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ABSTRACT 

Repair of modified O4-alkyl-pyrimidines by  

O6-Alkylguanine DNA alkyltransferases 

 

Lauralicia Sacre 

O4-Alkyl lesions are a form of DNA damage that occurs due to exposure to some alkylating 

agents, which can be repaired by O6-Alkylguanine DNA alkyltransferases (AGTs). AGTs from 

different species differ in their substrate specificity and proficiency towards repair of these 

lesions. O4-alkyl-pyrimidines with C5-modifications were prepared by using a combination of 

small molecule and solid phase synthesis in order to investigate their repair by different AGT 

homologues such as human AGT (hAGT), E. coli OGT and Ada-C and a hAGT/OGT chimera 

(hOGT). Studies have shown that hAGT is less efficient at removing O4 lesions than the E. coli 

variants. Previous work from our group revealed that replacing the C5-methyl group with 

hydrogen results in an increase in the proficiency of repair of O4-alkyl lesions observed by the 

human homologue. It was observed that the presence of a C5-fluorine atom resulted in a futher 

increase in repair of a O4-methyl lesion, particularly by hAGT and the chimera. Repair of the O4-

methyl lesion increased about 20-fold after 1 min with 5 equivalents of AGT when fluorine 

rather than hydrogen was at the C5-position. Repair of larger lesions at the O4 position such as 

ethyl, benzyl, 4-hydroxybutyl and 7-hydroxyheptyl were also evaluated for analogs with fluorine 

at the C5 position. Interestingly, all substrates were repaired efficiently. Ada-C was able to 

repair larger adducts such as O4-benzyl and O4-4-hydroxybutyl. Human AGT showed a 

preference for the benzyl adduct, as observed previously in the literature. Smaller adducts 

(such as O4-ethyl) were repaired faster than the larger ones by the various AGTs with O4-7-

hydroxyheptyl repair observed to occur more efficiently relative to its 4 carbon analogue 

presumably due to a more flexible chain allowing for a more optimal accommodation for the 

removal of the lesion. Other halogens such as chlorine and bromine at the C5 position were 
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also analyzed to observed their influence relative to fluorine. Repair of O4-methyl lesions with 

chlorine at the C5-position occurred faster relative to bromine. The larger C5-bromine did 

influence repair with a maximum of 55% removal of the O4-methyl lesion by the AGTs observed. 

The presence of chlorine at the C5-position had a positive influence on removal of the O4-

methyl group by human AGT with slightly faster repair observed compared to the C5-fluorine 

analog. Overall, the presence of the C5-fluorine group was shown to have a positive influence 

on O4-methyl repair by AGT, distinct from the influence of chlorine or bromine at the C5-

position. These studies have expanded our knowledge of the range of subtrates that can be 

repaired by AGTs and may be useful in guiding the design of hAGT inhibitors as therapeutics 

against uncontrolled cellular proliferation seen in cancer. 
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Chapter 1. Introduction 

1.1  DNA Alkylation 

DNA is a complex macromolecule that carries our genetic information. Every day, DNA is 

exposed to endogenous and exogenous agents that can cause damage. Depending on the 

damaging agent, different lesions such as alkylations can be produced. These lesions could be 

detrimental if they do not get repaired as they could eventually lead to mutations or 

modifications in the DNA. DNA alkylation can result from different sources and it could occur at 

the atoms that are more nucleophilic. Most of the resulting adducts are mutagenic or cytotoxic, 

and therefore organisms have developed different mechanisms to repair the vast range of alkyl 

lesions. 

 

1.1.1 Alkylating Agents 

Alkylating agents allow the formation of different covalent adducts between their 

electrophilic moieties and the nucleophilic atoms in DNA. Alkylating agents can be classified as 

monofunctional or bifunctional agents which undergo one or two alkylating events, 

respectively.[1] They can also be divided according to the mechanism of the alkylation reaction, 

which can be either SN1 (unimolecular) or SN2 (bimolecular).[2] This final classification depends 

on the specific alkylating agent. In these nucleophilic substitutions, the SN2 rate depends on the 

concentration of both the electrophile and the nucleophile (nucleophilic centers in DNA), while 

the SN1 rate only depends on the electrophile (alkylating agent). Therefore SN2 alkylating agents 

are more selective with regards to the positions in DNA with which they react.  Monofunctional 

alkylating agents predominantly act upon the N-atoms of the nucleobases, capable of 

introducing a range of lesions including methyl, ethyl and other adducts. Examples of these are 

N-methyl-bΩ-nitro-N-nitrosoguanidine (MNNG), N-ethyl-bΩ-nitro-N-nitrosoguanidine (ENNG), N-

methyl-bΩ-nitrosourea, which operate via a SN1 mechanism whereas dimethyl sulfate and 

methylmethane sulfonate reaction by a SN2 process.[3ς6]   
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Bifunctional alkylating agents tend to be more damaging and lethal for cells as they can 

potentially generate numerous products including interstrand (involving complementary DNA 

strands) and intrastrand (occurring at the same DNA strand) cross-links (secondary product) in 

addition to mono-adducts (primary product).[1,7] Examples of bifunctional alkylating agents 

include derivatives of chloroethylating agents like chloroethylnitrosourea (CENU) and alkyl 

sulfonates such as busulfan and hepsulfam (SN2 reagents).[1]  

1.1.2 Sources of Alkylation 

Alkylating agents can be endogenous or exogenous to the cell.  Endogenous sources 

include S-adenosylmethionine, which acts as a methyl donor in many cellular reactions (Figure 

1.1 A).[3] Studies have shown that S-adenosylmethionine could produce O6MedG (about 10-30 

events per day).[8] Exogenous sources involve a long list of nitrosoureas and nitrosamines that 

can be found in alcohol and tobacco.[3,9,10] A high percentage of these exogenous sources can 

also introduce lesions at the oxygen atoms of the nucleobases such as O6 and O4 atoms of нΩ-

deoxyguanosine and thymidine, respectively.                                                                                                    

 The alkylation of DNA can be exploited to provide a therapeutic benefit. This is the case 

of some cancer therapeutics, where the DNA alkylation is desired. The introduction of alkyl 

lesions in order to introduce DNA damage can lead to the death of cancer cells. Temozolamide, 

which is a methylating agent that generates DNA mono adducts, is employed in treatment of 

brain tumors (Figure 1.1 C). Bisalkylating agents are also used in treatments against cancer. One 

example of these is the alkyl sulfonate busulfan. [11,12] 

 

 

 

 

Figure 1.1: Alkylating agents such as (A) S-Adenosylmethionine, (B) N-methyl-NΩ-nitrosourea 
and (C) Temozolamide. The electrophilic methyl group is shown in red.  

 

A B C 



 

 3 

 

1.1.3 Predominant sites and consequences of DNA alkylation 

 Alkylation with electrophiles occurs on the electron rich atoms (nucleophilic atoms) of 

DNA; therefore it can occur at the DNA backbone or the nucleobases especially at the N- and O-

atoms. Certain atoms and positions are more susceptible than others to alkylation. Alkyl lesions 

can have mutagenic, cytotoxic and even carcinogenic consequences.[13] For instance, lesions at 

the atoms involved in Watson-Crick base pairing tend to be more mutagenic.[14,15]      

 The most vulnerable atom for alkylation is N7 of guanine.[16] For instance when DNA is 

treated with simple methylating agents, around 80% of the methylation occurs at the N7 

position.[1,4] Alkylations at the N7 position predominantly undergo depurination.[4] The second 

most predominant site for alkylation is N3 of adenine. This type of lesion has cytotoxic effects 

as it could cause the blockage of DNA replication.[4,17] The repair of these N-alkylated purines 

occurs normally through base excision repair (BER).[1] 

 Other types of alkyl lesions tend to have a higher mutagenicity effect. This is the case of 

the O-alkylations, particularly O6MedG and O4MeT (Figure 1.2). O6 alkylation tends to occur in 

more significant amounts compared to alkylation at the O4-atom. Analysis of DNA exposed to 

different methylating agents such as N-methyl-N'-nitrosourea (MNU) revealed that among the 

total DNA adducts about 8% and less than 0.4% corresponded to O6MedG and O4MeT 

respectively.[16,18,19]  

 

 

 

Figure 1.2: Alkylations in (A) dG and (B) T at the O6 and O4 positions, respectively.  

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

efficiently they get repaired by the organism and their persistence. In the case of O6MedG, if it 

A B 
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is not removed by hAGT (to be introduced later on in this thesis), it has the possibility to cause a 

dG Ą dA transition where now it can base pair with T (T Ą dC transition shown in Figure 1.3). 

This O6MedG-T pair can be recognized by the MMR (Mismatch Repair) pathway and two 

possible scenarios could develop; (1) If the lesion occurs on the non-template strand, it can be 

removed and a point mutation will be generated as now the template strand has a thymidine 

rather than a нΩ-deoxycytidine or (2) If the lesion is on the template-strand, the MMR 

machinery will keep incorporating T and recognizing it again as a mismatch entering into a futile 

cycle that eventually signals for apoptosis.[5]  

   

Figure 1.3: Watson-Crick base pairing of (Aύ Ř!ω¢, (B) dAω O4-MeT and (C) dGωO4-MeT 

Different studies in mammalian cells have shown that O4MeT lesions persist, positioning 

this lesion in a higher level of toxicity (which could generate T Ą dC transitions) compared to 

O6MedG.[14] This is due to the fact that mammalian DNA repair mechanisms are not efficient at 

removing this lesion. Studies have revealed that O4MeT is neutral to the presence or absence of 

hAGT and does not get excised by the MMR pathway. On the other hand, the NER (Nucleotide 

Excision Repair) pathway can restore DNA containing this lesion.[20ς23]  

 

1.2  DNA Repair mechanisms 

Organisms have evolved different repair pathways in order to fight against modifications to 

DNA. Depending on the type of lesion, different DNA damage repair mechanism would be used. 

The pathways include base excision repair (BER), nucleotide excision repair (NER), mismatch 

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

A B C 

Alkylation 

at the O4 

T Ą dC 

transition 
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The importance of research in this field was recognized by the scientific community with the 

2015 Nobel prize in chemistry awarded to Lindahl, Modrich and Sancar for their respective 

work and mechanistic studies in BER, NER and MMR pathways. BER is in charge of removing 

small and non-bulky modifications on the heterocycle. This involves repair of some N-alkylated 

purines (as previously mentioned) and it plays a backup role for repairing O6MedG.[1] NER is 

responsible for the removal of bulky and small adducts including O4-alkyl-T lesions.[24ς26] Finally, 

MMR focuses on detecting and correcting the improper incorporation of nucleotides.  As stated 

before, MMR is able to recognize the mismatch which occurs with O6-alkyl-dG.[5]   

 

1.2.1 Direct Repair 

O6-alkyl-dG lesions, and to a lesser extent O4-alkyl-T lesions, can be processed in 

mammalian systems by the direct repair pathway. Direct repair acts upon relatively specific 

forms of damage and does not involve excision of the DNA strand where the lesion is present. 

In humans, there are two direct repair proteins. The first class corresponds to the homologs of 

AlkB protein, ABH2 and ABH3, which perform the direct dealkylation through an oxidative 

process.[4,27,28] These FeII-dependent dioxygenases are specialized in repairing alkyl lesions 

(particularly methylation) at N1 of adenine and N3 of cytosine yielding the repaired base and 

formaldehyde as the other product.[4,27,28]                                                                                                                                             

 The second class are the O6-Alkylguanine DNA Alkyltansferases (AGTs). AGTs are the 

proteins that the different projects in this thesis focus on, specifically human AGT (hAGT), the 

two variants from E. coli (OGT and Ada-C) and a chimera hOGT (discussed later on text). 

 

1.2.2 Direct repair by AGTs 

O6-Alkylguanine DNA Alkyltansferases (AGTs) perform a direct covalent transfer of an 

alkyl group from the damaged base to a nucleophilic cysteine residue present in the active site 

of the protein (Figure 1.6). This direct transfer is irreversible and at the end it generates an 

alkylated protein (which now is deactivated) and the restored DNA. AGTs execute a 

stoichiometric reaction because one AGT protein is required for the removal of one alkyl lesion. 
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They are specialized in repairing the alkylations occurring at the O6-position of нΩ-

deoxyguanosine and, to a variable extent, the O4 -position of thymidine.[28ς30]  

 

1.3 O6-Alkylguanine DNA Alkyltransferases 

AGTs are relatively small proteins, normally around 19-21kDa.[31] They are present in 

almost all kingdoms of life. Even though AGTs from different species have a similar overall 

structure, their sequence identity is low. Nonetheless, these proteins have conserved important 

features such as a PCHR motif present in the active site. They have a helix-turn-helix DNA 

domain (Figure 1.5) and differ from other DNA binding proteins in the way that they use the 

minor groove of DNA for the binding interaction.[29,32]   

 

  

 

 

 

 

 

 

 

Figure 1.4: hAGT N-terminal (magenta), Zinc ion (yellow), Helix-3 connecting N- and C-terminal 

(green) and C-terminal (blue) (Model prepared by PyMol using entry PDB 1EH6)[33]  
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1.3.1 hAGT structure and mechanism 

The AGT protein consists of N- and C-terminal domains. The N-terminal domain has a 

structural role and in humans it contains a zinc ion (shown in Figure 1.4), which aids to stabilize 

the interface between the two domains.[33,34] The C-terminal domain is where the active site is 

located as well as the DNA binding region. The DNA binding motif is known as the helix-turn-

helix motif (HTH). In hAGT, the first helix of the domain has residues Tyr114-Ala121 and the 

second helix comprises Ala127-Gly136. This second helix is involved in recognition and interacts 

with the DNA.[34,35]  

The active site and the HTH domain are linked by residue Asn137. The active site pocket, 

containing the conserved PCHR sequence, is situated near the bottom of the solvent accessible 

groove forming the binding channel (Figure 1.5). This grove is approximately 8 Å wide, 9 Å deep 

and 14 Å long, giving it a tunnel-like shape.[33,35] Once in the hAGT active site, the damaged base 

is surrounded by Pro140, Tyr 158 and Ser159, which constitutes ǇŀǊǘ ƻŦ ǘƘŜ ǇƻŎƪŜǘΩǎ ǿŀƭƭǎΦ[34]  

 

 

 

 

 

 

 

Figure 1.5: hAGT secondary structure showing the HTH domain (magenta), the active site (cyan) 

and the binding to the DNA (orange) at the minor groove (Model prepared by PyMol using 

entry PDB 1T38)[33]  
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The repair reaction performed by AGTs occurs in a SN2 fashion (Figure 1.6). It begins 

with the damaged nucleotide ōŜƛƴƎ ŦƭƛǇǇŜŘ ƻǳǘ ƻŦ ǘƘŜ 5b! ŘǳǇƭŜȄ ǘƘǊƻǳƎƘ ǘƘŜ Ǌƻǘŀǘƛƻƴ ƻŦ ǘƘŜ оΩ 

phosphate.[29,35] There is a Glu-His-water-Cys hydrogen bond network that increases the 

reactivity of Cys145 (in hAGT) in the active site via a proton transfer, so the second step of 

nucleophilic attack of the thiolate on the alpha-carbon attached to the nucleobase can occur. 

Two products are produced; the irreversibly alkylated protein and the restored DNA.[29,35]  

 

 

Figure 1.6: Repair mechanism of O6-Methyl-dG by hAGT (reproduced from Pegg 2011 Toxicol.) 

Alkylated AGT, which now is inactive, can interfere with the task of other active AGTs, as 

the ability to bind DNA does not get affected even when inactivated. Consequently, they are 

substrates for ubiquitin ligases causing them to get ubiquitinated and later on degraded by the 

proteasome.[29,36ς38]  

1.3.2 AGT homologues and their substrate specificity 

E. coli has two AGT variants. The first one to be characterized and with a known crystal 

structure was Ada (39kDa), an adaptive response protein that is highly inducible to alkylation 

damage.[29,39] Only its C-terminal domain (19 kDa) has direct repair activity and is selective 

towards the removal of alkyl lesions.[39] Ada-C has a preference for repairing smaller adducts 

such as methyl groups due to its relatively small active site pocket compared to other AGTs. The 

presence of tryptophan 161 in the active site causes steric exclusion of larger groups.[31] Ada-C 

also contains 2 cysteine residues that can perform direct repair but it is Cys321 that is 

responsible for removal of the alkyl groups from the O6- and O4-atoms of dG and T respectively, 

favoring O6-dG lesions.[13,31,40]  
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OGT is the second variant and in contrast to Ada, it is not inducible and normally present 

in small amounts (about 30 molecules per cell).[39,41ς43] Currently, there is no crystal structure 

available of this 19 kDa protein.[39] OGT is able to remove O6MedG and O4MeT lesions 

efficiently, giving preference to the latter. This variant has demonstrated in multiple studies to 

be more tolerant of bulkier substrates than Ada-C and more efficient at repairing both smaller 

adducts and larger alkyl chains (at the O4-position of T) relative to other AGTs. [30,43,44]  

Given the proficient repair of O4-MeT observed by OGT compared to the human 

analogue hAGT, studies to replace certain amino acids by site directed mutagenesis to make 

hAGT more OGT-like have been performed. McManus prepared a chimera of hAGT and OGT 

(termed hOGT) mutating residues 139-159 of hAGT with those present in OGT (residues 133-

153) while maintaining Ƙ!D¢Ωǎ tǊƻмпл ǊŜǎƛŘǳŜ (aiding in solubility of the protein).[45] This work 

was inspired by a previous study of the Pegg group, who mutated 8 different residues of hAGT 

to the analogous residues from OGT in order to generate hAGT variants capable of repairing O4-

MeT lesions however it presented some solubility issues.[46] hǳǊ ƎǊƻǳǇΩǎ ƘhD¢ ŎƘƛƳŜǊŀ 

demonstrated the ability to repair the same adducts as OGT as well as efficiency of repairing 

larger adducts in a manner similar to hAGT.  

Finally, it has been reported that hAGT is capable of repairing small adducts and 

demonstrates a pronounced preference (35-fold higher) for repairing O6-dG over O4-T 

lesions.[43] These studies have been performed on modified bases and substrates incorporated 

in a DNA sequence. In general these AGTs have an inclination for the lesions when they are in 

dsDNA but still they are able to repair when they are in ssDNA.[40]   

 

1.3.3 DNA damage detection and binding to DNA 

How AGTs are able to detect the damaged base has been a question of interest and 

multiple hypotheses have been proposed. AGT ōƛƴŘǎ ǘƻ 5b! ŀƴŘ ǎŎŀƴǎ ǘƘǊƻǳƎƘ ƛǘ ƛƴ ŀ рΩ ǘƻ оΩ 

direction preferentially searching for places where the native structure might be destabilized 

due to base modifications.[29,34] There are three major contacts made by hAGT; one to a 
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phosphate backbone in the strand containing the flipped base (by the first helix of the HTH), a 

second one to a phosphate backbone in the complementary strand (by some residues such as 

Thr95 and Asn123) and the third along the groove (by the second helix of the HTH).[34]  

AGTs bind to DNA by using a HTH domain at the minor groove of the duplex. The 

recognition sequence has hydrophobic residues with small side chains that allow less specific 

and tight hydrophobic interactions with DNA.[29] The compact size of AGT allows it to occupy an 

area of approximately 7 base pairs when it binds.[37,47,48] Studies of crystal structures have 

shown that there is minimal to no conformational change upon the binding with DNA.[33ς35,49] 

Binding of AGTs to the damaged DNA can also have consequences such as interference of the 

NER pathway.[13]  

 

1.3.4 Key AGT residues and examples of their importance 

Various residues are involved in the repair reaction performed by AGT in addition to 

contributing to substrate specificity and positioning. For example, Tyr114 through steric clashes 

and charge repulsion might play a role in promoting nucleotide flipping via the rotŀǘƛƻƴ ƻŦ ǘƘŜ оΩ 

phosphodiester into the active site. Crystallographic studies illustrate that its hydroxyl moiety 

interacts via a hydrogen bond with the O2 atom in cytosine and perhaps the same interaction 

might be occurring with thymidine.[34,35]  

The Arg128 residue provides a cationic finger, which intercalates with DNA through the 

minor groove, stabilizing the duplex by hydrogen bonding with the unpaired base.  One of the 

protagonist residues is the active site Cys145 which has a low pKa (about 4.5 in hAGT) and 

demonstrates high reactivity.[50,51] The Cys145 residue performs the nucleophilic attack 

removing the alkyl lesion from the nucleobase.  

Other residues have a less defined function but still play a role in helping to obtain the 

right positioning of the substrate and shape of the active site. Water molecules interact via 

hydrogen bonds with the Cys145, Tyr158, His 146 (normally acting as a general base) and Ile141 
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residues.[33] In addition, proline residues (Pro138 and Pro140) in the human protein allow 

bigger adducts to enter on its active pocket as they help to defined it and to provide a greater 

accessibility.[31]  

Many residues vary between AGTs and in some instances this plays a role in determining 

which substrates are repaired. One of the big differences between hAGT and Ada-C is the 

residues found in the active site. As mentioned previously, the presence of Pro138 and Pro140 

ŀƭƭƻǿǎ Ƙ!D¢Ωǎ ŀŎǘƛǾŜ ǇƻŎƪŜǘ ǘƻ ǘƻƭŜǊŀǘŜ ǘƘŜ ŜƴǘǊŀƴŎŜ ƻŦ ƭŀǊƎŜ ŀŘŘǳŎǘǎΣ ōǳǘ ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ !Řŀ-C, 

the absence of these residues (replaced by Lys139 and Ala41) causes a relaxation in the helix 

provoking the pocket to close more and therefore blocking the access to bulky adducts.[33,52] 

One of substrates that hAGT is proficient in reacting with is O6-BndG. One of the reasons why 

this substrate is preferred amongst others is largely due to the hydrophobic stacking 

interactions that occur between the benzyl moiety and the Pro140 ring. Tyr158 side chain  

(which tends to stack against smaller O6-alkyl-dG adducts as well) and the C ̡of Ser159 also 

contribute to these hydrophobic interactions.[33,35] Repair of larger adducts and even crosslinks 

at the O6-atom of dG has been observed by hAGT.[53]  

Due to steric reasons, Ada-C cannot accomodate large adducts such as O6-BndG in its 

active site. The presence of the Trp161 side chain occupies part of the space that larger and 

bulkier adducts such as a benzyl group would require in order to accommodate or even to enter 

the active site. Hence, there is only room available for smaller adducts, preferentially repaired 

by Ada-C.[31] In the case of OGT, it has shown to weakly react with O6-BndG. The absence of 

Trp161 in OGT leaves sufficient space in the active site to accommodate the benzyl group. 

However, the absence of Pro140 removes the favorable hydrophobic interactions between the 

two moieties. The presence of the second proline residue in OGT, may contribute to a wider 

active site entrance relative to Ada-C.[52]  

1.4 C5 modifications: CH3 vs H 

The priority and efficient repair of hAGT towards O6-alkyl lesions and its poor capability 

to deal with O4-alkyl lesions has come into the attention of some researchers. Recent studies 
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have shown that the C5 methyl group in T possibly causes some steric effects in the active site 

of hAGT and other variants, affecting repair. These studies employed the investigation of O4-

alkylated нΩ-deoxyuridine series where a hydrogen atom is attached to the C5 position.[54]  

Repair of O4-ŀŘŘǳŎǘǎ ƛƴ нΩ-deoxyuridine by the AGTs in this study was dramatically 

increased. Some of the highlights were that removal of the O4-methyl lesion by hAGT occurred 

25-fold faster when H was present at the C5 rather than CH3.  Similar results were obtained 

with the other substrates, for example O4-benzyl dU was repaired efficiently by all AGTs except 

for Ada-C (repair of 4 carbon and 7 carbon alkylene linkers was also inhibited). OGT mediated 

repair was the most efficient and it was able to now repair larger adducts such as 4-

hydroxybutyl and 7-hydroxyheptyl (showing a 30-fold increase compared to its T analogue), 

suggesting that the C5 methyl group might not be allowing the proper introduction or 

accommodation of these substrates.[54]  

The differences observed in repair between the AGT homologues rely on their 

respective active site shapes and sizes. The negative effect of the C5 methyl group was more 

pronounced for hAGT and the chimera hOGT. The modeling studies with hAGT implies that the 

C5 methyl group in T may encounter steric clashes with Arg135 and Ser158 which might not 

allow the proper accommodation and orientation of the lesion.[54]   

 

 

 

Figure 1.7: Structures of (A) O4-alkyl-thymidine and (B) O4-alkyl-нΩ-deoxyuridine 

 

1.5 Introduction of fluorine in DNA 

1.5.1 Properties of fluorine 

A B 
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Fluorine belongs to the halogen group and is well known for being the most 

electronegative element. Fluorine has a van der Waals radius of 1.47 Å while hydrogen 

corresponds to 1.2 Å and oxygen is 1.52 Å.[55ς58] 9ǾŜƴ ǘƘƻǳƎƘ ŦƭǳƻǊƛƴŜΩǎ ǎƛȊŜ more closely 

resembles oxygen, its relatively small size has made it an attractive candidate to substitute for 

hydrogen atoms for a number of applications.[59]  

Other characteristics of fluorine is that it has a low polarizability, it can increase the 

acidity of compounds and it has a large electronic effect on residues that are nearby.[60] 

Hydrogen bonds with fluorine (H---F-C bond) are possible but they are much weaker (2.4 

kcal/mol) than those occurring with other heteroatoms such as O and N (~ 5.0 kcal/mol).[56,59] 

Fluorine has been observed to form short contacts with other atoms for example in proteins. 

These short contacts are dependent on the orientation and distance of both atoms.[61]   

1.5.2 Inductive and resonance effects 

The electronic properties of fluorine can be categorized as either inductive or resonance 

effects. According to some Hammett type substituent parameters ()̀ determined in various 

studies, it has been determined that fluorine is always electron withdrawing by the inductive 

effect (̀ i of 0.52) but also acts as electron donating due to the resonance effect (r̀ of -0.34).[56]  

The effect of fluorine also depends on its position on the molecule. For example, in 

fluorotoluenes, ̡ -fluorination has show to increase the acidity of C-H bonds through both 

inductive and resonance influence. In the case of h -fluorination, it has shown to decrease C-H 

acidity when the carbanion is almost in a planar geometry due to the -̄  ̄interaction between 

both lone-pair of electrons causing a destabilization.[56,62]  

Studies of different pentafluorobenzene compounds have determined the influence of 

fluorine towards certain groups according to whether the fluorines are located ortho, meta or 

para with respect to the substituents. In most of the cases ortho-fluorine with respect to 

substituents like amino, hydroxy and carboxyl groups, contributes the most to the acidity of the 

molecule. The preferential positions towards nucleophilic reactions in the fluorobenzene 

system follow ortho > meta > para and it is mainly governed by the inductive effect (electron-
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accepting) with a slight influence of the resonance effect (-̄electron donating). Analysis of 

fluorobenzene also suggests that ortho-fluorine enhances the acidity of the alpha C-H bond as 

well as meta-fluorine, which displays a greater inductive effect than ortho-fluorine in this 

case.[62]  

1.5.3 Fluorine Substitutions  

The use of fluorine in medicinal chemistry and in biological systems has been of great 

interest as it increases the lipophilicity (like aromatic fluorinations) of molecules as well as, in 

certain cases, enhancing their biological activity.[56] Hydrophobic effects normally play a major 

role in protein interactions. It has been demonstrated that the presence of fluorine can cause 

changes in the basicity and acidity of ligand molecules, especially by affecting the pKa of 

neighboring atoms.[55,63]  

A substitution commonly observed in certain amino acids is the change of a methyl for a 

trifluoromethyl group. The presence of CF3 clearly increases the hydrophobic parameter 

(derived from octanol-water partition coefficients) of that specific residue and gives some 

increase in the conformational flexibility.[56,59] When CF3 is compared to CH3 in multiple crystal 

structures it has been observed that fluorination increases the steric size of the alkyl group. In 

this case, the size of CF3 more closely resembles more to an isopropyl group.[56] For instance 

when CF3 is pƭŀŎŜŘ ƛƴ ōŜƴȊŜƴŜΣ ƛǘ Ƙŀǎ ŀ ˉ -inductive effect (electron-withdrawing by inductive 

and conjugation effects).[64]  

Fluorinated nucleoside analogues have been under study and some of them have been 

exploited as chemotherapeutics. Fluorine has shown advantageous effects when it is present in 

DNA. Examples of sites where fluorine has been introduced include the nucleobase and the 

sugar. Some of the most efficient radiosensitizers are 5-fluoropyrimidines such as 5-fluorouracil 

(used for treating colorectal and other cancers) and various produgs, with one of their main 

mechanisms of action being the inhibition of the enzyme thymidylate synthase disrupting DNA 

biosynthesis and downstream causing cell death.[65ς70] A number of fluorine modified 

oligonucleotides have been developed including the sugar modified н-deoxy-н-fluoro-
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arabinonucleic acids (нΩ-F-ANA) which has found applications in gene silencing therapies and 

exhibits stability towards nucleases.[71ς73]  

1.5.4 Potential interactions of fluorine with proteins 

The interactions that fluorine can have with different atoms in proteins strongly depend 

on their alignments and orientation, which compensate for potential electrostatic repulsions.  

The times fluorine is in short contact with other atoms in proteins have been studied. The 

fluorophilic group that shows the highest contact with fluorine is sulfur. All of the fluorine-

sulfur contacts come from cysteine, whose potentiality for repulsion is perhaps counteracted by 

an extra weak interaction with the sulfhydryl hydrogen.[61]  

The guanidinium group (specifically at the sp2 carbon) of arginine as well as the hydroxyl 

groups (through sp3 oxygen) of tyrosine and serine (normally in a linear arrangement) have also 

been shown to be fluorophilic moieties. Other groups that also show important contacts with 

fluorine are the sp2 N atoms in the aromatic ring of histidine and surprisingly the sp2 hybridized 

O atom of carboxyl groups, which adopt an orthogonal alignment to minimize repulsion, and 

non polar hydrogens.[61,74] Alternatively there are groups that do not interact as much with 

fluorine, probably due to repulsion, such as the N atom of amide linkages. 

 

1.5.5 Other Halogens: Fluorine vs Chlorine vs Bromine                                        

Even though the main focus of the present work is the influence of fluorine, it is of 

interest to analyze other halogens such as chlorine and bromine. Bromine and chlorine (with 

van der Waals radii of 1.85 and 1.75 Å, respectively) are larger than fluorine and at the same 

time they exhibit a increased polarizability, imparting this effect to the molecule to which they 

are part of.[56,75] When the halogen atoms are linked to an aromatic system, they can 

participate in both electron accepting (inductive) and electron donating (through conjugation) 

events. The electronic properties of these halogens suggest that fluorine exhibits a more 

pronounced electron donating resonance effect (conjugation) compared to the other halogens 
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( r̀: -0.23 for Cl and ̀r: -0.19 for Br) probably triggered by the overlapping of the  ̄orbitals as it 

is the smallest of the series.[64] The inductive effect is highest for fluorine ( ì: 0.52) but chlorine 

( ì: 0.47) and bromine (̀i: 0.44) are not far behind.[64]   

Studies to investigate the effect of different halogens at the C5 of cytosine have shown 

that the electronic effects can be transmitted through bonds during base pairing. This is the 

case of C5-fluoro in cytosine, which through its O2 disfavors the protonation, which can be 

caused by electrophilic carcinogens, at the N2 of guanine in the CG base pair.[75] In this 

particular experiment, the proton transfer from the N2 atom of G to the O2 atom of C (which 

may occur during carcinogen nucleophilic attacks) was used to measure the strength of the C5 

group effect. If the electronic effects were dominating this interaction, Br would be less 

destabilizing than Cl, which turns out to be less destabilizing than F, and with all of these 

halogens behaving as electron withdrawing substituents.[75]  

Computational studies on 5-halouracils have shown that the C5-X bond length increases 

in going from F (1.34 Å), Cl (1.73 Å) to Br (1.89 Å). On the other hand, the length for the C4-O4 

bond decreases very slightly. Substitution by halogen atoms causes relatively small changes in 

H-bond distances when it base pairs with adenine, but is still within the ranges for optimal 

bonding.[65] The charges on the substituted halogens vary from -0.326 esu for fluorine to 0.099 

esu for bromine, where it is only F that carries a negative charge.[65]  

 Fluorine has been said to increase the lipophilic character of molecules. The lipophilic 

character in halogens also relates to their hydrophobic parameter which increases in the 

following order: F < Cl < Br.[56,63] Taking advantage of all their properties, the use of halogens in 

chemotherapeutic agents has gained significant popularity. For example during radiotherapies, 

halogens are really useful as they are able to localize the influence of radiation due to their 

large cross-sectional area.[65]  
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1.6 Objectives 

 The general objective of this thesis is to study and explore the electronic effects of the 

C5 group in AGT-mediated repair of various O4-alkyl modified pyrimidines. The objective for the 

first project shown in chapter 2 involves studying the repair by different AGTs (hAGT, OGT, Ada-

C and the chimera hOGT) of the methyl adduct at the O4-atom when fluorine is present at the 

/р Ǉƻǎƛǘƛƻƴ ƻŦ нΩ-deoxyuridine.  Chapter 3 focuses on the effect of C5-fluoro in repair by AGTs of 

different and larger alkyl lesions at the O4-Ǉƻǎƛǘƛƻƴ ƻŦ нΩ-deoxyuridine. Finally, chapter 4 

evaluates and investigates the electronic influence of other halogens such as chloro and bromo 

at the C5 position in repair of O4-methylated pyrimidines by AGTs.  

  

 

 

 

 

 

Figure 1.8: Structure of (A) 5-fluoro-O4-alkyl-нΩ-deoxyuridine, (B) 5-chloro-O4-methyl-нΩ-

deoxyuridine and (C) 5-bromo-O4-methyl-нΩ-deoxyuridine.  

 

 

 

 

 

 

A B C 

R = Me, Et, Bn, 4COH, or 7COH 
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/ƘŀǇǘŜǊ нΦ CƭǳƻǊƛƴŜ ŀǘ ǘƘŜ /р Ǉƻǎƛǘƛƻƴ ƻŦ нΩ-ŘŜƻȄȅǳǊƛŘƛƴŜ ŜƴƘŀƴŎŜǎ 

ǊŜǇŀƛǊ ƻŦ hп-ƳŜǘƘȅƭ ŀŘŘǳŎǘǎ ōȅ ƘǳƳŀƴ hс-ŀƭƪȅƭƎǳŀƴƛƴŜ 5b! 

!ƭƪȅƭǘǊŀƴǎŦŜǊŀǎŜ 

2.1 Abstract 

 Alkylations at the O6- and O4-atoms of нΩ-deoxyguanosine (dG) and thymidine (T), 

respectively, can be repaired by O6-alkylguanine-DNA alkyltransferases (AGTs). Previous studies 

have shown that human AGT (hAGT) repairs small adducts poorly at the O4-atom of T, in 

comparison to the E. coli variants (OGT and Ada-C) of this protein. The C5 methyl group of the 

thymine nucleobase is suspected to reduce repair efficiencies via possible steric effects.  This 

ǎǘǳŘȅ ŜȄŀƳƛƴŜǎ ǘƘŜ άŜƭŜŎǘǊƻƴƛŎ ŜŦŦŜŎǘǎέ ƻŦ ǘƘŜ substitutent at the C5 position on repair by 

various AGTs using oligonucleotides containing a 5-fluoro-O4-methyl-нΩ-deoxyuridine (dFU-Me) 

insert. The ability of hAGT, E. coli variants (OGT and Ada-C) and a chimeric hAGT/OGT protein 

(hOGT) to mediate repair of the O4-methyl adduct was investigated. Compared to previous 

studies with O4-methyl-нΩ-deoxyuridine (dU-Me) and O4-methyl-thymidine (T-Me) substrates, 

the presence of the C5-fluorine atom notably increased repair of the lesion, particularly by 

hAGT and the hOGT chimera. 

2.2 Introduction 

 DNA damage can occur from different environmental factors that can arise from within 

and external to the cell.[76,77] For example alkylating agents such as N-methyl-NΩ-nitrosourea has 

been shown to introduce alkyl lesions at the O6 and O4 atoms of 2'-deoxyguanosine and 

thymidine respectively.[54,76] Such alkylations have been implicated in severely disrupting proper 

functioning of the cellular machinery, a feature that has been exploited in the treatment of 

cancer by designing drugs, which introduce alkyl lesions. Examples of chemotherapeutic drugs 

include Temozolamide and BCNU (1,3-bis (2-chloroethyl)-1-nitrosourea) which are known to 

target DNA as their main mode of action via the introduction of DNA damage.[78] 



 

 19 

 The detrimental effects of the naturally produced O6-alkyl dG and O4-alkyl T to hinder 

DNA polymerases and cause transitional events  (G:C to A:T) have been well documented.[78ς80] 

Their mutagenic influence arises mainly from the persistence of these lesions in addition to how 

often they occur.[43,81] O6MedG incidences occur more frequently compared to O4MeT in both 

in vitro and in vivo experiments where DNA is subjected to alkylating agents such as N-methyl-

N'-nitrosourea and methyl methanesulfonate.[20,82,83] O4MeT, is however said to have a higher 

level of cytoxicity due to its lower repair efficiency by the cellular repair machinery.[20,84] The 

O4MeT lesion is detrimental as it readily forms a non-wobble base pair with the incorrect dG 

nucleotide, leading to a possible mutagenic outcome if left unrepaired.[80] 

 O6-alkylguanine DNA alkyltransferase proteins (AGTs) are able to identify and remove 

these aforementioned alkylated lesions, via a direct reversal mechanism.[37] The alkylated 

nucleotide is flipped out of the duplex into the active site of the protein, where an activated 

cysteine residue (Cys145 in the human variant) reacts with the alkyl group. In doing so, the alkyl 

group is irreversibly transferred to the protein.[54,78] The protein product is then degraded 

rapidly via the ubiquitin pathway.[36] AGT proteins are found in most kingdoms of life, and 

crystal structures of different AGT variants depict a similar overall structure, despite high or low 

homology.[37] Certain AGT variants, however, display large substrate specificity, as well as 

adduct repair rates. For example, Ada-C and OGT from E. coli have been shown to repair small 

adducts at either the O6-atom of dG or O4-atom of T, with O4-methyl T analogues being repaired 

more efficiently.[84ς86] Human AGT (hAGT) has shown a preference for a range of adducts of 

various sizes at the O6-position of dG.[84,85,87ς89] 

  Among the substrates hAGT is reported capable of repairing are a wide array of mono-

adducts (like ethyl, benzyl, just for mentioning a few) and O6-alkyl(ene)-dG linked DNA intra- 

and interstrand cross-links. Moreover, O6-benzylguanine (Figure A1.1) as the free base is also a 

very efficient pseudo-substrate for hAGT.[90ς92] Studies have also revealed that while Ada-C and 

OGT are efficient at repairing O4MeT DNA adducts, hAGT has a poor activity towards it.[78,84,85] 

Despite hAGT having the ability to recognize and bind to DNA containing O4MeT, it does not 

efficiently remove it. The inability of repair of the mutagenic and cytotoxic O4MeT lesion by 
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MMR and hAGT[13,78]  and the fact that there are no available crystal structures of hAGT- O4MeT 

DNA (Figure 2.1) warrants systematic and in-depth studies of this lesion by researchers in the 

field. 

 In previous work from our lab, the role of the C5 methyl group on O4-alkyl T repair was 

studied.[54] It was believed that a steric clash could be occurring between the C5 methyl group 

(van der Waals radius of 2.0 Å) of the nucleobase and Arg135 of hAGT, preventing successful 

repair. Therefore, DNA containing O4MedU (dU-Me, Figure 2.1) was investigated and repair 

analysis concluded that the steric contributions of the C5 methyl group may be responsible, at 

least in part for hAGT substrate selectivity since the dU substrates were processed more 

efficiently relative to their T counterparts.[54,93] An AGT chimera consisting in the hAGT protein 

with residues 139-159 replaced with those from the OGT active site was also analyzed. The 

chimera exhibited a twenty fold repair enhancement of dU-Me compared to hAGT.[54]  

 Given the effect of the C5 methyl group of O4-alkyl T on AGT-mediated repair, we 

wished to further explore the electronic effects by replacing this group with the electronegative 

fluorine atom at the C5-position. The similar van der Waals radius of fluorine (1.47 Å) and 

hydrogen (1.20 Å) atoms enabled us to evaluate the electronic effects without introducing 

steric additional effects (in comparison to dU-Me).[59,94] 

 Another attractive aspect of studying the replacement of hydrogen with fluorine has 

been its role in drug discovery and presence in therapeutic agents. Fluorine has shown to 

increase the lipophilicity and fat solubility of various compounds.[59,94,95] 5-fluorouracil (Figure 

A1.1) and flunitrazepam are examples of drugs that demonstrate how the presence fluorine 

enhances therapeutic properties relative to the parent compounds.[27-29] 

 Fluorine modified oligonucleotides containing 2Ω-deoxy-нΩ-fluororiboǎŜ όнΩC-RNA) and 2Ω-

deoxy-нΩ-fluoroŀǊŀōƛƴƻǎŜ όнΩC-ANA) (Figure A1.1) have been shown to influence siRNA 

recognition by RISC, an important feature in strand selectivity and gene silencing traits.[72] In 

this chapter we have investigated the influence of fluorine at the C5 position on an O4-
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methylated pyridimine nucleobase examining the influence on duplex stability and structure in 

addition to susceptibility towards repair by AGT variants. 

  

A  

 

 

 

 

 

B 

 

Figure 2.1: (A) Structures of the modified O4-methylated pyrimidines, and (B) DNA sequence 

where X corresponds to the modified nucleoside. 

 

2.3 Results and Discussion 

2.3.1 Synthesis of nucleosides and oligonucleotides  

 The structure of dFU-Me and the DNA sequence containing this modification are shown 

in Figure 2.1. Rather than a methyl group attached to the C5-position (T-Me), the dFU-Me 

substrate has a fluorine atom, which allows for exploring the influence of an electron 

withdrawing group at this position. Recently we found that the CH3 group at C5 of O4MeT 

affects AGT mediated repair.[54] Specifically, an O4MeT containing oligonucleotide was observed 

to be repaired less efficiently relative to O4MedU.[54] A logical extension of this study was to 

X = O4MedFU, dFU-Me 

dFU-Me (O4MedFU) dU-Me (O4MedU) T-Me (O4MeT) 
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examine the electronic effect exerted by substituents at this position i.e replacing a H atom by 

an electronic withdrawing group such as fluorine.  

 The oligomers containing the modified inserts were prepared by a combination of small 

molecules and automated solid-phase synthesis. The synthetic pathway is shown in Scheme 2.1 

and it begins with the commercially available 5-fluoro-нΩŘŜƻȄȅǳǊƛŘƛƴŜ όdFUύΣ ƛƴ ǿƘƛŎƘ ǘƘŜ рΩ-

hydroxyl was protected with a 4,4'-dimethoxyǘǊƛǘȅƭ ƎǊƻǳǇΣ ŦƻƭƭƻǿŜŘ ōȅ ǎƛƭȅƭŀǘƛƻƴ ƻŦ ǘƘŜ оΩ-

hydroxyl functionality using previously published procedures.[97,98] A convertible nucleoside was 

prepared by the addition of a 1,2,4-triazole group at the C4 position of the nucleoside. This 

reaction was optimized for the dFU analog since the procedure commonly used for the T and 

dU series resulted in a number of undesired by-products including detriylated nucleosides.[54,97] 

This may have been due to the presence of the fluorine, which could increase the reactivity at 

the C4 position. The formation of convertible intermediate was accomplished by the slow 

addition of 1,2,4-triazole, triethylamine and phosphoryl chloride in three portions at 30 min 

intervals with stirring at 0oC to a solution containing compound 4.  After four hours, the 

reaction was complete and the convertible nucleoside was then transformed to compound 5 by 

ǘǊŜŀǘƳŜƴǘ ǿƛǘƘ ǎƻŘƛǳƳ ƳŜǘƘƻȄƛŘŜ ƛƴ ƳŜǘƘŀƴƻƭΣ ŦƻƭƭƻǿŜŘ ōȅ ǘƘŜ ǊŜƳƻǾŀƭ ƻŦ ǘƘŜ оΩ-O-tert-

butyldimethylsilyl group by a fluoride treatment. Finally, compounds 2 and 5 were 

phosphitylated to generate phosphoramidites 3 and 6, respectively, in good yields, using 

previously published procedures.[54] Purification was achieved by using short flash column 

chromatography and the purity of the compounds are demonstrated by their 31P NMR spectra 

(Figure A1.5 and A1.12). The 31P NMR spectra revealed two sharp signals in the 147-149 ppm 

region characteristic of phosphoramidites.[54] 

 Solid-phase synthesis of the oligonucleotide was performed ǳǎƛƴƎ άŦŀǎǘ-ŘŜǇǊƻǘŜŎǘƛƴƎέ 

ŎƻƳƳŜǊŎƛŀƭƭȅ ŀǾŀƛƭŀōƭŜ оΩ-O-phosphoramidites due to the labile nature of the dFU-Me 

adduct.[88] Phenoxyacetic anhydride was employed as the capping reagent to avoid 

transamidation.[99] Total deprotection and cleavage of the oligomers from solid support was 

accomplished with an anhydrous solution of potassium carbonate in methanol (0.05 M) for 4 h 

at 22oC under gentle rocking.[88,97] Excess base was neutralized with an equimolar amount of 
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acetic acid and the solvent removed in a speed-vacuum concentrator. The oligonucleotide 

containing dFU-Me was purified by SAX-HPLC. Characterization by ESI-MS of DNA containing 

the dFU-Me adduct confirms the presence of the modification after the deprotection process 

and it was in agreement with the expected mass (Figure A1.14). Enzymatic digestion of 

modified oligonucleotides using snake venom phosphodiesterase and calf intestinal 

phosphatase enzymes also confirmed nucleoside composition consistent with expected ratios  

(Figure A1.15).   

 

 

 

 

 

 

 

Scheme 2.1: Reagents and conditions: (i) DMTr-Cl, pyridine, DMAP, 16 h, 21 oC; (ii) N,N-

diisopropylaminocyanoethylphosphonamidic chloride, DIPEA, THF, 30 min; (iii) DMTr-Cl, 

pyridine, DMAP, 16 h, 21 oC; TBS-Cl, Imidazole, DCM, 16 h, 21 oC; (iv) 1,2,4-Triazole, 

triethylamine, POCl3, MeCN, 16 h, 0 oC; MeOH, NaOMe, 4 h, 21 oC; TBAF (1M in THF), 30 min; 

(v) N,N-diisopropylaminocyanoethylphosphonamidic chloride, DIPEA, THF, 30 min.  

 

2.3.2 UV thermal denaturation and CD spectroscopy 

 In order to evaluate the effect of the fluorine at the C5 position and the methyl adduct 

at the O4-atom in the stability of the DNA duplex, UV thermal denaturation studies were 

conducted. The results obtained are summarized in Figure 2.2. The introduction of the methyl 

group at the O4 position caused a decrease in thermal stability by approximately 11 oC relative 
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to the unmodified controls. The same relative decrease in Tm upon methylation was observed 

whether the DNA contains the T, dU or the dFU O4-Me lesions. These results suggest that the 

decrease in duplex stability after the incorporation of the methyl group was independent of the 

identity of the nucleobase (T, dU or dFU). The decrease in thermal stability may correspond to 

the disruption of the H-bonding between the O4-methylated dFU and its base-ǇŀƛǊŜŘ нΩ-

deoxyadenosine, as well as less optimal base stacking with the adjacent bases. The results were 

in agreement with the data observed previously by our group.[54] Coincidentally, the dU and 

dFU substrates displayed the same Tm value of 58 oC, as well as their respective modifications 

(dFU-Me and dU-Me), implying that the presence of the fluorine at the C5 position had minimal 

influence on the DNA duplex stability.  

 

 

 

 

 

 

 

Figure 2.2 : Tm values (oC) of duplexes containing T, T-Me, dU, dU-Me, dFU, dFU-Me. Colorless 

and grey bars represent the unmodified controls and methylated adducts, respectively. 

Hyperchromicity change (A260) versus temperature (oC) profiles are shown in Figure A1.17. 

 The CD analysis of the profiles from dFU, dFU-Me, and the control T display 

spectroscopic signatures consistent with the B-form DNA family, exhibiting a maximal positive 

signal at 280 nm, a cross-over near 256 nm, and a maximal negative signal at 245 nm. The CD 

signatures of the duplex containing dFU-Me was similar to the unmodified control DNA duplex 

profile, which suggested that the O4-methyl group did not cause any major effect on the overall 
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DNA duplex structure, as previously reported for the dU series.[54] Basic molecular modeling 

was performed on duplexes containing dFU, dFU-Me and the unmodified control using the 

AMBER force field (Figure A1.20).  The structures of the duplexes generated from molecular 

modeling supported the minor deviations of the signatures observed for the CD experiments, 

displaying minimal global distortions in the DNA duplexes upon introduction of the C5-fluoro or 

both the C5-fluoro and O4-Me groups.  

  

 

 

 

 

 

Figure 2.3: Circular dichroism spectra of DNA duplexes containing dFUωdA (τττ), dFU-

MeωdA (τ) and unmodified control TωdA 5b! όωωωύΦ 

 

2.3.3 Repair Assays 

 The repair of dFU-Me substrate was studied with three recombinant AGT proteins 

(hAGT, Ada-C and OGT), and a chimera protein (hOGT). The repair assays were performed as 

described previously by our group, where we monitored production of a product generated 

from BclI cleavage with DNA duplexes designed to contain a cut site.[54] The dFU-Me 

modification is located in a position close to this cut site and if repair of the modified sequence 

to the native (repaired) sequence occurs, Bcll cuts the oligomer into two smaller DNA fragments 

(5 and 9 mers) that are separated by PAGE. The strand containing the modification is 

radiolabeled and a shorter 5mer can be visualized by autoradiography.[54] If the O4-methyl 

group is retained, no repair has occurred and the intact 14mer is observed. 
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 First, a total repair assay was conducted with the dFU-Me substrate using the various 

AGTs, allowing the reactions to proceed overnight at 37 oC. Denaturing PAGE was used to 

resolve the different species after the repair reaction. Repair assay results revealed that dFU-

Me was efficiently repaired by all four AGTs evaluated at five-molar equivalences (reaching 

approximately 80 % repair). These results mirrored trends observed for the total repair assays 

of O4-methyl-dU but not the O4-methyl-T series.[54,88] 

 

 

  

 

 

 

 

Figure 2.4: Total Repair of (A) dFU (2 pmol) and (B) dFU-Me (2 pmol) by hAGT (10 pmol), OGT 

(10 pmol), Ada-C (10 pmol), and hOGT (10 pmol), for 2.5 h at 37oC. Panel A; Lane 1, dFU DNA; 

lane 2, dFU + Bcll; lane 3, dFU + hAGT; lane 4, dFU + hAGT + Bcll; lane 5, dFU + OGT; lane 6, dFU 

+ OGT+ Bcll; lane 7, dFU + Ada-C; lane 8, dFU + Ada-C + Bcll; lane 9, dFU + hOGT; lane 10, dFU + 

hOGT + BclI. Panel B; Lane 1, dFU-Me DNA; lane 2, dFU-Me + Bcll; Lane 3, dFU-Me; lane 4, dFU-

Me + hAGT; lane 5, dFU-Me + hAGT; lane 6, dFU-Me + hAGT + Bcll; lane 7, dFU-Me + OGT; lane 

8, dFU-Me + OGT+ Bcll; lane 9, dFU-Me + Ada-C; lane 10, dFU-Me + Ada-C + Bcll; lane 11, dFU-

Me + 10 hOGT; lane 12, dFU-Me + hOGT + Bcll. 

 

 The time course assays revealed that dFU-Me was repaired faster compared to the dU-

Me and T-Me analogues. Time course repair studies were performed with the four AGTs 

variants conducted at room temperature (Figure 2.5 and A1.19). Both E. coli variants (OGT and 

Ada-C) required less than 15 s to achieve full repair of dFU-Me. These results were in 

Repair (5mer) 

 %mer)  

Repair (5mer)  
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agreement with the previous studies with dU-Me and T-Me where total repair by OGT and Ada-

Cl occurred in less than 15 s.[54] 

 Remarkably, repair of dFU-Me by hAGT only required approximately 90 s for the 

reaction to reach completion. It was surprising to observe complete repair of dFU-Me by hAGT 

to occur more quickly relative to the dU-Me and T-Me analogues. It was previously shown that 

dU-Me undergoes 25% repair by hAGT in 2.5 min, whereas similar repair levels were obtained 

for T-Me after 30 min. dU-Me hAGT-mediated repair was approximately 12-fold faster 

compared to T-Me in terms of time to achieve 25% substrate repair.[54] dFU-Me total repair by 

hAGT required 20 times less time relative to the dU-Me total repair profile, and more than a 

100 times less time to repair compared to T-Me.  

 Complete repair of dFU-Me by the chimera hOGT occurred in less than 1.5 min, 

displaying a similar repair profile to hAGT. Repair by the hOGT chimera of dFU-Me was similar 

compared to dU-Me. When compared to results from previous studies, dFU-Me appears to 

require 3 times less time to achieve 80% repair than the dU-Me adduct.[54] 

 

 

 

 

 

 

 

Figure 2.5: Time course repair assay at room temperature of dFU-Me by OGT (τ), Ada-C (τωτ

), hAGT (τωωτ), and hOGT (τττ) at 5-molar equivalence protein. Graphical illustration 

displays dFU-Me repair [%] over time (min). 
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 Our study shows that the presence of the fluorine at the C5-position not only enhances 

repair by hAGT but also reduces the difference in repair efficiency between hAGT and OGT. It 

appears that the presence of the fluorine at the C5 position weakens the ether O4-Ca bond 

making it more susceptible to nucleophilic attack by Cys145. Towards this end, computational 

studies using Gaussian 09 and B3LYP/6-31+G(2d,2p) mode were performed with the assistance 

ƻŦ 5ǊΦ 5ŜǊŜƪ hΩCƭŀƘŜǊǘȅ ŀƴŘ tƘƛƭƛǇǇŜ !ǊŎƘŀƳōŀǳƭǘ in order to gain a better understanding of the 

effect of fluorine on the electron density of the O4- Ca bond. The calculations provided the O4-

Ca bond length from the geometrically optimized models of the corresponding N1-methylated 

modified pyrimidines (see Figure A1.21). The results revealed that the O4-Ca bond in dFU may 

be weaker compared to dU and T as it is slightly longer. This may explain why this lesion is 

susceptible to repair bȅ !D¢ǎΦ !ƭǘŜǊƴŀǘƛǾŜƭȅΣ ǘƘŜ ǇǊƻǘŜƛƴΩǎ ŀŎǘƛǾŜ ǎƛǘŜ ŎƻǳƭŘ ōŜ ǇŀǊǘƛŎƛǇŀǘƛƴƎ ƛƴ 

favourable hydrophobic interactions in the presence of the fluorine atom and computational 

studies are currently underway. The presence of fluorine might also have a substantial effect on 

weak dipolar interactions and basicity of the active site.[59,61] Crystallographic structures of the 

protein complexed with damaged DNA will aid in elucidating the critical interactions, which 

promote hAGT-mediated repair. Moreover, high-resolution structures of duplexes containing 

dFU-Me are currently being investigated via a combination of molecular dynamics and high-

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

 The importance and role of fluorine in biological applications and for drug regimens has 

been well documented.[59,63] The enhanced repair of dFU-Me containing oligomers by hAGT 

reported here may be due to some allosteric interactions occurring with the protein. Moreover, 

the increase in hAGT levels has been correlated to an increase in cellular resistance to certain 

chemotherapeutic agents. Future studies are currently underway with other dFU substrates for 

AGT-mediated repair, which may find potential uses as AGT inhibitors in certain combinatory 

regimens.[90,91] 
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2.4 Conclusion 

 Our study describes the synthesis of the dFU-Me phosphoramidite and its incorporation 

into oligonucleotides by solid-phase synthesis in scales and purity sufficient for biochemical and 

biophysical studies. A decrease of 11 oC in the thermal stability was observed for duplexes 

containing the modification relative to the control duplex. The CD data revealed no major 

change on the global structure of DNA containing the methylated dFU insert relative to the 

control duplex.  Repair of dFU-Me by the different AGTs occurred in less than 2 min, with the E. 

coli variants displaying greatest proficienty (with repair occurring in less than 15 sec), which was 

observed previously with substrates containing hydrogen rather than a methyl group at the C5-

position.[54,78] hAGT shows a remarkable increase in its repair efficiency towards dFU-Me 

compared to the dU and T analogues. The presence of fluorine at the C5 position increases 

susceptibility towards hAGT repair.  We suspect that the electronic effect of the fluorine on the 

O4-methyl lesion of the pyrimidine enhances susceptiblity towards thiolate nucleophilic attack 

by AGT. The dFU-Me substrate may find applications for anticancer therapies.[91] Given the fast 

repair of dFU-Me, studies using this substrate as a free nucleoside could help in guiding the 

design of hAGT inhibitors. Further investigation of different dFU substrates to undergo repair by 

hAGT is underway.  
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Chapter 3. Influence of fluorine at the C5 position of various O4-

alkylated нΩ-deoxyuridines on repair by O6-alkylguanine-DNA 

alkyltranferases  

3.1 Abstract 

 Oligonucleotides containing various alkyl groups at the O4-atom of 5-fluoro-O4-alkyl-

нΩŘŜƻȄȅǳǊƛŘƛƴŜ (dFU) were prepared by solid-phase synthesis. UV thermal denaturation studies 

of duplexes containing O4-ethyl-dFU, O4-benzyl-dFU, O4-(4-hydroxybutyl)-dFU, and O4-(7-

hydroxyheptyl)-dFU were found to decrease duplex stability by 10 oC compared to the control 

duplex containing unmodified dFU. Circular dichroism profiles of the modified duplexes all 

resembled a canonical B-form DNA.  Repair of smaller adducts was observed for human and E 

coli. O6-alkylguanine DNA alkyltransferases (Ada-C and OGT). Surprisingly, human AGT and the 

E. coli variant Ada-C displayed proficiency in the repair of larger O4-adducts. Repair of duplexes 

containing an 7-hydroxyheptyl linker at the O4-position of dFU resulted in more efficient repair 

compared to the 4-hydroxybutyl lesion. In contrast to most trends observed, Ada-C was capable 

of repairing the 4-hydroxybutyl adducts but was unable to repair the 7-hydroxyheptyl linker.  

These results reveal the positive influence of the C5-fluorine atom on repair of larger O4-alkyl 

adducts expanding our knowledge of the range of substrates that are able to be repaired by 

AGT.  

3.2 Introduction 

 DNA is continuously exposed to different modifying agents either within the cell or 

coming from the environment. Examples of these agents include various metabolites such as 

nitroso-compounds and the methylating agent S-adenosylmethionine. In addition, certain 

chemotherapeutic regimens employ methylating or chloroethylating agents.[76,77,79,100] O6-

Alkylguanine-DNA-alkyltransferases contribute to the maintenance of genomic integrity by 

repairing alkyl lesions occurring at the O6- and O4- atoms of нΩ-deoxyguanosine and thymidine, 

respectively. The alkyl group is transferred from the DNA to the protein via a non-reversible 
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nucleophilic attack by a cysteine thiolate (Cys145 in human AGT (hAGT)) in the active site. 

These alkylations can be detrimental if they are not repaired as they can cause transitions that 

could lead to mutations and carcinogenesis.[43,80,100]  

 Alkylating agents can vary in the size and nature of the lesions introduced in DNA. These 

lesions can range from methyl and ethyl groups, to much larger adducts such as crosslinks 

between residues within DNA (intrastrand or interstrand) or to other biomolecules such as 

proteins.[32,87,88,100,101] The capability of repair by AGTs is related to the accommodation of 

lesions within the protein active site. [52,100] Removal of alkyl lesions occurs via transfer to an 

activated cysteine residue located in the active site of AGT. Crystal structures of human AGT 

and the E. coli AGT variant Ada-C have provided insights about the roles that various active site 

residues play in mediating critical interactions for successful repair. For example, the poor 

repair of O4-alkyl lesions of T by hAGT has been proposed to be linked to less than optimal 

positioning of the target lesion with respect to the activated cysteine responsible for damage 

removal.[33,40,46,102]  

 The identity of residues and the shape of the active site varies between AGT 

homologues. These differences determine in great part the substrate specificity. For instance 

Ƙ!D¢Ωǎ ŀŎǘƛǾŜ ǎƛǘŜ Ƙŀǎ ŀ ǘǳƴƴŜƭ-like shape (8 Å wide, 9 Å deep and 14 Å long) that allows for 

accommodation of larger adducts like benzyl and cross-links.[33,35,53,89] The Pro140 residue of 

hAGT stacks with the benzyl group generating favorable hydrophobic interactions. The active 

site of Ada-C is said to be smaller, containing residue Trp161 that impedes larger adducts from 

being accomodated into the active site. The lack of two prolines which are found on hAGT (Lys 

139 and Ala141 instead of Pro138 and Pro140 respectively) may also contribute to the 

narrowing of the active site.[33,35,40,102]  

 Understanding the basis for specificity and discovering new substrates that could be 

repaired more efficiently by AGTs has been investigated by our group and others.[46,54,88,100] 

McManus et al. reported that the C5 methyl group of O4-alkyl-T lesions may contribute to the 

reduced repair observed by hAGT, possibly via steric interactions.[54] Substituting the methyl 

group for hydrogen was shown to drastically improve the efficiency of hAGT in removing alkyl 
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groups at the O4-position. In addition, it has been demonstrated that replacing the C5-methyl 

group of thymidine with fluorine further enhanced susceptibility towards repair of an O4-methyl 

adduct by hAGT. It is believed that the presence of the fluorine atom at this position may 

weaken the O4-Ch  bond enhancing susceptibility to undergo transfer to the activated thiolate in 

AGT. In addition, the presence of fluorine may contribute to favourable interactions in the AGT 

active site pocket, with reduced repulsion or steric effects with amino acid side chains. 

 Fluorine substitutions have widely been investigated in studies involving proteins and 

nucleic acids to understand biological properties and mechanisms. Incorporation of fluorine in 

proteins can be used to evaluate the effects of altering the dipole moment of a molecule or 

altering the acidity or basicity of groups that are in close proximity.[59,63] There are numerous 

examples of fluorinated nucleoside analogues, which have demonstrated beneficial properties 

in the treatment of various diseases including cancer. For example, fluoropyrimidine-based 

prodrugs whose mechanism primarily inhibits thymidylate synthase have been used for cancer 

treatment.[67] 5-Fluorouracil, 5-fluoro-нΩ-deoxyuridine and Capecitabine have also been studied 

as therapeutic agents. [67,69,70] In nucleic acid chemistry, the introduction of fluorine at the sugar 

has produced molecules with interesting properties. One example is нΩ-deoxy-нΩ-fluoro-ƾ-D-

arabinonucleic acid όнΩ-F-ANA) which exhibits significant resistance towards degradation by 

various nucleases.[71] This modified nucleic acid has been explored as a gene silencing agent for 

RNA interference.[72,73]  

 In the present study, we have investigated the effect of replacing the C5-methyl group 

of thymidine with fluorine on alkyl lesions larger than a methyl group. Fluorine has a dual 

electronic influence due to inductive and resonance effects. In fluorobenzene, fluorine is said to 

have an electron-withdrawing inductive effect and is also electron-donating by resonance on 

the aromatic system.[56,64]  

 The positive influence of fluorine observed on repair by various AGTs towards the O4-

methyl lesion has evoked our interest in investigating bulkier/larger adducts. In the present 

study ethyl, benzyl, 4-hydroxybutyl and 7-hydroxyheptyl adducts at the O4-position of 5-fluoro-

нΩ-deoxyuridine were synthesized, incorporated into 14-mer oligonucleotides and their 
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influence on duplex stability and structure evaluated by UV thermal denaturation and circular 

dichroism spectroscopy. Susceptibility towards repair of these bulkier adducts by hAGT, in 

comparison to their T (C5-methyl) or dU (C5-hydrogen) counterparts was also investigated.   

3.3 Results and Discussion 

3.3.1 Synthesis of nucleosides and oligonucleotides  

 There have been numerous reports describing how fluorine modifications lead to 

enhancement of the properties of proteins and nucleic acids.[59,63] Previous studies from our 

group have demonstrated ǘƘŜ ǇƻǎƛǘƛǾŜ ƛƴŦƭǳŜƴŎŜ ƻŦ ǊŜǇƭŀŎƛƴƎ ǘƘŜ /р ƘȅŘǊƻƎŜƴ ŀǘƻƳ ƻŦ нΩ-

deoxyuridine with fluorine on the repair of O4-methyl adducts by various AGT homologues. 

Thus, the objective of this study was to examine whether the influence of the C5-fluoro group 

extends to AGT-mediated repair of larger adducts at the O4-atom. The adducts evaluated 

include O4-ethyl-dFU (dFU-Et), O4-benzyl-dFU (dFU-Bn), O4-(4-hydroxybutyl)-dFU (dFU-C4OH), 

and O4-(7-hydroxyheptyl)-dFU (dFU-C7OH). Their chemical structures and the DNA sequences 

highlighting the position of the modification are shown in Figure 3.1.   
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Figure 3.1: (A) Structures of the modified 5-fluoro-нΩ-deoxyuridine adducts at the O4 position. 

(B) DNA sequence where X corresponds to the modified nucleoside. 

  dFU-Et was chosen as it is slightly larger than a methyl group and is a lesion which can 

occur in genomic DNA as a result of exposure to ethylating agents.[26,90,103] dFU-Bn was inspired 

from the well-characterized inhibitor, O6-benzyl-guanine, which has been said to be one of the 

preferred substrates of hAGT.[35,44,100] Although, preference towards the benzyl adduct is 

altered at the O4-atom of T relative to the O6-atom of dG, recent studies showed that hAGT was 

capable of efficiently repairing O4-benzyl-dU.[54] O4-(4-hydroxybutyl)-dFU and O4-(7-

hydroxyheptyl)-dFU corresponded to the potential hydrolysis adducts of busulfan (sulfonate) 

and hepsulfam (sulfamate) alkylating agents, which can generate a variety of DNA damage 

including mono-adducts and DNA cross-links.[88,89,100] These substrates also allowed for 

comparison with the results of analogues studied previously by our group modified at the O4 

atom of T and dU in the same DNA sequence context. [45,54,88]  

 The synthetic pathway for the target phosphoramidites is shown in Scheme 3.1.  The 

synthesis begins with the protection of the рΩ- ŀƴŘ оΩ-hydroxyl groups of commercially available 

5-fluoro-нΩ-deoxyuridine (dFU) according to previously published procedures.[97,98] The 

formation of a convertible intermediate was accomplished by the slow addition of 

triethylamine followed by phosphoryl chloride to a solution containing 1,2,4-triazole and оΩ-O-

(tert-butyldimethylsilyl)-рΩ-O-όпΣпΩ-dimethoxytrityl)- 5-fluoro-нΩ-deoxyuridine stirring at 0oC.[54] 

In order to obtain compounds 2a or 2b, the convertible nucleoside was treated with sodium 

ethoxide in ethanol or benzyl alcohol and DBU, respectively, in MeCN. Fluoride treatment was 

ǳǎŜŘ ǘƻ ǊŜƳƻǾŜ ǘƘŜ оΩ-O-tert-butyldimethylsilyl protecting group. Finally compounds 2a and 2b 

were phosphitylated to yield phosphoramidites 3a and 3b using previously published 

procedures from our group.[54,88,89,104] For the adducts containing the terminal hydroxyl 

functionalities, the convertible nucleoside was treated with 1,4-butanediol or 1,7-heptanediol 

in MeCN. Protection of the terminal alcohol on the adducts was performed with phenoxyacetyl 

chloride (also employed as the capping agent during solid phase synthesis).[54,88,99] Removal of 

ǘƘŜ оΩ-O-tert-butyldimethylsilyl group was achieved by fluoride treatment to yield compounds 

4a and 4b. Finally, phosphitylation of these compounds was performed to furnish compounds 
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5a and 5b, respectively. Purification of all phosphoramidites was achieved by using short flash 

column chromatography and the purity and identity are confirmed by their 31P NMR spectra 

(Figures A2.8, A2.15, A2.22 and A2.29), all of which have two signals in the region of 148-150 

ppm, characteristic of phosphoramidites.  

 Due to the labile nature of the O4-alkyl modifications and our previous observation that 

this is enhaced by the C5-fluoro group, άŦŀǎǘ-ŘŜǇǊƻǘŜŎǘƛƴƎέ ŎƻƳƳŜǊŎƛŀƭƭȅ ŀǾŀƛƭŀōƭŜ оΩ-O-

phosphoramidites were employed for solid-phase synthesis.[54,88]  Deprotection after solid 

phase synthesis was achieved by treating the oligomers bound to the solid support with a 

solution of 10% (by volume) DBU in the corresponding alcohol employed during the synthesis of 

each respective modified phosphoramidite (e.g. ethanol for dFU-Et and benzyl alcohol for dFU-

Bn). Using the respective alcohols ensured the retention of the desired O4-modification given 

the labile nature of alkyl lesions at this position.[88,105] 1,7- Heptanediol was particularly difficult 

to remove, which necessitated extractions with DCM in order to eliminate the remnant diol and 

to avoid interference with the desalting process, as observed previously.[54] 

 The oligonucleotides dFU-Et, dFU-Bn, dFU-C4OH, and dFU-C7OH were purified by SAX-

HPLC. Characterization by ESI-MS of DNA containing each of the above mentioned 

modifications confirmed the retention of the desired modifications after the deprotection step 

(Figures A2.30 - A2.33). Moreover, enzymatic digestion of the modified oligonucleotides using 

snake venom phosphodiesterase and calf intestinal phosphatase enzymes was performed and 

the resulting nucleoside mixtures were analyzed by RP-HPLC (amounts, retention times and 

nucleoside ratios are shown in Figures A2.34 - A2.37). The presence of the additional modified 

and four standard nucleosides, in the correct ratio, also serves to confirm the identity of the 

sequences and their composition.   
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Scheme 3.1: Reagents and conditions: i) 1,2,4-Triazole, triethylamine, POCl3, MeCN, 16 h, 0 oC; 

EtOH (a-series compounds) or BnOH (b-series compounds), DBU, MeCN, 16 h; TBAF (1M in 

THF), 30 min; ii) N,N-diisopropylaminocyanoethylphosphonamidic chloride, DIPEA, THF, 30 min; 

iii) 1,2,4-Triazole, triethylamine, POCl3, MeCN, 16 h, 0 oC;  1,4-butanediol (a-series compounds) 

or heptane-1,7-diol (b-series compounds), DBU, MeCN, 16 h; iv) phenoxyacetyl chloride, 

triethylamine, THF, 30 min; TBAF (1M in THF), 30 min; v) N,N-

diisopropylaminocyanoethylphosphonamidic chloride, DIPEA, THF, 30 min.  

 

3.3.2 UV thermal denaturation studies  

 The influence of the various alkyl adducts at the O4 atom of dFU on duplex stability was 

evaluated. As observed previously, the dFU control DNA duplex had a Tm of 58 °C. The presence 

of a methyl group at O4-position of dFU (dFU-Me) was shown to decrease the thermal stability 

of the duplex by approximately 10oC. A similar decrease in thermal stability was observed for 

the other alkyl adducts at the O4-atom including ethyl (dFU-Et), benzyl (dFU-Bn), 4-

hydroxybutyl (dFU-C4OH) and 7-hydroxyheptyl (dFU-C7OH) (as shown in Figure 3.2). Such a 
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decrease in stability can be attributed to the altered hydrogen bond interactions between the 

bases (Figure 1.3 A and B) and stacking interactions, similar to O4MeT.[80] The results 

demonstrate that the decrease in thermal stability is similar regardless of the adduct size for 

the modifications studied. Moreover, having fluorine versus a methyl or hydrogen atom at the 

C5 position has minimal effect on the thermal stability of the DNA duplexes containing adducts 

at the O4-atom.  

 

 

 

 

 

 

 

 

Figure 3.2 : Tm values (oC) of duplexes containing the control dFU (colorless), dFU-Me (grey 

squares), dFU-Et (grey diagonal lines), dFU-Bn (black), dFU-C4OH (grey vertical lines), and dFU-

C7OH (grey horizontal lines).  

 

3.3.3 Circular dichroism  

 Circular dichroism studies were performed in order to evaluate the global structure of 

the DNA duplexes containing the O4-modifications. The CD profiles for duplexes containing dFU-

Et, dFU-Bn, dFU-C4OH and dFU-C7OH (shown in Figure 3.3) exhibit spectroscopic signatures 

characteristic of B-form DNA, with positive and negative signals at around 280 and 245nm, 

respectively. The CD profiles are similar to the control duplex containing dFU, suggesting that 
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the introduction of these modifications at the O4-atom, in spite of their size, has a minimal 

effect on the global structure of the DNA duplex.  

 

 

 

 

 

 

 

Figure 3.3: Circular dichroism spectra of duplexes containing dFU control (τ), dFU-Et όωωωύΣ 

dFU-Bn (τττ), dFU-C4OH (τωτ) and dFU-C7OH (τωωτ). 

 

3.3.4 Repair Assays 

 Repair of these adducts was evaluated with 4 different AGT homologues (in a 5:1 

protein to DNA ratio); human (hAGT), E. coli (Ada-C and OGT), and a chimera protein άhOGTέ 

(hAGT where residues 139ς159 are replaced with residues 133-153 from OGT but maintaining 

Pro140)[45]. We were interested in evaluating the repair of these adducts at the O4-atom, as 

substrate preference and repair efficiency varies between AGTs.  Of particular interest is the 

influence of the fluoro group at the C5 position, compared to the C5-methyl of T or C5-

hydrogen of dU, on repair efficiency with adducts larger than an O4-methyl group. 

 hAGT is known to have a preference for repair of larger adducts such as the benzyl 

group, especially at the O6-atom of dG.[23,30,106] Of the 4 novel substrates we evaluated, dFU-Bn 

was observed to be repaired the fastest by hAGT, with complete repair achieved in 30 seconds 

(Figure 3.4 A). Surprisingly, hAGT was incapable of repairing the same adduct in thymidine, 
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which differs only in the presence of a methyl group instead of the aforementioned fluoro 

group at the C5-position of the nucleobase.[107] Complete repair of dFU-Et required 

approximately 45 min, slower than dFU-Bn, suggesting that even though the ethyl adduct is 

smaller than Bn the latter adapts better to the active site of hAGT. This may be due to a 

stacking interaction on the benzyl group with Pro140 which may facilitate an optimal 

orientation for binding and thiolate attack.[31,33,35,100] For the alkylene adducts containing 

terminal hydroxyl groups, it was observed (Figure A2.49) that dFU-C7OH (150 min to reach 

about 70% repair) was more efficiently repaired over dFU-C4OH (40% repair after overnight 

incubation). Perhaps the 7 carbon linker may have greater flexability adopting a conformation 

that evades steric clashes in the active site of hAGT. Similar results were found in repair of 

intrastrand and interstrand cross-links, where the 7 carbon linker is repaired preferentially over 

the 4 carbon analog.[7,11,12,89] Studies of crystal structures of hAGT have revealed that its binding 

channel has a tunnel-like shape that allows the entrance and accommodation of larger adducts 

with the reactive Cys145 located at the end of the tunnel (9 Å deep).[33,35,49] Surprisingly, hAGT 

displays no repair of the 4-hydroxybutylene and 7-hydroxyheptylene lesions at the O4-atom of T 

(C5-methyl) or dU (C5-hydrogen),[54] demonstrating that the C5-fluoro modification of dFU 

contributes to increased susceptibility of damage removal at this position. 

 OGT is known to repair a range of alkyl lesions at the O4-position of thymidine.[43,52,54,100] 

The dFU-Et lesion was repaired by OGT in under 15 sec and the dFU-Bn adduct was fully 

repaired in 15 sec (Figure 3.4 B). Previously, it was observed that OGT repair of dU-Bn occurred 

in 15 sec.[54] Larger groups at the O4-position of T such as 4-hydroxybutylene and 7-

hydroxyheptylene are more of a challenge for repair by OGT. Surprisingly after 10 min, dFU-

C7OH was almost fully repaired while less than 50% of dFU-C4OH was repaired (Figure 3.7). For 

the dU series, OGT repair of the 7-hydroxyheptylene and 4-hydroxybutylene adducts occurred 

efficiently within 10 and 2 min respectively, with similar repair profiles observed within the first 

minute of the reaction.[54] The reduced efficiency observed for repair of dFU-C4OH by OGT is 

the first example we have encountered of an O4-alkylated lesion where the C5-fluoro analog (of 

5-fluoro-нΩ-deoxyuridine) is less efficiently repaired relative to the C5-ƘȅŘǊƻƎŜƴ όƻŦ нΩ-

deoxyuridine) analog. This highlights a balance between the positive influence of the electronic 
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effects of fluorine at the C5-position on AGT repair of O4-alkyl groups with factors such as 

adduct size and flexibility.  

 The other E. coli variant, Ada-C, has a limited range of substrates it can repair. For 

instance it is proficient at repairing smaller adducts such as methyl and ethyl groups at the O6- 

and O4-atoms of dG and T, respectively.[84,108ς110] A preference in repair is observed when the 

adduct is a methyl rather than an ethyl group at the O6 position of dG.[108] Ada-C was able to 

reach full repair of dFU-Et in less than 15 sec (Figure 3.4 C) with repair of the O4-ethyl group 

observed to be efficient as the O4-methyl group with a fluorine atom at the C5 position.  

 It has been proposed that larger adducts, such as a benzyl group, might not be repaired 

by Ada-C due to steric obstruction in ǘƘŜ ǇǊƻǘŜƛƴΩǎ active site.[107,108] Unexpectedly, Ada-C 

demonstrated activity towards dFU-Bn with about 40% repair observed in the first 15 sec and 

60% repair after 150 min. Remarkably, Ada-C also repaired 40% of dFU-C4OH after 150 min 

(Figure A2.49), ǿƘŜǊŜŀǎ ǘƘŜ нΩ-deoxyuridine analogs dU-Bn and dU-4COH were resistant to 

repair.[54] No repair was observed on dFU-C7OH by Ada-C, which may be due to the active site 

not being capable of accommodating the longer linker. Recently, our group showed moderate 

repair of an O4-thymidine-heptylene-O6-нΩ-deoxyguanosine intrastrand cross-link adduct lacking 

the intradimer phosphodiester group by Ada-C. The repair occurred solely at the O6-position of 

the нΩ-deoxyguanosine moiety and marked one of the first examples where Ada-C 

demonstrated proficiency in the repair of larger alkyl adducts. Interestingly, the analogous 

butylene cross-link was inert towards Ada-C repair. An inverted trend is observed for the 

pyrimidyl series described herein for Ada-C. 

 Finally, the chimera hOGT behaved similar to OGT, being more effective at fully 

repairing the smaller dFU-Et adduct within 30 sec (Figure 3.4 D). Full repair of dFU-Bn was 

achieved in about 1 min, which is similar to the results obtained for OGT and hAGT. The 

combination of the optimal accommodation in the active site in addition to the favourable 

effect of fluorine at the C5 position likely contributes to dFU-C4OH and dFU-C7OH repair to be 

higher with hOGT, relative to OGT and hAGT, achieving approximately 70% repair after 45 min 

and 1 min, respectively (Figure 3.7). Again, the 5-fluoro-нΩ-deoxyuridine series exhibited 
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enhanced susceptibility towards repair of the adducts at the O4-position relative to the нΩ-

deoxyuridine series.   

 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 3.4:  Time course of repair of dFU-Et όωωωύΣ dFU-Bn (τττ), dFU-C4OH (τωτ) and dFU-

C7OH (τωωτ) at room temperature: A) by hAGT, B) by OGT, C) by AdaC and D) by the chimera 

hOGT.  

 One of the hypotheses as to why the C5-fluorine group has a positive influence on AGT 

repair is that it may exert an effect on the O4-Ch  bond of alkyl group attached to the nucleobase 

rendering it more labile for facile transfer to the thiolate anion in the active site. There could be 

an electronic effect occurring within the nucleobase bonds causing the O4-Ch  weakening. This 

A B 

C D 
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has been observed in C5-fluoro cytosine, in where the C5-fluoro group through the O2 and N3 

atoms disrupts the CG basepair.[75,111,112] The presence of fluorine in a biomolecule can impart 

interesting properties and allow for probing of the role various residues play in maintaining 

structure and catalyzing reactions.[59,63] There has been much debate on the capability of 

fluorine to participate in hydrogen bonding.[59,74,113,114] Interaction with fluorine depends on the 

distance and position relative to the atoms involved.[61,115] The literature contains numerous 

examples where fluorine influences the basicity or acidity of certain chemical groups.[63] It can 

also generate specific polar and hydrophobic interactions with some protein residues (Figure 

3.5). In the case of a more desolvated cavity, the conditions may be suitable for hydrogen 

bonding to occur with fluorine.[59]  

 

 

 

 

 

   

Figure 3.5: Favourable orientation of C5-F (green atom) for hydrophobic and ̄-sytem 

interaction with Pro140 (left) and Tyr158 (right) respectively. (Modified from PDB 1T38 using 

UCSF-Chimera) 

 


