. A similar
trend was observed with thénimera, indicating that the C5 methyl of dT clashes
somewhere in the hAGT active sighown in red irFigure 8.1) in a location other than
the altered residues found the chimeFais adverse effect of the C5 mgtlon AGT
processivity was less significant in OGIIo the best of our knowledge, these are the first
results that provide a rational for the differential substrate repair trends documented for
AGT homologuesThe C5 methyl of dT is not the only sourcetfog observed difference
in rates between OGT and hAGT since its removal didenablehAGT to repair the

adducts with similar rates as OGT.
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Figure 8.1: O"-MedT in hAGTactive site

Residues altered in chara with respect to hAGT are shown in green, those conserved in
white, Cys 145 in yellow and residues not altered in chimera in red.

Having had some success in determining the cause of@ealikyl monoadduct
damagerepairby hAGT, efforts were subsequfnfocussed on determining the source
of hAGTs ability to selectively repalkLGG and notXLTT nor XLUU. Insight into
hAGT mediated repair of ICL DNA was provided by the solution strustofeXLUU7
and XLGG7. An overlay of the two structurdgigure 7.7B), solved by Dr. Denisov,
highlight their virtually superimposable overattaffold The major differences between
these two ICL DNA originate at the crefask site. The modified heterocycles KLUU7
(and XLTT7) adopt thesynconfiguration about the glycosidic bond, which places the
crosslink in the E-configuration about the G®* bond. The modified heterocycles in
XLGG7 adopt the canonicanti-configuration about the glycosidic bond, placing the
linker in a Z-configuration about the G6&° bond. This disparity between ICL DNA

duplexes is believed to be one of the causes for the way they are processed by hAGT.
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Based on the hAGT repair mechanism @ralkyl dG (Schemel.4), one of the events
required to achieve repair of the adduct is the donation of a proton from Tyr 114 to the
N3 of dG to stabilize the transition state and also aid in final product formation. An
overlay ofO*-MedT andO®-MedG asshown inFigure 1.19, suggestshat theO? atom

of dT resides where the N3 atom of dG is situated when bound by hAGT. This indicates
that the O® atom of dT should accept the proton from Tyr 114. RetJU7 (and
XLTT7), the adoption of theyn orientation by the modified heterocycle rotates @fe

atom of dT away from Tyr 114, inhibiting repair by hAGT.

This syn versusanti orientation adopted by the crelasked dT and dU may be
translatable to the moradducts. Since the C5 methyl of dTpiesumed to clash in the
hAGT active site, perhaps this clash ascentuatedthrough adoption of thesyn
orientation about the glycosidic bond by the modified dT,FRgare 8.2. This rotation
would relieve the cksh produced by the C5 methyl of dT while still placing the adduct in
a similar location in the hAGT active site, explaining the binding trends reported. In the
case of dU, the absence of the C5 methyl would favouratiieorientation of the
heterocycle abut the glycosidic bond with respect to dT, explaining its preferential
repair. The purine nature of dG would not allow the protein to bind teytherientation
of the nucleoside due to the added aromatic ring that would clash considerable in the

hAGT adive site.
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(A) (B)

Figure 8.2: Modeling of anti andsynconfiguration of0*-MedT in hAGT active site
(A) in the classi@anti orientation andg) in thesynorientation.

The solution structure of XL GG7 revealed thathydrogen bonding of the
neighbouring nucleosidesas unaffected by the presence of the cliods However
there are disruptions to the base stackmgractionsof the modified nucleotides which
are pushed away from each othEnis mayaccount for the reduction in thig, observed

in the heptylene versus butylene containing ICL DNA.

8.2 Future works

8.2.1 Preparation of 0°dG-ethyleneO°dG ICL DNA

ICLs formed by chlorethylating agen{Scheme1.2) have ben of interest for
decades. Recent advances have allowed the first chemical synthesis of their ICL using
photocaging methodolog212) Other agents such as iJRhloroethane and 1,2
dibromoethane have the céday to make ethylene crodmks though they have yet to

be observed between DNA strands but have been identified between proteins and
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DNA.(274) It would therefore be of interest to note if ethylene clivds bridging the
O° atoms of dG are repaired bAGT since such a crodimk could form in DNA.

Our findings indicate that reducing the crdis& length adversely affects repair by
hAGT. An O%G-ethyleneQ®dG crosslink containing DNA KLGG2) could provide
further insight into the limitatiorof hAGT mediated ICL repair. The synthesis thie
crosslinked nucleosides required for the solid phase synthes{¢ G52 is proposed in
Scheme 8.1. A totally asymmetrical approach is explored so that the ICL can be
incorporated into any motifwithin DNA. To achieve total asymmetry, the levulinyl
protecting group is invoketh additionto the aforementioned Alloc, TBS and DMT
groupsdue to its selective removal bydrazineat the proper pH

Previous attempts by our grotpgeneratan O°dG-ethyleneO®dG crosslink have
failed using the Mitsunobu reactiowhere homalimerization ofO%-ethyl2-ol dG is
believedto occur (unpublished data)or this reason a "convertible" dG approach using
benzotriazolel-yl-oxy-tris-pyrrolidino-phosphonium  hexafluorophosphatewill  be
investigated This methodology has beemployedmultiple timesby the Lakshman
group and has allowed the synthesi€O8f2 -@leoxyinosineethyleneQ®-2 -@leoxyinosine

crosslinks.(275276)
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SchemeB.1: Proposed synthesis 6PdG-ethyleneO®dG amidite

Reagents: (i)Levulinic acid, %ethyl-3-(3-dimethylaminopropykarbodiimide, DMAP,
dioxane. {{) PPh, DIAD, 1-t-butyldiphenylsilylethangldioxane. i) TBAF, THF. iv) a)
TBS-CI, pyridine. b) AlloecOBT, DMAP, THF/pyridine (v)Benzotriazolel-yl-oxy-tris-
pyrrolidino-phosphonium hexafluorophosphateBU, THF (vi) Compound3, DBU,
ACN. (vii) hydrazine, pyridine/acetic acid. viii) N,N-
diisopropylaminocyanoethylphosphonamidic chloride, DIPEA, THF.

8.2.2 Mimic of mechlorethamineinduced ICL

The tunnel model that is proposed whgriantshAGT the abilityto repair ICLs can

be probed by introducing appendages to the ICL teMienics of crosslinks generated
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by variousnitrogen mustards could achieve this gealeFigure 8.3 for the structures of

the mimicsXLGG5H and XLGG5Me. A crosslink with a central methyl appendage
(XLGG5Me) should cause a clash in thA@T active site if it does indeed assume a
tunnel shape. This clash should cause the ICL to evade repair while its methyl lacking
control (XLGG5H) should be processed by the protein. A proposed synthesis of the
linkers is presented iBcheme8.2. Their use during solution synthesis are as described in
CHAPTER Il without the need for modifications since both compauédnd 8 are

already moneprotected with TBDPS.
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f >
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Figure 8.3: Structure oXLGG5H andXLGG5Me
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SchemeB.2: Proposed synthesis of cragsks for XLGG5H andXLGG5Me

Reagents: (i) TBDP£I, imidazole, DMF.(ii) TBDPS-CI, imidazole, DMF.(iii)) PAC-

Cl, TEA, THF. (iv) DMT-CI, pyridine. v) PP§ imidazole, }, dioxane. vi) Compound 0
DBU, ACN. (vii) p-Toluenesulfonic acid, DCM/methanol. (vii) CompouAd6DBU,

ACN. (ix) p-Toluenesulfonic acid, DCM/methanol.

8.2.3 Improvements on XLGT crosslinking

The short comings observed with tk&GT ICL seriescould be overcome by
modifying the substrate. Eliminating one of the DNA strands fronXth@T ICL DNA
to generate 0°dG-alkyleneO*-dT* (where dT* represents a dangling nucleosiae)y
achieve this effect, sdéigure 8.4A for structure Removal of one of the DNA strands
from the crosdinked substrate could also serve as lastnate for OGT since it has been
shown to repair O%dG-heptyleneO®-dG* crosslinks, where d®& is a dangling
nucleoside. This would promote the formation of OG*alkyl dT* covalent complexes
in addition to the hAGTO*alkyl dT* covalent complexes. Theqposed synthesis of the
amidites to be used for solution synthesis are shov8cheme8.3. In this scenario the

complex formed should have only a modified dT covalently tethered in the AGT active
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site, which showl be simpler to crystallize than a prot€dNA complex, sedrigure
8.4B.

(A) (B) AGT-cis N
OH | o MOH
N LR

OH (e}
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° 07 o <N | N//kNHZ
S | |
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o
o)
3 OH

Figure 8.4: Structure of A) O°dG-alkyleneO*-dT* crosslinks and B) AGT mediated
repair of0°dG-alkyleneO*-dT* crosslinks, where dT* represents a dangling nucleoside.
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SchemeB.3: Proposed synthesis 6PdG-alkyleneO*-dT cross-links

Reagents: (i) TB&I, imidazole, DMF (ii) 1,2,4triazole, POG, TEA, ACN. (i) 3 ®-
alloxycarbonyi5 -®-dimethoxytritytN>-phenoxyacety0®-(hydroxyalkyl)-2 6
deoxyguanosine, DBU, ACN. (iv) Pd(Pfh PPh, n-butylamine/formic acid, THF. (v)
N,N-diisopropylaminocyanoethylphosphonamidic chloride, DIPEA, THF.

8.2.4 O*-methyl-5-fluoro-2 -@leoxyuridine

The negative impact of the C5 methyl of dT 64 alkyl damage repaiwas
predicatedbasedon steric clashes Other properties of the C5 methyl might comeoint
play. On a purely chemical level, the C5 methyl of dT donates electron density by
induction into the heterocyclic ring, which would increase the transition state energy of
the anionic intermediate formed during AGT rep&icliemel.4). To validate our sterics
assumption, the-Buoro derivative of dU could be utilized. The preparation of @fe
methyt5-fluoro-dU amidite is presented inScheme 8.4 starting from commerciall
available 5-Fluoro-2 -Ngoxyuridine The scheme shows the pathway to generate the
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methyl adduct of 8luoro dU but using the appropriate alcohol in step iv) can vary the
adduct with easeas demonstratad CHAPTER lllandCHAPTERVI.

If the adverse effect of the C5 methyl of dT is based solely on sterics the rates of
repair of the Hluoro analogues should be virtually identical to thos©balkyl dU. If
on the other hand electrasi come into play, the electron withdrawing properties of the
fluorine atomshould cause the reaction rate of th#ubro analogues to be greater than

those of theD*-alkyl dU series
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SchemeB.4: Proposedynthesis of0*-methy}5-fluoro-dU amidite.

Reagents: i) DMTCI, pyridine. ii) TBS-Cl, imidazole, DMF. iii) 1,2,4triazole, POG],
TEA, ACN. iv) methanol, DBU, ACN. v) TBAF, THF vi) N,N-
diisopropylaminocyanoethylphosphonamidic chloride, DIPEA, THF.

8.3 Significance ofthesis

8.3.1 ICL DNA and derivatives for hAGT crystallography

The formation of covalent complexes for crystallographic purposes have been

employed for various protein systems, including hAGT. Currently, there exists no
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structural data, from NMR or gstallography, that explains hAGTnability to remove
O*alkyl dT damageproficiently. The correct ICL substrate with the proper nucleotide
composition should generate hA@X-alkyl dT covalent complexes that could be of use
during crystallography. Thessomplexes, once crystallized and solved, would provide
much needed insight into hAGTs selectivity. These crystal structures would also be a
great starting point for rational design based engineering of hAGT to enhance this
proteins ability to remov&®-alkyl dT damage.

The advantage of these ICL substrates for use in the formation of covalent
complexes is the amount of control one can have over the nature of the complex formed.
Indeed, the length of the ICL, which eventually becomes the covalentliciosetween
protein and DNA, can be varied with ease during solution synthesis. Such diversity
cannot be introduced with pebyclic substrates such aN1,0°ethanoxanthosine
generatd by Noll due to ring strainls5)

Moreover, the functionality of the cre$ek itself can be varied, such as
substituting methylene groups for phenyl rings, for example. Lastly, since hAGT
selectively repairs the@®-alkyl dG moiety of the crostink, any other nucleobase,
nucleoside nucleotide or even molecule can be attached at the other extremity of the
tether, se&scheme8.5. This means that hAGT could, in theory, be crystallized with any
molecule, as long as its tethered atom is notiregpaBeing able to form these covalent
complexes between hAGT and other molecules could grant some insight into the

development of noovalent hAGT inhibitors.
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Scheme8.5: Repair of ICL DNA derivatives by hAGT to form covalent complexes

8.3.2 hAGT variants in chemotherapy

Alkylating agents used during chemotherapy are known to alkylate various atoms
of the DNA nonspecifically. TheO* atom of dT is no exception. For this reasam
hAGT variant capable of eliminating*alkyl dT damage, such as the chimera presented
in this document, could find a home in gene therapy during cancer treatments with
chemotheragutic agentsThe formation of0*-alkyl dT is highly mutagenic and if left
unrepaired in cancer cells can cause advanced cancer development.

An hAGT variant capable ob*alkyl dT damage removal would find best use
during chemotherapeuticegimens involving bfunctional alkylators. Since the cytotoxic
lesions they induce are L6 that generally involve the N7 atom of dG, eliminatid
alkyl dT damage should not reduce the potency of the agent but would reduce some of
the side effects.

For methylating chemotherapeutic agents such as temozolamide, whose main mode
of action is though formation 0f0°-MedG and cell apoptosis due raultiple rounds of
futile MMR, further engineering of our chimera would show benefits. In this scenario the
chimera displays half of the desired propertiesjttan still eliminated®-MedG readily.

To achieve total inversion of substrate specificity other alteration must be made to the
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chimera. The chimera's substrate specificity could be altered by reshaping the active site
since 0°-MedG is larger tharD*-MedT. Lys 165 and Val 148 alterati@ppear tobe

good candidates sincewtould remodel the active site where the exocyclic amine of dG
lies, shown in blue irFigure 8.5. These amino acid alteration could induce a clash
between the AGT active site and tkeatom of 0°-MedG hinderingts repair SinceO*-

MedT lacks this functionality it should not affect how the AGT interacts with this lesion.

Figure 8.5: Superimposition of)"-MedT andO
165 and Val 148 surfaces are simoin blue.

-MedG in hAGT active s& where Lys

8.3.3 Uracil derived hAGT inhibitors

The work shown in this thesis leads to the potential developmenflodrd-O*-
benzyturacil as a hAGT inhibitor with an added ac#incer property. Since hAGT is
often found at higher levels in cancer cells than in healthy cells this compound should
target malignant tumour@(7,278279 Based on th©*-alkyl dU repair trends observed
with hAGT it can be foreseen thatfliioro-O*-benzyturacil should be acted upon by
hAGT. The two products of this reaction in addition to chemotherapeutic agents should
aid in the treatment of cancer, sBeheme8.6. The first product of this reaction is
alkylated hAGT, which leads to depletion of hAddvels in the cell. These depleted
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hAGT levels increase the potency of many chemotherapeutic agent. (revied88 in

The novelty of this compound over classic hAGT inhibitors is the formatiorflobgo-

uracil as the second product:floioro-uracil has been used as an aancer agent for

over 50 years due to its ability to inhilitymidylate synthasélrhymidylate synthasehe
protein responsible for methylatin@ -@eoxyuridine monophosphate to generate
thymidine monophosphate is required for proper DNA synthesis. Inhibition of this
protein disturbs the general pool of nucleotides creating a biological imbalance and DNA
damage due to replication mistakes. This compsuretjuired bio activation by hAGT
signifies that in tissues with low hAGT levels, such as the brain, the advert gt
effects of 5fluoro-uracil are alleviated.

Scheme8.6: Products of hAGT mediated repair@f-benzyt5-fluoro-uracil

Depleted hAGT
levels in the cell and

hAGT-Bn increased sensitivity

(0] hAGT to chemotherpeutic
E + agents
X - .
(L
N~ ~0 o
H
/’K‘ DNA damage

Iz
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Synthesis and characterization of an 0%-2-deoxyguanosine-alkyl-0%-2"-
deoxyguanosine interstrand cross-link in a 5’-GNC motif and repair by human
Of-alkylguanine-DNA alkyltransferaset
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(-2 -Deox yguanosine-alky H0¥-2 -deoxyguanosine intersirand DNA cross-links (ICLs) with a four
and seven methylene linkage in a ¥-GNC- motif have been synthesized and their repair by human
Oé-alkylguanine- DNA alkyltransferase (hAGT) investigated. Duplexes containing 11 base-pairs with
the ICLs in the center were assembled by automated DNA solid-phase synthesis using a cross-linked
Z-deoxyguanosine dimer phosphoramidite, prepared via a seven step synthesis which employed the
Mitsuncbu reaction to introduce the alkyl lesion at the O atom of guanine. Introduction of the four
and seven carbon [CLs resulted in no change in duplex stability based on UV thermal denaturation
experiments compared to a non-cross-linked control. Circular dichroism spectra of these ICL duplexes
exhibited features of a B-form duplex, similar to the control, suggesting that these lesions induce little
owverall change in structure. The efficiency of repair by hAGT was examined and it was shown that
hAGT repairs both ICL containing duplexes, with the heptyl ICL repaired more efficiently relative to
the butyl cross-link. These results were reproducible with various hAGT mutants including one that
contains a novel V1481 mutation. The ICL duplexes displayed similar binding affinitics to a C1458
hAGT mutant compared to the unmodified duplex with the seven carbon containing ICLs displaying
slightly higher binding. Experiments with CHO cells to investigate the sensitivity of these cells to
busulfan and hepsulfam demenstrate that hAGT reduces the cytotoxicity of hepsulfam suggesting that
the OF-2-deoxyguanosine-alkyl 0F-2-deoxyguanosine interstrand [DMNA cross-link may account for at

least part of the cytotoxicity of this agent.

Introduction

Interstrand cross-links (ICLs) that are formed in DNA as a
consequence of the action of bifunctional alkylating agents
represent some of the most toxic lesions encountered by cells due
to the obstruction of unwinding of the two strands, critical to the
processes of DINA replication, transcription and recombination.”
Interference with these key cellular processes by the presence of
ICLs is the basis of the mechanism of action of bifunctional
alkylating agents, such as mechlorethamine, that are used as cancer
therapeutics.? However, the potency of these agents is reduced by
the ability of cancer cells to repair the lesions resulting in an overall
resistance to therapy.

In eukaryotic cells the repair of ICLs is a complex process with
numerous repair pathways incloding nucleotide excision repair,
homologous recombination and non-homologous end joining
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implicated in the removal of the damage? Understanding the
molecular basis of how ICL repair occurs will play an important
role towards the development of new chemotherapeutic agents
that may evade this process, thus increasing the efficacy of these
drugs

Omne approach employed in elucidating the roles various DNA
repair pathways contribute in removing DNA ICLs involves
the use of chemically synthesized oligonucleotides that con-
tain representative lesions formed by bifunctional alkylating
chemotherapeutics.*** These oligonucleotides are designed to
contain lesions linking specific atoms in DNA in well defined
orientations and can be incorporated inte plasmids for DNA
repair experiments. This approach uses solid-phase synthesis
which generates sufficient amounts of ICL DNA to enable
structural studics and repair assays ™51

Some of these ICLs are challenging to prepare synthetically.
For example, the bifunctional alkylating agent hepsulfam (1,7-
heptanediol disulfamate) which has been investigated clinically,
has been shown to form a crosslink between the N7 atoms
of guanines in ¥-GNC sequences (Fig. 1) as demonstrated
through the uwse of mass spectrometry and identification of
1,7-bis{guanyljheptanc.” N -alkylated guanines are chemically
unstable, for example the presence of N'-methylguanine can result
in an apurinic site in DNA or undergo ring opening to yield the
ring opened formamido pyrimidine (Fapy) derivative.'%*
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DN A duplexes containing a directly opposed (0™ 2'-deoscythymidine-allyl (F-2 deoy thy midine
l[-f?hﬂ'-alkyl-t?‘-d'l'] interstrand cross-link (1CL) have been prepared by the synthesis of cross-linked
nucleoside dimers which were converied o phosphoramidies to produce zie specific ICL. ICL duplexes
contining alkyl chains of four and seven methylene groups were prepared and characterized by mass
spectrometry and nuclease digests. Thermal denaturation experiments revealed four and seven methylene
contining ICL increased the T_, of the duplex with respect to the non-cross-linked control with an
obzerved decrease in enthalpy based on thermodynamic analysis of the denaturation curves. Circular
dichroizm experiments on the ICL duplexes indicated minimal difference from B-form DINA st ciure.
Theze ICL were used for DNA repair sidies with O"—alkylgmnim DMA alkyltansferaze (AGT) proteins
from human (hAGT) and E colf (Ada-C and OGT), whose purpose iz to remaove (f—alkylguanim and in
some cases (F-alkylthymine lesions . It has been previously shown that hA GT can repair 0F-2%
deoxyguanosine-alkyk (F-2'-deoxyguancsine ICL. The (F-dT-alkyl-0*-dT ICL prepared in this study were
found to evade repair by hAGT, OGT and Ads-C. Electromobility shift assay {EMSA ) resuls indicated
that the abzence of any repair by hA GT was not a result of binding. OGTwas the only AGT to show
activity in the repair of oligonucleotides containing the mono-adduct {?‘-butyl-d-ol-?_'-duwyﬂlymﬂjm
andﬂ"-hqrryl-‘?-ol-l‘-dmx}'ﬂlymiﬂm. Binding experiments conducted with h& GT demonsiraied that the
protein bound *-aloylthymine legons with similar affinities to 0% methylguanine, which h AGT repairs
efficiently, suggesting the lack of (F-alkylth ymine repair by hAGT i not a function of recognition.

Introduction

Imerference by ICLs of critical cell events involving DNA
umwinding & exploiied in cancer chemotherapy megimens
employing bis-alkylating agents." The potency of these agents
may be diminished by the ability of cancer cells to repair te
very lesions they induce. Wumerous DNA repair pathways
including direct, base- and nucleotide-excizion repair (NER),
homaologows recombination (HR), non-homolegows end joining
and DN A-mizmatch repair remove variows DN A lesions.” Some
pathways, such as NER, are complex with brmad substate
specificiies whereas direct repair by AGT, which invalves one
protein, has a namow mnge of damage that it repairs. ICL
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damage is challenging to repair as information on both DNA
strands iz affectod. Removal of the ICL on one srand of DMNA
leaves behind damage on the opposing stand, complicating
emor-free repair from a emplate srand. Repair pathways such as
NER, HR and tranzlesion DNA synthesiz (TLS) have all boen
implicated in ICL repair in mammalian cells, however, there is
an increasing realization that ICL processing may depend on the
nature of the lesion making it challenging i gencralize how
specific WoLs are repaired *

An approach pursued by a nunmber of groups to enhance our
understanding of these processes imvolves the prepamation of ICL
DN A subgrates by solution and solid-phase synthesiz for repair
studies® A number of elegant examples have been reported
including the preparation of various phosphommidites of nucloo-
zides and other molecules to inroduce Ste-specific lesions in
DNA for vanous cxpcrin'l:m.“ Repair and binding experiments
can be conducted by incorporating the oligonucleotides contain-
ing lesions into specific plasmids.”

Diue to the insmbility of certain ICL formed in DNA as a con-
soquence of DNA trearment with bifunctional allylating agents
it iz at times necessary to modify the structure of the ICL by
producing a mimic dmilar in srecture but exhibiting improved
stahility to enable biophysical and repair studies. For example,
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ABSTRACT: Ofalkylpuanine DNA dkyltransferases (AGT)
are responsible for the removal of alkyhtion at both the 0F
atom of guanine and O atom of thymine AGT homologues
show wvast substrate differences with respeat to the size of the
adduct and which alkylated atoms they can restore. The human
AGT (hAGT) has poor capabilities for removal of methyltion
at the O atom of thymidine, which & not the case in most
homaologues. No structural data are avalable to explain this poar
hAGT repair. We prepared and characterized O°G-butylene-
O*T (XLGT4) and gwp‘?:hepryknem (XLGTT) interstrand
crosslinked (ICL) DMNA as probes for hAGT and the
Escherichia coli homologues, OGT and Ada-C, for the formation
of DNA-AGT covalent complexes. XLGT7 reacted only with
hAGT and did so with a cross-linking efficiency of 25%, while XLGT4 was inert to all AGT tested. The hAGT mediated repair of
XLGTT occurred slowly, on the order of hours as opposed to the repair of (F-methyl-2 -decxyguanosine which requires seconds.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the repair reaction reveaed the formation of
a covalent complex with an observed migration in accordance with a DNA-AGT complex. The identity of this covalent complex,
as determined by mass spectrometry, was composed of a heptamethylene bridge between the O atom of thymidine (in an 11-
mer DNA strand) to resdue Cys145 of hAGT. This procedure can be applied to produce well-defined covalent complexes

between AGT with DNA.

B INTRODUCTION

Modified nudeic acids with novel properties have had a long-
standing interest and application in the field of bicorganic
chermistry. One example of how these probes can be employed
imvolves the formation of covalent complexes with proteins
where weak hinding was previously observed leading to a wide
range of applications.*

Formation of covalent complexes for crystallographic
purposes can be employed for varous systems due to the
control one can have on the nature of the chemical
modification, which can be tallored to spedfic protein
complexes.™ For example, the structure of hAGT complexed
with DMA has been determined with the aid of modified
nudeic acids”® One of these structures, significant in
ernhancing our understanding of the mechanism of hAGT,
contains a chemical aross-link formed between the hAGT adtive
site and DNA containing the modified nucleogde N1,0°-
ethanoanthosine.

AGT proteins, which are found in all ki s of life, are
responsible for the repair of the mutagenic 0% methyluanosine
(UE MedG) and O*methylthymidine (0% MedT) lesions.™ 1!
The mutagenicity of these lesions rise from the wobble base
pair that these modified bases adopt with regpec to their
natural compliments. These wobble base pairs adversely affect

w7 ACS Publications = 0ox smatan cwmica soday A

the processivity of DINA polymerase during DINA replication.
0F Med( adopts a nonwobble base pair with dT causing a GU
to AT transition, while 0* MedT adopts a nonwobble base pair
with dG cansing a TA to CG transition. These two
modifications account for 8% of the total DNA damage caused
by N-methyl-N-nitrosourea (MNU).'* Endogenously,
MedG is formed at a rate of 10=30 events daly by 5-
adenosdmethionine '

The formation of (F Med(: is detrimental to cells where the
bicaccumulation of 6 650 OF Med: modifications in hAGT
deficient tumor cells is sufficient to canse cell lethality. " Unlike
0F MedG, (F MedT ks affected by neither the levels of hAGT
nor mismatch repair (MME), which is why this lesion is more
mutagenic in mammalian cells.'*" Processing of 0* MedT in
mammalian cells is believed to rely solely on the nudeotide
exdsion repair (NER) pathway."”

hAGT and Ada-C, the most thoroughly characterized AGT
proteins, repair alkylated DNA by flipping the damaged base
out of the DNA duplex and into the active site where the alkyl
group is transferred from the point of lesion to the active ste-
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A soluble human O%-alkylguanine-DNA alkyltransferase (hAGT)
chimera was engineered containing the acive site of OGT
(residues 139-158) and an additional $134F mutation. The result-
ing hAGT chimer not only retained hAGT's ability to repair bully
0 alkylene-2' deoxyguanosine  interstrand  crosslinked DNA
damage but also displayed enhanced repair of varous a‘dm
thymidine adducts.

o*-Methyl-thymidine (0*MeT) in the grnome that results from
exposure to tobacco derived N-nitrosamines or chemothera-
peutic agents is highly mutagenic because of its ability to form
altered hydrogen bonding patterns.’ The stable O*MeT:dG
pair resulting from a single round of replication, causes a dT
to dC transition mutation, which is especially detrimental
to the cell if this event occurs on prto-oncogenes of tumour
SUPPIESSOT genes”

O*-Methyl2 -demyguanosine [ "MeG), another well known
mutagenic nucleobase modifieation, genemtes dG:dC to
dA :dT mransition Unlike its thymidine counter-part the
0FMeG: dT intermediate |formed after a single mound of repli-
cation) is @ substrate for mismatch repair and direct repair in
humans.* The 0*MeT : dG mismatch persists in the cell sinee
it is neither a good substmte for mismateh repair nor direct
repair, contributing to the mutagenic potential of O'MeT.*
O‘-ALLgrl thymidine, which is believed to be a minor lesion,
has been found at similar levels as 0°MeG in the liver tissue
of healthy volunteers, demonstmting its importance and
prominence in the absence of exogenous alkylating agents.®

O*-Alkyviguanine-DNA alkyltransferases (AGT) am part of the
direct repair pathway and are responsible for the mmoval of
both 0"alkyl dG and 0™-alkyl dT adducts.” The repair occurs
in a single step process where the active site Cys thiolate anion
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performs 3 nucleophilic attack on the a<arbon of the adduct
located on the c'mq.rt:l.i.cux}gc'n.' In the process the native DNA
is restored and the AGT pmotein is irrevemsibly alkylated where
it eventually undergoes degradation by the ubiquitin mediated
pathway.” AGT homologues show vast substrate differences.
hAGT has been studied extensively and is believed to possess
the greatest substrate range for O™alkyl dG adducts, Among
some of the “bullier” substrates that have been shown to
undergo repair by this protein are 0“—2'—dtmg,rguanusimaLk!ﬂ—
ene-0"2 demyguanosine interstrand cmss-links (KCL], which
are DNA lesions that covalently link complementary DNA
strands obstructing DMNA unwinding and segregation, in the
process  inhibiting  cell  prolifieration  due to  physical
obstruction.™

Escherichia coli OGT is believed to be the most efficient AGT
at eliminating 0"-alkyl dT."" This is contmry to hAGT, which is
extremely poor at removing even O'MeT. hAGT mcognizes and
binds O'MeT but cannot emove them efficiently, physically
shielding the lesion from the nucleotide excision repair [ NER)
machinery and increasing the lesion's bomicity.™

The Loch and Pegy groups have dedicated some effort to
genemte hAGT variants capable of increased repair of O*MeT.
The Loeb laboratory employed a random sequence mutagen-
esis approach to generate multiple variants followed by a fune-
tional complementation assay to obtain a variant with & point
mutations (C150¥, S152R, Al1548, V155G, NISFT, V16dM,
E1660), and A170T).™* This variant showed a rate of repair of
O'Mel that was roughly 115 times greater than that of
hAGT.™ A horizontal gene tansfer fmom OGT to hAGT
was invoked by the Pegg group to generate their hAGT-0OGT
chimera. Their most promising construct  harboured
B mutations (V1491 C150G, S151R, S152N, A154T, V155M,
G156T and N157G), which was achieved by substituting the
hAGT amino acids by their respective residues in OGT. Unfor-
tunately, incorporating numenus suceessive mutations gener-
ated a chimeric protein that was not soluble, requiring
refolding procedures to be adopted. Their chimera displayed
valuable properties when expressed in alkylransferase and
MER deficient E. coli cells, where reduced levels of mutations
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Figure A2.1: Absorbance (A versus temperature profiles of non crbss n k e d
-lmked dumexXLGG4 (), and crosinked duplexXXLGG7 ( é é . . ) .

dCGATGACATCG3 6 ,

Sol

uti ons

strand concentration of 2.8 uM for the créissked XLGG4 andXLGG7) and norcrosslinked control duplexes in 90 mM sodium
chloride, pH = 7.0, 10 mM sodium ptpssate, and 1 mM EDTA buffer, were heated at 0.5°C/min.
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Figure A2.2: CD spectraofnoncrosd i nked dupldESATGTCATCG3 ) /HdE@ATGACAT CGIBkKed duglex 0 s s
XLGG4 (_ ), and crogsnked dupleXXLGG7 ( € € . Solutions containing a total strand concentration oh®i&or the cross
linked duplexXLGG 4,7 and 2.8mM of the noncrosslinked control duplexes in 10 mM sodium phosphate, pH 7.0, 90 mM sodium

chloride, and 1 mM EDTASpectra ee the average of 5 scans and were recorded%.10
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Figure A2.3: Molecular models of non crodisiked control duplex and crogisked duplexeXLGG4 andXLGG7 that were
geometry optimized using the AMER forcefield.

non crosdinked control XL GG4 E7
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Figure A2.4: Effects of mutatios on secondary structure of hAGT GY. Scans

Cl45S(_  _ _)P140A (__ _ ) and V148L (__ _ ) between 260 and 200 nm in CD buffe2(am shown due to high

voltage below 203nm).
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Figure A2.5: Time course repair cKLGG4 and XLGG7 by hAGT. (A) Denaturing gel of the repair of 2 pmol XLGG4 by 60
pmol hAGT as a function of time: lane 1pg&ol Control; lanes-20, 2 pmolXLGG4 + 60 pmol hAGT incubated for 0, 5, 15, 30, 60,
120, 240, 510 and 540 min, respectiva®y Denaturing gel of the repair of 2 pmol XLEGG7 by 60 pmol hAGT as a function of
time: lane 1, 2 pmol Control; lanesl®, 2 pmolXLGG7 + 60 pmol hAGT incubated for,Q, 2, 5, 10, 15, 30, 60, 120 and 180 min,
respectively.
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Figure A2.6: Graphic representation of the % abundance of each species in the time
course repair by hAGT ofA) XLGG4 and B) XLGG7. hAGT-DNA complex/partially

repaired productz() ; free DNA/ f ul) IZL/ uneeparmed subgiratep r o d u
().
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Figure A2.7: EMSA Gel of C145S hAGT and the control-frier DNA dupex. 5 nM

control DNA and 0 35.69¢M C145S hAGT.
[AGT]

—

TRANARARRT R 22

s

Figure A2.8: Hill plot representation of log[PD]/[D] versus log[P] for the control duplex
( Y XLGG4 (DzandXLGG7 (z ).
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Table A2.1: ESFMS results of wildtype hAGT and variants

Molecular Weight (Da)
Protein Calculated Observed
Wild-Type hAGT 21876.2 21875.0
C145S 21860.1 21860.0
P140A 21850.1 21850.5
V148L 21890.2 21889.5

Table A2.2: Effect of mutations on fluorescence emission signals of intrinsic hAGT on
T y rex280nm)and (Trgptophan onlpex 295nm).

Tryptophama n d

2ex280nm 2ex295nm
Fluorescence Fluorescence
Protein aem (nm) Intensity aem (nm) Intensity
Wild-Type hAGT 346 438 350 184
C145S 350 409 350 176
P140A 346 440 348 169
V148L 350 428 350 173

Table A2.3: Difference inT,, between mutants and witgipe hAGT.

Melting Temperature®C)

Protein Observed  Wild-Type Difference
Wild-Type hAGT 56.5 56.5 0.0
C145S 50.7 56.5 -5.8
P140A 47.0 56.5 -9.5
V148L 48.0 56.5 -8.5

297



APPENDIX Il : Supporting information to CHAPTER IlI

O*-alkyl thymidine crosslinked DNA to probe recognition and
repair by O°-alkylguanine DNA alkyltransferases
Francis P. McManud)erek K. O'Flaherty, Anne M. Norontend
Christopher J. Wilds*

Figure A3.1: Thermodynamic data for contra{LTT4 andXLTT7 DNA............... 299
Figure A3.2: Tr, curves of variou®©*alkyl dT moneadducts...............cc.cceveeeeeeen... 300
Figure A3.3: CD profiles of variou®*alkyl dT moneadducts...............c...c.covn.... 300
Figure A3.4: Repair gel oD*-MedT, T4 and T7 bY AGTS.....coveeeeeeeeereeeeeeeeeeen. 301

Figure A3.5; Bar graph representation @&fair ofO*-MedT, T4 andT7 by AGTs....301
Table A3.1: K4 and stoichiometry of hAGT bindingith XLTT4 , XLTT7 and control

(0 U o] = PP PP PP PPPPPPPPPP 302
Table A3.2: K4 of hAGT binding to single stranded 5 CGAAAXTTTCG.............. 302
Table A3.3: K4 of hAGT binding to duplexes containing varic$alkyl dT mono

AdAUCES AN -MEAG............ceeeeeeeeeee ettt etene st nen e 302

298



Figure A3.1: Thermodynamic data for the na@nosslinked controlXLTT4 andXLTT7 DNA

Control (T-A) XLTT4 XLTT7
Trial 0.585uM | 2.719 uM 12.57 uM 58.46 uM 0.585 uM 2.95 uM 0.585 uM 2.95 uM
1 38.0°C 42.0°C 47.0°C 52.0C 66.5C 66.0°C 52.00C 52.00C
2 38.0°C 43.0°C 48.0°C 52.00C 65.0°C 67.0C 53.5C 51.C0°C
3 39.C0C 43.0°C 49.0°C 50.C°C 66.0°C 66.0°C 51.C°C 53.00C
Avg 38.3C 42.7°C 48.0°C 51.3C 65.8C 66.3C 52.2C 52.00C
StdDev 0.5°C 0.5°C 0.8°C 0.9°C 0.6°C 0.5°C 1.0°C 0.8°C
B Contr ol Tir=i3.4499E-05x+ 2.7789E-03
325803 R2=9.9815E-01
Control Trial 2 §/) y2=-2.8445E-05x + 2.7961E-03
3.20E-03 — R?=9.9776E-01
Control Trial 3 DZy3 = -2.5372E-05x + 2.8355E-03
2 -
345603 R?=9.4206E-01
x
B
= 3.10E-03 —+
3.05E-03 +
3.00E-03 . . . . . |
-15 -14 -13 -12 -11 -10 -9
In(C;4t) (M)
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Figure A3.2: Tn curves of variousO*alkyl dT moneadducts in DNA duplexe$ 6
GGCTXGATCACCAG 306 [/ 56 CTGGTGATEEZEWGCC 36
Med T ( &%ityl-4-ol dT for T4 (i Ai) and O*heptyt7-ol dT for T7 (i i 1).

Solutions containing a total strand concentration of 2.8 uM for the duplexes in 90 mM
sodium chloride, pH = 7.0, 10 mM sodium phosphate, and 1 mM EDTA buffer, were
heated at 0.3C/min.
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Figure A3.3: CD profiles of various O*alkyl dT monoadducts in DNA duplexes 6
GGCTXGATCACCAG 306 [/ 56 CTGGTGATEEZEWGCC 306
Med T ( @ytyl-4-ol dT for T4 (i Ai) andO*heptyt7-ol dT for T7 (i i 7).
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Figure A3.4: Repair gel ofO*MedT, T4 and T7 DNA by hAGT, AdaC and OGT.
Denaturing gel of the repair of 2 pmol of DNA by 10 pmol AGT. Lane 1, Control; lane 2,
O*-MedT DNA; lane 3,0*-MedT DNA + hAGT; lane 40°-MedT DNA + AdaC, lane

5, 0*MedT DNA + OGT; lane 674 DNA; lane 7,T4 DNA + hAGT; lane 8T4 DNA +
Ada-C, lane 9,T4 DNA + OGT; lane 10,17 DNA; lane 11,77 DNA + hAGT; lane 12,

T7 DNA + AdaC, lane 1377 DNA + OGT.

1 2 3 4 5 6 7 8 9y .10 34 12 13

R .

Figure A3.5: Repair ofO*-MedT, T4 and T7 by hAGT (red), OGT (green) and Adx
(blue).
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Table A3.1: K4 and stoichiometry of hAGT bindingith XLTT4 , XLTT7 and control
duplex

DNA Duplex  Kg (UM) Stoichiometry

Control(T-A)  30.57+3.00 1.94 +0.03

XLTT4 2.45+0.05 1.90+0.11

XLTT7 2.58+0.67 2.09 + 0.02

Table A3.2: Kq of hAGT binding to single stranded 5' CGAXATTCG

X KgapproximatguM)
T >30

G 110

C 30

A 30

Table A3.3: Ky of hAGT binding to duplexes containing vario@$-alkyl dT mono
adducts an@°-MedG

DNA Duplex Kg (ULM)
Control 6.90 £ 0.04
O*-MedT 2.87 +0.19

T4 (O*butyl-4-ol dT) 3.41+0.28
T7 (O*heptyt7-0l dT)  3.68 £ 0.15
0°-MedG 2.86 + 0.16
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Figure A4.1: Electromobility shift assay of C145S hAGT bindingX@.GT4 . (A) EMSA Gel of C145S hAGT andLGT4. 0.5 nM

DNAand1-5 & M C1 4 5B Hilh ploGrépreseiftation of log[fD]/[D] versus log[P].
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Figure A5.1: 12% SDSPAGE of purified chimera proteind.oaded: lane 1, €L of
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Figure A5.2: ESFMS of purified chimera protein and variants
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(C) R135G Chimera Variant
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