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Abstract 

Title of Dissertation: Finding the Needle in the Haystack: Characterization of the 

Catalytic and Binding Specificity of Thymine DNA Glycosylase (TDG) 

Michael Morgan, Doctor of Philosophy, 2011 

Dissertation Directed by: Dr. Alexander Drohat, PhD, Assistant Professor, Department of 

Biochemistry and Molecular Biology, School of Medicine, University of Maryland 

Baltimore 

Thymine DNA glycosylase (TDG) is a base excision repair enzyme responsible for the 

repair of G∙T mispairs within a CpG sequence context. G∙T frequently arises at these sites 

because of deamination of 5-methylcytosine (5-MeC), which occurs primarily at CpG 

sites. These mismatches are difficult to locate because they consist of two normally-

occurring nucleotides. Our first study examined the mechanisms that TDG employs for 

catalytic specificity. Using uracil, thymine, and several 5-halouracils (5-FU, 5-ClU, and 

5-BrU), we systematically increased the size of the C5 substituent (U<FU<ClU≤T<BrU) 

while altering the 5’ base pair (defining CpG context) and changing the base opposing the 

target to adenine (analogous to a A:T base pair). The increasing size of C5 substituents 

results in greater degrees of context dependence in catalysis, likely due to a greater 

necessity for optimal base-flipping promoted by sequence-specific contacts. Notably, 

changing the pairing partner of the target base from guanine to adenine results in an 

approximate 18,000-fold decrease in activity against thymine. Next, the 2:1 binding 

complex observed in the TDGcore:Ap-DNA crystal opened questions regarding binding 

stoichiometry and affinity for substrate and undamaged DNA. Using fluorescence 



 
 

anisotropy in equilibrium binding conditions accompanied by EMSAs, we determined 

that TDG is able to bind mismatches at nanomolar affinities with a second subunit 

binding at much higher concentrations. We used the non-hydrolysable substrate analogs 

UF and TF for these experiments to observe formation of the pre-catalytic complex. Using 

DynaFit, binding affinities were determined for mispairs G∙UF (Kd1= 0.63  0.16 nM) and 

G∙TF (Kd1= 18  3 nM), abasic DNA (Kd1= 1.4  0.4 nM), an undamaged CpG site (Kd1= 

63  10 nM), and undamaged non-specific DNA (Kd1= 293  64 nM). We concluded 

from these data that TDG is unlikely to bind in a 2:1 conformation in vivo. In another 

study, we found that N-terminal residues 56-110 significantly contribute to binding 

affinity and catalysis for damaged and undamaged DNA. The 56-110 region enhances 

binding of DNA containing G∙UF 64-fold, G∙TF 190-fold, and CpG sites 70-fold. These 

results extend our understanding of the specificities of the catalytic mechanism of TDG. 
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Chapter I 

 

 

 

Introduction 

 

1.1 - Overview 

The base excision repair pathway enables organisms to resist the mutagenic effects of the 

constant accumulation of DNA-damage in the cellular environment. Thymine DNA 

glycosylase initiates the removal of thymine (T) from G∙T mispairs and other 

deamination/oxidation products that arise post-replication in the genome (1, 2). These 

lesions can arise through active or spontaneous deamination of 5-MeC (3, 4), which is a 

common epigenetic modification employed in gene promoter regions for transcriptional 

silencing. 5-MeC is found almost exclusively in CpG sequences, making G∙T mispairs 

much more common at these sites. Almost 50% of p53 mutations in colon cancer (5), and 

23% of all mutations in human hereditary diseases are thought to be the result of 

unrepaired G∙T mispairs giving rise to G:C to A:T transitions in a CpG context (6). The 

predominant cellular role for TDG is its activity in the removal of G•T mispairs at CpG 

sites, suggesting that TDG evolved to protect the genome from mutations caused by the 
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hydrolytic deamination of 5-methylcytosine to thymine (7). TDG functions by detecting 

G•T lesions, flipping the base into its active site, cleaving the N-glycosylic (base-sugar) 

bond, and then awaits APE1 to stimulate product release (8). Subsequently, the follow-on 

proteins constituting the base excision repair (BER) pathway restore the integrity of the 

DNA (9).  

In addition to DNA repair, TDG is also important in other cellular roles, and has been 

known to interact with many proteins involved in transcription (c-jun, SRC1), 

differentiation (DNMT3b), cell-cycle signaling (ERα, 9-1-1 complex), chromatin 

remodeling (CBP/p300), and DNA demethylation (RNF4) (9-11). It is critical that this 

enzyme’s activity be well understood, including how it finds targets for removal within 

the vast excess of DNA, how it achieves specificity, and what mechanisms the enzyme 

employs to these ends.  The body of work herein focuses on the mechanisms employed 

by TDG in its search for, and excision of lesions. The following section provides the 

relevant background and significance of this important enzyme and the studies contained 

herein.  

1.2 – The Biological Role of TDG 

This work is primarily concerned with the role of thymine DNA glycosylase in the repair 

of damaged DNA, however TDG is involved in many essential cellular processes. This 

enzyme has been implicated in the base excision repair pathway, the maintenance of 

methylation patterns, transcriptional control, and cell signaling. In some cases these roles 

may be related, requiring future studies to elucidate their associations. A brief survey of 

the body of literature supporting these roles and its implications follows.  
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1.2.1 – TDG in base excision repair 

An imperative function of any organism is to preserve the information encoded in its 

genome and pass it on to subsequent progeny. DNA is subject to myriad structural 

modifications due to spontaneous events involving labile groups and reactive species in 

the cell from endogenous and exogenous sources. Such modifications can alter the base 

pairing potential of a given nucleotide or destabilize the glycosylic (sugar-base) bond to 

the point where the nucleobase spontaneously releases. Base excision repair (BER) is a 

pathway that has evolved to mitigate the mutational potential of altered bases. This 

pathway is suitable for the repair of post-replication DNA damage because it uses the 

opposing DNA strand to direct repair, ensuring the preservation of the genome (Figure 

1.1). In cases where BER fails to locate and remove damage, the result can be a 

permanent point mutation following DNA replication, apoptosis, blocked replication, and 

chromosomal breakage.  

BER necessarily recognizes a broad spectrum of DNA lesions and accomplishes this with 

multiple damage-specific DNA glycosylase enzymes, including TDG. Each glycosylase 

enzyme has evolved to efficiently find and remove a common class of DNA damage, 

many of which are foreign structures within the genome including uracil, 3-

methyladenine, 7-methylguanine, 8-oxoguanine, and others. Glycosylases catalyze 

removal of these bases by extruding the target nucleotide from the DNA stack into their 

active sites with exquisite fidelity in avoiding inappropriate activity against non-target 

bases. The enzyme cleaves the N-glycosylic (sugar-base) bond by hydrolysis, producing 

an abasic (Ap) site. All glycosylase enzymes are product inhibited to prevent release of 

the cytotoxic and mutagenic Ap site, however the degree of product inhibition varies  
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Figure 1.1 – An overview of the base excision repair pathway. DNA damage to the 
nucleobase occurs throughout the genome, and is located and removed by glycosylic 
bond hydrolysis, producing an abasic site. APE1 follows, relieving product inhibition and 
cleaving the phosphodiester backbone. DNA Polymerase β then replaces the correct 
nucleotide using the opposing DNA strand and removes the deoxyribophosphate, DNA 
Ligase 3 seals the backbone, restoring the integrity of the DNA. 
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among them (the kcat value for UDG is > 60 min-1, while for TDG, kcat = 0.0003 min-1)(8, 

12). Indeed, the BER pathway functions in a tightly coordinated manner such that 

intermediates are sequestered. Monofunctional glycosylases excise the problematic base 

and remain stably bound to product, while bifunctional glycosylases are capable of 

nicking the phosphodiester backbone of the DNA strand harboring the lesion on the 3’ 

side (13). 

In short-patch BER (SP-BER), the abasic site is transferred from the glycosylase to 

apurinic/apyrimidinic site endonuclease 1 (APE1), which nicks the phosphate backbone 

5’ to the Ap site in the case of a monofunctional initiating glycosylase, or in the case of a 

bifunctional glycosylase, APE1 removes the remaining 3’-α,β-unsaturated aldehyde (13). 

APE1 has been shown to enhance the turnover of glycosylases by relieving product 

inhibition, although the exact mechanism by which APE1 exerts this effect is not fully 

understood (8). APE1 creates a 3’-hydroxyl group necessary for DNA polymerase β to 

replace the correctly paired nucleotide. DNA polymerase β inserts this base and uses its 

deoxyribophosphatase (dRPase) activity to remove the 5’-abasic site. DNA ligase 3α then 

seals the fragmented DNA backbone, completing the restoration of the correct sequence.  

In the case where the dRPase activity of Pol β is insufficient to remove the 5’-Ap site, 

long-patch BER (LP-BER) is initiated (13). This pathway requires DNA polymerase δ or 

ε to displace DNA strands containing 5’-terminal abasic sites, followed by cleavage of 

the displaced nucleotides by flap endonuclease 1 (FEN1) and backbone ligation by DNA 

ligase 1. TDG functions within the SP-BER pathway, and thus further discussion will be 

limited accordingly.  
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TDG is the glycosylase in BER primarily responsible for the correction of G•T mispairs. 

These lesions can arise in DNA as a consequence of the deamination of 5-

methylcytosine, which is found almost exclusively in a CpG sequence context.TDG has 

evolved catalytic specificity for lesions in CpG contexts, indicating that G•T mispairs 

resulting from deamination of 5-methylcytosine are the biological target of TDG (Figure 

1.2). 5-methyltransferases covalently modify cytosine with the addition of a methyl group 

at C5 of the nucleobase with specificity for cytosines occurring within CpG contexts. The 

modification does not alter the nucleotide’s pairing potential, but does prevent interaction 

with transcription factors, resulting in a repressive effect (14). CpG sites often occur in 

clusters known as “CpG islands”, which are often where 5-methylcytosine occurs, 

because the enzymes responsible for maintaining methylation patterns in DNA have 

specificity for this dinucleotide. Spontaneous deamination of cytosine and 5-

methylcytosine generates uracil and thymine, respectively. The electron donating 

character of methyl groups is thought to increase the potential for deamination, as several 

studies have shown that 5-methylcytosine has a greater propensity to deaminate than 

cytosine (6, 14-17). Thus it appears that the biological process of CpG methylation as a 

strategy for the control of gene expression necessitated the evolution of a glycosylase 

specialized in repairing G•T mispairs, the central role of TDG. 

TDG possesses approximately 10-fold greater catalytic activity for G•U mispairs (18, 

19), and these lesions may also constitute a physiological target, however it is more likely 

that G•U is located and repaired by uracil DNA glycosylase (UDG) because of its much 

higher activity for uracil excision. Studies show that G•U accumulation is greatly 

increased in the genome of UNG-/- mice, indicating that TDG G•U activity is  
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Figure 1.2 – Mechanism of G•T mispair formation and removal by TDG. CpG sites 
are methylated on C5 of the cytosine to repress transcription by cytosine-5-
methyltransferase. Active or spontaneous deamination of the exocyclic amino group 
creates a G•T mispair. TDG recognizes the mispair and cleaves the base-sugar bond, 
producing a free thymine and DNA containing an abasic site. Base excision repair 
continues, restoring the fidelity of the CpG site. 

 

  



 

8 
 

insufficiently redundant (20). G•T mispairs are of high mutagenic potential, as they are 

composed of two normal nucleotides in a wobble base pair conformation, making the 

lesions particularly difficult to recognize against the massive background of properly 

matched bases. Thus the sequence sensitivity of TDG and its relationship to DNA 

methylation patterns in gene promotor regions is important to understanding its 

functionality.  

1.2.2 – The minimal mechanism of TDG 

TDG locates and removes mismatches and lesions in a multi-step mechanism, which is an 

element of how the enzyme ensures catalytic fidelity (Figure 1.3). TDG first forms an 

encounter complex with DNA, termed the ED complex, through a set of contacts that 

likely do not confer lesion-binding specificity. The enzyme then searches the bound DNA 

locally until it finds a target. This is likely accomplished by employing a sliding/hopping 

mechanism such that the enzyme can bind a piece of DNA, translocate in a loose ED 

complex over a given number of nucleotides (sliding), and then dissociate and bind 

elsewhere (hopping). This has not been studied in TDG, but has been described in other 

more well-studied enzymes such as UNG, OGG1, and AAG (21-23). The enzyme then 

flips the target base from the helical stack into its active site in a reversible process 

described by the equilibrium constant Kflip, forming the EBD pre-catalytic complex. This 

action is promoted by the insertion of an intercalation loop into the space once occupied 

by the flipped base, preventing the base from returning to its intrahelical position. DNA is 

held together by hydrogen bonds with varying stability, and thus even in the absence of 

enzyme, DNA undergoes “breathing” where bases transiently flip out of the helix (an 

uncatalyzed Kflip). The related enzyme UNG has been shown to accomplish catalysis by  
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Figure 1.3 - Minimal kinetic mechanism for hTDG. Shown is a minimal kinetic 
mechanism for hTDG, including the steps that comprise kcat, which is obtained from 
steady-state kinetics, and kmax, as obtained from single turnover kinetics with a saturating 
enzyme concentration (used here). Association of hTDG (E) and DNA substrate (D) 
forms the initial collision complex, ED, and base flipping (Kflip) gives the reactive 
enzyme-substrate complex, EBD (where BD is base-flipped DNA). Base flipping likely 
involves a conformational change for hTDG, which is not explicitly shown. The chemical 
step (kchem) involves cleavage of the base-sugar (N-glycosylic) bond and the addition of 
the water nucleophile, producing the ternary product complex, EBapD (B is the 
nucleobase, apD is abasic DNA). Release of the excised base likely precedes the 
dissociation of abasic DNA, which is known to be very slow. As shown, kmax is 
influenced by Kflip and kchem, where kmax = kchem(Kflip/1 + Kflip). 
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reducing the reverse rate of Kflip without altering the forward rate of flipping (24), 

indicating that UNG, and perhaps TDG, rely on the thermally-driven dynamics of 

intrahelicity/extrahelicity for the formation of the pre-catalytic complex. The enzyme 

then hydrolyses the glycosylic bond connecting the nucleobase to the deoxyribose-

phosphate backbone using an ordered water molecule positioned by the conserved and 

catalytically necessary residue N140 (25). The addition of water has been shown to occur 

via a dissociative mechanism in UDG and MutY (water does not displace the base), a 

trait that TDG may also share. This irreversible step of the reaction is described by the 

rate constant kchem, producing free base and an abasic (Ap) site within the DNA. TDG has 

very tight affinity for Ap-DNA with a very slow dissociation rate, and is thus intensely 

product inhibited. This requires measurements of catalytic activity to be conducted in 

single turnover conditions (kmax, where [E] >> [S]), as steady-state measurements  (kcat, 

where [S] > [E]) are dominated by the extremely slow product release rate, koff, for abasic 

DNA. The activity of APE1 is required for its efficient turnover.  

1.2.3 - Redundancy in the role of TDG in base excision repair 

TDG is not unique in its capabilities in vitro, and there are several enzymes with 

overlapping catalytic activities. MBD4 (methyl binding domain IV) is an enzyme with no 

structural or sequence homology that has very similar specificity, most notably the ability 

to remove G•T lesions with specificity for CpG sequence context (26). While evidence 

suggests that MBD4 knockouts exhibit a small increase in G•T mismatches (as measured 

by the incidence of G → A mutations in a CpG context) (27), reports that TDG-/- murine 

embryonic stem cells and fibroblasts cell extracts are deficient for G•T excision and TDG 

knock-out embryos become non-viable during gestation suggests TDG constitutes the 
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major glycosylase responsible for repair of these lesions (9). These findings also 

strengthen the possibility that TDG is required to perform a role in addition to the repair 

of spontaneous DNA damage. Co-evolution of TDG and MBD4 suggests discrete 

specificities of biological function for each enzyme, however these specificities are 

unknown. 

An attractive possibility is for each enzyme to be controlled by differential localization 

and expression within the cell cycle. MBD4 was initially isolated by yeast-2-hybrid assay 

examining binding partners of the mismatch repair (MMR) protein MLH1(28), perhaps 

indicating a role in DNA replication. MBD4 has been shown to repress transcription of 

MLH1 when its promoter is methylated (29), while alternately the enzyme is essential for 

the demethylation of DNA in zebrafish models (30). TDG is also known to be involved in 

the demethylation of DNA (31, 32) (discussed in section 1.2.5) and associate with 

transcription factors (discussed in section 1.2.6), enhancing expression in some cases and 

inhibiting it in others. There is also redundancy for activity against G•U mispairs in TDG, 

UNG, SMUG and MBD4. UNG likely constitutes the primary enzyme responsible for 

these lesions, however its expression levels are inverse to TDG throughout the cell cycle, 

indicating that these glycosylases are also partitioned in their activity, depending on the 

state of the cell (33).  

1.2.4 - CpG methylation 

Genome-wide expression patterns are tightly controlled by epigenetic mechanisms during 

development and throughout the lifetime of the organism. This is mainly achieved by a 

system of modifications that result in an alteration to the propensity of a gene to be 
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transcribed. The two major epigenetic modulators are direct methylation of DNA, and 

post-translational alterations to histones within chromatin; the latter of which is a 

complex subject not discussed here. DNA methylation is a process conserved in 

vertebrates in which genes are silenced by addition of a methyl group to C5 of a cytosine 

in a CpG dinucleotide. This alters points of contact important for binding by the 

transcriptional machinery in the non-coding promoter region and prevents productive 

transcription(14). Additionally, 5-methylcytosine (5-MeC) serves to enhance chromatin 

remodeling to further reduce the solvent exposure of a given gene and therefore its 

expression(14).  

Throughout development, genes are turned off and on as cells differentiate and utilize 

sets of genes unique to the cell type. As somatic cells replicate, CpG methylation is used 

to alter expression patterns as the cell progresses through mitosis. This is accomplished 

by the activity of DNA methyltransferase (DNMT) enzymes, CpG-specific DNA binding 

proteins which are responsible for the maintenance of methylation status (34, 35). 

Accordingly, DNMT-null ES cells are viable, but die upon differentiation (35). 

Dysregulation of DNA methylation in developing and somatic cells results in cancer and 

developmental disorders (14). 

There are 3 known, catalytically active DNMTs: DNMT1, DNMT3a, and DNMT3b (34). 

DNMT1 and DNMT3b also encode several splice variants, all of which serve distinct 

cellular functions (16). This class of enzyme contains a highly conserved C-terminal 

catalytic domain that functions by transferring the methyl group from S-adenosyl-L-

methionine to C5 of the cytosine. The N-terminus of DNMT enzymes is highly divergent 

to accommodate diverse protein-protein interactions and other functions. DNMT1 and its 
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variants exhibit a preference for hemimethylated DNA and localize with sites of DNA 

synthesis during S phase, suggesting that it functions to preserve methylation patterns in 

cells following replication – a necessary activity for semiconservative DNA replication 

(36, 37). Alternately, DNMT3a is not regulated in a cell-cycle dependent manner, and is 

ubiquitously expressed in developing, adult, and cancerous tissue types (38, 39).   

Purified, single-stranded DNA containing 5-methylcytosine is 2-4 fold more likely to 

undergo spontaneous deamination (40) and similarly likely to do so in purified dsDNA 

(3), presumably because of the methyl group’s electron-donating character. However, 

CpG sites are 12-fold more mutable as compared to random sequences, accounting for its 

low frequency in the genome (20% of random frequency) (17), and attesting to the 

mutational potential of G•T mispairs. This disparity also serves as an early hint of the 

potential for active deamination. While 5-MeC makes up approximately 1% of genomic 

DNA, one study found CpG sites (where it arises) to account for 23% of base 

substitutions and 37% of transitions catalogued in the Human Gene Mutation Database of 

inherited diseases (6). It seems that TDG has evolved to mitigate the increased genomic 

instability that accompanies cytosine methylation in vertebrates. 

1.2.5 - TDG and DNA demethylation 

Methylation of CpG sites is well-characterized, both in the biological consequence and 

the mechanisms that establish the modification. DNMT enzymes are now well 

established as being responsible for the maintenance of DNA methylation patterns (35). 

However, demethylation, which is necessary in reactivating genes, has until recently been 

poorly understood, as no clear human demethylase enzymes have been identified to date. 
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Two potential mechanisms have been suggested: Passive demethylation via multiple 

rounds of DNA replication, and active demethylation, where an inducible process 

removes 5-MeC. Active demethylation has been shown to occur in CD4+ T cell activation 

in the promoter of the interleukin-2 gene (41) as well as during establishment of germ-

cell methylation patterns (42). 

BER has emerged as an attractive mechanism through which active demethylation may 

proceed. To transcriptionally activate a silenced gene, a deaminase enzyme may initiate 

the process by converting 5-MeC:G to a T:G mispair. Either TDG or MBD4 would 

remove the thymine, and subsequent BER enzymes would restore the base to a C:G pair. 

Both T:G glycosylase enzymes have been recently shown to interact, colocalize, and 

function in sequence with stimuli that induce deamination using cytosine deaminases 

AID (Activation Induced deaminase) and DNMT3B (shown to have weak deaminase 

activity under certain conditions) (30-32, 43). RNF4 was recently shown to be an 

important modulator of DNA demethylation and requires direct interaction with TDG and 

APE1 for functionality (11). Both RNF4- and TDG-knockout mice have been reported to 

produce non-viable embryos, a developmental period where CpG methylation is of 

particular importance(9, 11). Thus, there appears to be a role for both TDG and MBD4 in 

active demethylation targeting specific genes, and indeed this may constitute a primary 

role for G•T glycosylase activity.  

1.2.6 - TDG is a transcriptional regulator 

The removal of G•T mispairs in a CpG context is thought to be the primary cellular role 

of TDG, however it has also emerged as a regulator of transcription through interaction 



 

15 
 

with a number of proteins implicated in controlling expression. The first of these was c-

Jun, a sequence-specific transcriptional regulator which TDG was shown to interact with 

prior to the establishment of the biological function of TDG (44). TDG was also shown to 

enhance reporter gene activation and DNA binding by the retinoic acid receptor (9, 45). 

This interaction requires catalytically active TDG, suggesting that the base excision 

repair activity of TDG and transcriptional regulatory roles are in some cases coupled. 

Shortly thereafter, studies identified TDG in an interaction with p73α and p53, with 

implications that interaction with p73α may involve SUMO modification, as the majority 

of proteins isolated in the yeast-2-hybrid screen shared the attribute of engaging in 

SUMO interactions (46). TDG was also pulled down in a similar study examining 

proteins interacting with thyroid transcription factor 1 (TTF-1), a transcription factor 

primarily involved in development. TDG was shown to strongly repress TTF-1 mediated 

transcription (47). This is a unique example, because TDG has largely been shown as an 

activator of transcription.  

TDG appears to be central to transcription mediated by Estrogen receptor alpha (ERα), as 

indicated by ChIP analysis showing its recruitment to estrogen response elements (ERE) 

within promoters producing an estradiol-dependent activation effect that does not require 

TDG catalytic activity (48). TDG also interacts with SRC1, an ERα coregulator (49). 

This activity may constitute a role for the ability of TDG to bind fairly tightly to CpG 

DNA, and to a lesser extent non-specific DNA (50) (see Chapter IV). Finally, the 

functional interaction between TDG, CBP/p300, and PKCα (discussed in more detail in 

section 1.2.7) suggests that TDG is central to the integration of signals regarding 

chromatin dynamics and cellular stress responses, and that these signaling mechanisms 
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have significance in the modulation of its glycosylase activity (51). The seemingly 

disparate roles of TDG in transcription may have unknown unifying themes, which future 

work should strive to clarify. 

1.2.7 - Post-translational modifications to TDG regulate its activity 

TDG has been shown to be post-translationally modified in its terminal regions by in 

silico analysis and experimental results, changing its activity and its subcellular 

localization (51-53). The N- and C-termini of TDG and orthologous proteins are highly 

divergent, and while the catalytic domain conserved from E. coli Mug to human TDG 

retains the capability of removing G•U mispairs in all studied orthologs, non-specific 

DNA binding affinity and G•T activity vary from species to species (54). This same 

divergence is the basis of the evolution of regulation of TDG by post-translational 

modification. The linkage between activity and modification is thought to be due to the 

disordered terminal regions, which are mutational hotspots due to their permissivity of 

mutation, because unstructured domains do not contribute to protein stability (55). 

Disordered domains also favor the formation of multiple interactions through a single 

sequence element with other proteins due to their structural plasticity (56). 

Parsimoniously, these domains are indispensible for many of the interactions through 

which TDG is post-translationally modified and engages in its many interactions (10, 48, 

57, 58). Thus, it is important that the relationship between post-translational 

modifications and the activity of TDG be well understood. 
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The TDG N-terminus is covalently modified by acetyl and phosphate groups  

The N-terminus of TDG is required for efficient G•T removal, specifically residues 56-

111 (see Chapter V). This domain is also a site for acetylation by CBP/p300 and 

phosphorylation by PKCα. TDG has been shown to associate with the CBP/p300 

complex, which regulates transcription primarily by histone acetylation and forming 

interactions with transcriptional machinery (59). Murine TDG has been shown to be 

bound to and acetylated by CBP/p300 at lysine residues 70, 94,95, and 98 (53). 

Remarkably, acetylation of TDG causes the release of CBP/p300 from TDG-CBP/p300-

DNA ternary complexes, but both enzymes are capable of their respective DNA repair 

and histone acetylation roles when associated (53). However, acetylated TDG has been 

shown to have significantly lower activity against G•T mispairs (51), suggesting that for 

a potential TDG-CBP/p300 complex to have DNA repair functionality, there would need 

to be a competing acetylation target present (potentially histones in an actively 

transcribed gene). Alternately, DNA-bound TDG has been shown to be a poor substrate 

for CBP/p300 acetylation (51), a disparity in the literature that needs to be resolved. 

Recent work shows that phosphorylation at serines proximal to the acetylation sites (S96 

and S99 in murine TDG) by PKCα prevents CBP/p300 from modifying the lysine 

residues, and that acetylated TDG is refractory to phosphorylation (51). While acetylation 

reduces G•T activity, phosphorylation of the N-terminus leaves G•T activity unaltered 

(51). PKCα is associated with activation of the response to oxidative stress (60), and thus 

phosphorylation of TDG might represent a mechanism for activating its role in DNA-

repair, whereas acetylation appears to be associated with the TDG role in transcriptional 

regulation. However, it must be noted that while there is evidence for a relationship 
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between the role of TDG in transcriptional regulation and DNA repair, these roles may be 

independent or intertwined in some unknown manner. The interplay between 

phosphorylation and acetylation in the TDG N-terminus is likely to have implications for 

the modulation of protein-protein interactions, and future work addressing these 

questions will likely result in a better understanding of the biology of TDG. 

The TDG C-terminus can covalently and non-covalently bind SUMO 

The TDG C-terminus contains sites for both covalent attachment and non-covalent 

binding to the small ubiquitin-like modifier (SUMO) protein. SUMOylation (SUMO 

conjugation) modulates the cellular functions of proteins involved largely in nuclear 

roles, such as DNA replication, transcription, DNA repair, and chromosome segregation, 

often by some degree of structural alteration. SUMO is attached to substrates in a manner 

analogous to ubiquitin ligation, where SUMO is activated by an E1 enzyme (Aos1/Ubc2) 

(61) and conjugated to the target by an E2 enzyme (Ubc9) (62). SUMO is thought not to 

require an E3 ligase, though several have been identified (62). Covalent attachment of 

SUMO is known to alter target proteins’ specificity, subcellular localization, and 

stability, as it does in the case of TDG (62, 63). TDG is linked to SUMO at the ε-amino 

group of K330 via an isopeptide bond formed with SUMO’s C-terminal carboxyl group. 

This causes a reorientation of TDG α-helix 7 that greatly weakens association with DNA 

(64, 65). Additionally, TDG features a SUMO interacting motif (SIM), which binds 

SUMO non-covalently, and has been localized within residues 304-316 of the human 

TDG ortholog (61). This non-covalent binding site has been shown to be required for 

SUMO conjugation with both in vivo and reconstituted in vitro experimental models (61). 

This raises the possibility that TDG acts as its own E3 ligase, as E3 ligases possess no 
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innate enzymatic activity, but serve in target recruitment and colocalization with E2 

enzymes. 

The identification of TDG as a target of SUMOylation prompted a debate over its effect 

on glycosylase activity of the enzyme, leading to research concluding that attachment of 

SUMO increases catalytic turnover and reduces G•T activity. The authors further 

concluded that SUMOylation is the primary method for alleviating TDG product 

inhibition (66). This conclusion is poorly substantiated for the following reasons: (a) 

None of the studies upon which these claims are based include experiments examining 

the specificity of SUMOylation for DNA-bound TDG. (b) SUMOylated TDG has greatly 

reduced catalytic activity, presumably due to weak binding (Drohat lab unpublished 

results). To interpret SUMOylation as the mechanism for TDG product release with 

experiments using a preformed TDG-SUMO complex would require that SUMO ligation 

changes only koff, which seems improbable. (c) The kinetics of SUMOylation remain an 

open question, and therefore the likelihood of this process being sufficiently efficient to 

manage TDG turnover is debatable. (d) APE1 substantially relieves product inhibition in 

TDG (8) and other glycosylases, such as AAG (67), OGG1 (68), suggesting a generalized 

activity for this enzyme in enhancing glycosylase turnover. Furthermore, it is to the 

detriment of the cell that a cytotoxic abasic site be exposed to the cellular environment, 

creating the necessity for APE1 to locate it before base excision repair continues. Thus, it 

seems doubtful that the primary importance of SUMO ligation is the stimulation of TDG 

turnover; however the role of SUMO remains to be established. 

A more likely role for TDG SUMOylation may be that it serves to alter the enzyme’s 

nuclear localization. Yeast-2-hybrid screening studies intended to identify candidate 
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proteins that harbor motifs capable of binding SUMO non-covalently initially identified 

TDG as a candidate, and then further established that TDG interacts with promyelocytic 

leukemia protein (PML) in a SUMO-dependent manner (61). PML is a protein found to 

be diffuse within the nucleus until it is SUMOylated, resulting in its formation of PML 

nuclear bodies (also called PML oncogenic domains, or PODs) and the recruitment of 

proteins associated with these structures (69). TDG was shown to localize in a 

SUMOylation-dependent manner within PML bodies, specifically by binding SUMO-

PML at its SUMO-interaction motif (SIM) (61). Activation of pathways leading to 

increases in SUMOylation of TDG presents a potential dual method of DNA repair 

inactivation by enzyme sequestration and decreasing the capacity of TDG to bind DNA. 

Conversely, PML nuclear bodies may act as a shuttle of vital DNA repair elements, 

limiting the search space of associated enzymes where upon induction of SUMO 

cleavage the nuclear body dissolves and DNA repair ensues. Because many transcription 

factors that interact with TDG are also SUMOylated, such as p300, and PML also recruits 

CBP to nuclear bodies (69), this relationship is likely complicated and significant to the 

cellular roles of TDG. This is evidenced by TDG-SUMO linkage resulting in reduced 

interaction with CBP and thus the reduction of its activity to acetylate the TDG N-

terminus.  

1.3 - The UDG superfamily of enzymes and the evolution of TDG 

TDG is a member of the MUG family of enzymes, which is part of the larger superfamily 

of monofunctional uracil DNA glycosylases (UDGs) that have catalytic specificity for the 

removal of uracil in the genome (70, 71). All organisms have evolved a mechanism for 

correcting spontaneous hydrolytic deamination of cytosine at its exocyclic amino group, 
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resulting in four distinct families (70-74): Family-1 enzymes are typified by UDG; 

Family-2 enzymes are orthologs of MUG/TDG; Families-3 and -4 are less clearly 

characterized, and are represented by SMUG and thermostable-UDGs, respectively 

(Family-3 and -4 UDGs are out of the scope of this work). Each family is capable of 

finding deaminated pyrimidine bases against the vast excess of undamaged DNA and 

extruding the nucleotide from the helical stack for cleavage at the glycosylic bond, 

initiating BER as described in section 1.3. The two major families diverged early in 

evolution to produce distinct activities. 

1.3.1 – UDG (Family-1) 

As the namesake of the superfamily, Uracil DNA glycosylase (UDG) is the enzyme 

primarily responsible for the removal of uracil within DNA arising from the 

misincorporation of dUTP during DNA replication or deamination of cytosine (occurring 

in humans 100-1000 times per cell, per day). UDG is also the superfamily’s most well-

studied member. Indeed the structure and mechanism of UDG are among the most well-

studied in the field of glycosylase enzymes. The primary facet of Family-1 UDG 

enzymes is their stringent recognition of the uracil base using a tight active site and 

specific protein-nucleobase interactions. This is achieved by the conserved Asn residue 

(N204 in humans) forming a H-bond between a sidechain carbonyl and uracil-N3 and a 

mainchain amide H-bond to the exocyclic carbonyl, identifying two defining structural 

traits of uracil and providing specificity against cytosine (75). Human UDG has massive 

catalytic power (a ratio of the catalyzed and uncatalyzed rates, 2 x 1012 at pH 7 at 37°C 

for UDG), allowing it to remove uracil from ssU > U:G mispairs >> U:A pairs (12, 76). 

Rates of uracil excision from U:A pairs by UDG are  ~120 s-1, and the stability of the 
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base pair is inversely proportional to the UDG-catalyzed rate. This is consistent with the 

finding that UDG functions by binding bases when they are in the extrahelical state due 

to thermal “breathing” of the DNA, using an insertion loop and hydrogen bonds to the 

uracil in order to prevent the base from returning to the helical stack (77). The rate of 

catalysis is achieved by a conserved Asp that coordinates and activates the nucleophilic 

water as well as a strong H-bond from a conserved His to the uracil base that stabilizes 

the transition state during bond rupture (75, 78).  

 

1.3.2 – MUG/TDG (Family-2) 

E. coli Mug is responsible for the removal of C -> U deamination and represents the most 

closely related bacterial ortholog to TDG. Whereas Family-1 UDGs make many specific 

contacts to distinguish the base targeted for excision, MUG proteins rely on contacts to 

the opposing base while its active site is capable of accommodating a variety of 

nucleotides (76). This allows recognition of the G•X mispair (where X is the target base) 

and prevents the unproductive removal of normal base pairs and catalysis against single-

stranded DNA. Thus, the combined specificity of context and target identity allows for 

the active site of MUG enzymes to be relatively permissive compared to those of Family-

1 UDGs; TDG has been shown to excise many structurally diverse DNA lesions. What is 

perhaps most remarkable is that in its diversity of substrates, TDG does not remove 

cytosine and 5-methylcytosine, though kinetic and binding studies suggest both can enter 

its active site. 
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As eukaryotes evolved the ability to methylate DNA at CpG sites, members of the MUG 

family acquired catalytic activity against G•T mispairs and recognition of the 5’-base-pair 

that defines the CpG context (54), resulting in both mechanisms being conserved in 

vertebrates. Alteration of the CpG context results in reduced rates of catalysis by TDG at 

saturating concentrations, with an enhancement of this effect accompanying bulkier C5 

substitutions (such as -CH3 in the case of thymine), suggesting that CpG context is 

important for proper orientation of the base inside the active site (18). The predominance 

of G•T lesions in a CpG context and preference for the CpG sequence supports the 

assertion that the primary biological role of TDG is in the removal of G•T mispairs.  

The large TDG active site allows it to remove a diverse set of lesions, and studies 

regarding these alternative substrates are not only instructive in understanding the repair 

of these lesions’ metabolism, but in the function and mechanism of TDG in general.  

3,N4-ethenocytosine is a substrate for TDG, and arises due to exogenous exposure to the 

carcinogen vinyl chloride and endogenous lipid peroxidation products (79). 5-MeC may 

be oxidized in concert with deamination, leading to the formation of thymine glycol (Tg), 

which TDG processes with roughly half the efficiency of G•T mispairs (when Tg is 

paired with guanine) (80). Hypoxanthine is an example of a purine that is cleaved by 

TDG, and several uracil adducts at C5 such as hydroxymethyluracil, hydroxyuracil, and 

several 5-halouracils (Figure 3.1 shows examples of many of the bases described above) 

(54, 81). All of the above examples are much more efficiently removed when the lesion is 

paired with G, and where investigated, show CpG sensitivity (19, 54, 80). Taken 

together, these substrates suggest Family-2 UDGs have evolved most generally to process 
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the products of exocyclic deamination of cytosine, 5-methylcytosine, and oxidized 

pyrimidine structures. 

1.3.3 - The structure of TDG bound to abasic DNA 

TDG is composed of 3 distinct domains: The N-terminus (residues 1-110), a conserved 

catalytic core (111-308), and the C-terminus (309-410). The catalytic core domain 

contains the only putative secondary structure elements in the enzyme, and retains nearly 

all of its catalytic power for removal of uracil, but is reportedly inefficient in removing 

thymine (52). The root mean square deviation (RMSD) of Cα atoms of structures 

determined for the TDG catalytic core linked to SUMO and MUG is 1.396 Å, indicating 

they are highly superimposable (65, 82). The TDG catalytic core and MUG feature the 

same 5 β-sheets sandwiched by two α-helices in an α-β-α motif commonly found in DNA 

binding proteins (64, 65, 82, 83). In contrast, the N- and C-terminal domains of TDG are 

intrinsically disordered regions, as determined by secondary structure prediction software 

and HSQC spectra in NMR experiments with constructs including these domains 

(discussed in Chapter V).  

The structure of the TDG catalytic core domain (TDGcore) was solved by x-ray 

crystallography in complex with a 22-bp DNA construct containing the abasic product 

analog tetrahydrofuran (THF) site paired with guanine within a CpG dinucleotide. A 

truncated construct of TDG (residues 112-339) had been previously crystallized in a 

covalent linkage with SUMO1 and SUMO3, revealing that this modification reorients a 

helix to sterically restrict DNA binding (64, 65).  However, the most recent crystal 

structure allowed determination of many of the important structural elements TDG 
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utilizes in parsing G•T lesions from A:T pairs while recognizing sequence context.  The 

guanine opposing the flipped THF residue is surrounded on its 5’ surface, Watson-Crick 

face, and minor groove edge by the TDG “insertion loop”, which fills the space left void 

by the flipped THF moiety. The insertion loop makes main-chain contacts by A274 and 

P280 at N1H and N2H2 of the base. R275 of this insertion loop extends deeply into the 

minor groove of DNA, and has been shown to form contacts important to G•Tcatalysis 

(25). The insertion loop also provides contacts to the 3’-G (5’ – AbpG – 3’/5’ – CpG – 

3’) with the exocyclic NH2 being contacted by A277 and Q278. This base is also within 

the van der Waals radius of the side chain of K201. Both K201 and Q278 are absolutely 

conserved in vertebrate TDGs. Orthologs likely require CpG recognition for efficient 

location and processing of damage, as this is where T:G mispairs predominantly arise 

from deamination. Contacts made by the insertion loop appear to stabilize its 

intercalation of the DNA duplex, which favors the nucleotide remaining in the flipped 

state. The primary contacts made by the enzyme that serve to identify the CpG sequence 

context of the lesion are shown in   Figure 1.4, a conclusion from the structure in 

agreement with our previous finding that the catalytic effect of CpG is based on 

phenomena in the base-flipping step (18) (see Chapter III).  The lack of contacts between 

TDGcore and the cytosine 5’ of the mismatched guanine is in agreement with previous 

studies suggesting that TDG does not recognize the site’s methylation state (84).  

Remarkably, the structure also revealed TDGcore to bind the DNA in a 2:1 (protein:DNA) 

stoichiometry with a symmetrical conformation, one subunit bound to the abasic site 

(product complex, PC) and the other bound to an undamaged site (nonspecific complex, 

NS), as shown in Figure 1.5. Remarkably, the NS and PC subunits form many of the  
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Figure 1.4 – TDG utilizes an insertion loop for CpG context recognition. A crystal 
structure of TDGcore bound to DNA containing an abasic site reveals the basis of 
sequence affecting activity. Gln278 contacts guanine on the 3’ side of the abasic site at a 
distinctive exocyclic amide, defining CpG context. Ala274 and Pro280 make similarly 
indentifying contacts with the guanine opposing the abasic site with main-chain carbonyl 
groups. This establishes and stabilizes the conformation of the insertion loop, favoring 
the extrahelical conformation of the abasic site.  
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Figure 1.5 - Contacts made between TDG and abasic DNA. Contacts are made by side 
chains, unless designated by “mc” (main chain contacts). Both the product complex and 
nonspecific complex are depicted, and show a similar set of contacts, although the 
nonspecific complex appears unable to flip bases into its active site (83). 
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same protein-DNA contacts, with many additional contacts made in the PC by the 

insertion loop, as in the NS subunit no base is flipped into the active site for the insertion 

loop to replace. The protein:protein interface of the complex consumed ~290 Å2 of 

accessible surface area, including residues L143, M144, and Y147 of helix a1, and T196, 

T197, and P198 of the β2-α4 loop, all of which are conserved in the vertebrate TDGs. 

This occurred in spite of a 20% excess of DNA to enzyme, and is the first known 

observance of a glycosylase enzyme binding DNA in such a manner. The oligomerization 

state of TDGcore was investigated using analytical ultracentrifugation sedimentation 

velocity experiments, which indicated that TDGcore is monomeric at concentrations as 

high as 120 µM. TDGcore and full-length TDG were found to be fully active against G•U 

mispairs in DNA accommodating both 1:1 and 2:1 binding.  

The remaining possibility of 2:1 binding occurring in solution was examined by 

isothermal titration calorimetry (ITC) studies, because the 2:1 conformation observed in 

the crystal structure may have been an artifact of crystallization. Binding isotherms were 

collected for full-length TDG and TDGcore binding to DNA containing an abasic site 

analog (THF) able to accommodate either 1:1 (THF15) or 2:1 (THF28) binding, as 

dictated by the length of available DNA (Figure 1.6). Stoichiometry values (N) were 

difficult to interpret because of experimental limitations, however comparing 

thermodynamic data for both enzyme constructs between THF15 and THF28 reveals a 

doubling of both ∆H and T∆S values, indicating 1:1 and 2:1 binding giving a 

“thermodynamic footprint.” Also, the heat change of binding was almost exactly 2-fold 

higher for THF28 relative to THF15, consistent with 2 nearly equivalent binding events 

(in terms of contacts formed). The results support the conclusion that TDG binds DNA in 
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Figure 1.6 – ITC binding shows 2:1 binding to abasic DNA occurs in solution. ITC 
binding experiments with full-length TDG and TDGcore (TDGcat in figure) binding to 
THF15 (1:1 binding) and THF28 (2:1 binding) DNAs reveal 2:1 binding by a doubling of 
both ∆H and T∆S values as well as the heat change due to binding in comparing THF15 
and THF28. The blue isotherms and scale represent experiments conducted with THF15 
and the red isotherms and scale represent THF28 binding.  
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an entropically-driven manner, where the enthalpic penalty to binding is offset by an 

increase in the entropy of the system. Notably, 2:1 binding was shown not to significantly 

alter binding affinity; however the 2:1 binding remained poorly understood, because of 

the experimental limitations of ITC experiments and the usage of only abasic DNA. The 

results discussed in Chapter IV extend this line of inquisition to substrate binding. 

This work intends to clarify the elements of the mechanisms utilized by TDG to direct its 

catalytic activity against appropriate targets while avoiding the vast number of 

undamaged base-pairs containing thymine. Our first project focused on the maximal rates 

of TDG-catalyzed base excision of several 5-halouracils, uracil, and thymine as aspects 

of the CpG context were altered. Next we undertook a detailed investigation of the 

contribution of 2:1 binding to mismatch recognition and catalysis by TDG, determining 

that it is unlikely to be important to the BER function of the enzyme. Finally, we show 

results suggesting that previously observed effects on G•T catalysis due to the presence 

or absence of the TDG N-terminal region of residues 56-110 is likely due to the non-

specific DNA binding capacity of those residues. In all, the work presented herein has 

substantially improved our understanding of the mechanisms utilized by this crucial 

enzyme to ensure its catalytic fidelity.  
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Chapter II 

 

 

 

Materials and Methods 

 

2.1 - DNA synthesis and purification 

Substrate and analog duplex DNA was hybridized by rapid heating to 80 C followed by 

slow cooling to room temperature in buffer composed of 10 mM Tris (pH 8.0), 0.1 M 

NaCl, and 0.1 mM EDTA. DNA oligonucleotides were synthesized (trityl-on) at the 

Keck Foundation Biotechnology Resource Laboratory of Yale University and purified 

using Glen-Pak purification cartridges (Glen Research).  

Trityl-on oligonucleotides were provided still attached to the solid synthesis support. The 

DNA was cleaved from the support by incubation of 1 mL ammonium hydroxide (30%, 

ACS grade) over 1 hour. Protective groups were removed by heating at 65 C for 1 hour 

followed by 20 min at -20 C. The Glen-Pak columns were then washed with 0.5 mL 

100% acetonitrile and equilibrated with 2 M TEAA buffer (pH 8.0, Sigma Aldrich). The 

oligonucleotide/DNA solution was then diluted 1:1 (v/v, 100 mg/mL NaCl) and applied 
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to the column in a vacuum manifold set to 7 kPa. The column was then washed with 2 x 1 

mL 5% acetonitrile with 100 mg/mL NaCl, trityl groups removed with treatment of 2 x 1 

mL 2% TFA, rinsed with 2 x 1 mL dH2O, and finally eluted with 1 mL 50% acetonitrile 

with 5% ammonium hydroxide.  The purified oligonucleotide was then dried, 

resuspended with single strand buffer (10 mM Tris [pH 7.5], 0.5 m EDTA), and 

quantified by absorbance (260 nm) as described (25, 81). Purity was verified by 

analytical anion-exchange HPLC under denaturing (pH 12) conditions using a 

DNAPac200 column (Dionex Corp.)(81).  

In cases where C5-modified nucleobases were used, specialized phosphoramidites were 

acquired from Chemgenes (5-ClU) or Glen Research (5-FU, 5-BrU). Oligonucleotides 

were provided trityl-off in this case, and purified with an HPLC anion exchange Zorbax 

Oligo column (Agilent Technologies, 20 mM sodium phosphate [pH 7.0], 20% 

acetonitrile increasing NaCl to 1 M). Oligos were then dried and resuspended in order to 

be desalted by gel filtration using pre-packed Sepahdex G25 columns (GE Healthcare). 

They were then dried by rotavap, resuspended in TE buffer (10 mM Tris at pH 8.0 and 1 

mM EDTA), and quantified by absorbance as described above.  

2´-deoxy-2´-flouroarabinothymidine (TF) and 2´-deoxy-2´-flouroarabinouridine (UF) 

were synthesized by Link Technologies (Lanarkshire, UK) and ChemGenes 

(Wilmington, MA), respectively. The custom phosphoramidites were incorporated into 

oligonucleotides using standard phosphoramidite chemistry with coupling times extended 

to 5 min. Control experiments demonstrate DNA containing UF or TF is completely 

resistant to cleavage by TDG (saturating concentration) for at least 48 hours, consistent 

with previous findings for TDG (84) and MUG (85). Previous studies and our findings 
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here indicate TF and UF are excellent mimics of dT and dU, and do not significantly 

perturb the structure of B-type DNA (25, 84-87). The DNA used for fluorescence 

anisotropy experiments was labeled with sulphorhodamine (Texas Red, TR) in the non-

target strand (5 amino C6 modifier), and was synthesized and purified (RP-HPLC) by 

the Midland Certified Reagent Co. (Midland, TX). 

Abasic (AP) DNA was generated by incubating DNA containing G•U mispairs (16U11 

or 3U11, 2000 nM, where the position of the lesion is signified by the number of bases on 

each side) with a 1000-fold lower concentration (2 nM) of uracil DNA glycosylase 

(UNG) at 23 C for 30 min, sufficient time for complete conversion of substrate to abasic 

product (16AP11 or 3AP11). The AP DNA was used immediately for anisotropy or 

EMSA experiments. After dilution of AP DNA (4000-fold) to the concentration used for 

anisotropy (0.5 nM), the residual UNG (0.0005 nM) is far too dilute to bind the AP DNA 

(Kd > 15 µM) (88) or affect the binding of TDG. Although the higher AP-DNA 

concentration used for EMSA (0.5 µM) resulted in a higher residual UNG concentration 

(0.5 nM), given its weak affinity for AP DNA, and the 1000-fold excess concentration of 

AP DNA, UNG will have no effect on TDG binding. 

 

2.2 - Enzyme purification  

Human thymine DNA glycosylase (TDG) is expressed in BL21 competent E. coli cells 

within a pET28b vector in sterile Luria Broth containing 30 µg/mL kanamycin sulfate. 

Cells were grown at 37 C until OD600 = 0.6 -0.8 AU. 0.4 mM IPTG is introduced to 

induce protein production, at which point the temperature is reduced to 16 C for ~20 
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hours. Where isotopically labeled enzyme was produced for NMR experiments, cells 

were grown in two 100 mL starter cultures consisting of autoclaved LB media. Once the 

OD600 reached 0.6, the cells were spun down at 6000xg for 20 min, the LB decanted, and 

cells were resuspended with MOPS minimal media supplemented with isotopically 

labeled 15NH4Cl. Cells were then grown to OD600 of 0.6-0.8 and similarly induced. The 

induced cells are harvested by centrifugation and resuspended in lysis buffer 

supplemented with Complete Protease Inhibitor (EDTA-free, Roche) and 1 mg/mL 

lysozyme. The cell-paste is mixed on ice for 20 min to ensure homogeneity and then 

flash-frozen in a dry-ice/ethanol bath until solid. The frozen cells are then either stored at 

-80 C or thawed immediately for lysis.  

To lyse the frozen cells, they are placed in a room-temperature bath and allowed to thaw 

until only a small amount remains frozen. At that point, the cells are kept on ice after 

adding 10x BugBuster reagent to ensure complete lysis and stirred for 20 minutes. 4 µL 

of 250 U/µL Benzonase DNAse is then added to the mixture, made viscous by the release 

of cellular DNA into solution, and incubated for 20-30 min until viscosity is suitably 

decreased. The lysed cells are then clarified by centrifugation at 15,000 rpm for 30 min.  

The supernatant is then separated from cell debris and incubated with 4 mL Ni-NTA 

Superflow Resin (Qiagen) that has been equilibrated with lysis buffer (50 mM NaPO4, 

300 mM NaCl, 10 mM imidazole, and 10 mM beta-mercaptoethanol) at 4 C over 1 hour. 

Using a column, flowthrough is separated from protein bound to the resin, followed by a 

wash with high-salt lysis buffer (same makeup, supplemented with 1 M NaCl, 30 mL) in 

order to wash away non-specific binders. A second wash is done containing lysis buffer 

with 20 mM imidazole (30 mL) to remove weakly bound proteins. Full-length TDG was 
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then eluted using elution buffer (50 mM NaPO4, 300 mM NaCl, 150 mM imidazole, and 

10 mM beta-mercaptoethanol) collected in 3 x 5 mL fractions. Next, the same elution 

buffer with 250 mM imidazole was used to elute more tightly-bound protein (2 x 5 mL 

fractions), and finally the same buffer supplemented with 500 mM imidazole was used to 

strip any remaining protein from the column (1 x 10 mL). 10% Tris-glycine SDS gels are 

utilized to separate protein by size and visualize the fractions to confirm TDG expression 

and select fractions for further purification.  

Fractions containing TDG are pooled and reduced in NaCl concentration to 100 mM and 

loaded onto a 5 mL SP HP HiTrap prepacked column using an ActaPrime FPLC (GE 

Healthcare) that has been equilibrated in low-salt ion exchange buffer (20 mM HEPES 

[pH 7], 75 mM NaCl, 0.2 mM EDTA, 1 mM DTT, and 1% glycerol). The protein was 

then eluted from the column using an NaCl gradient from 75 mM to 1 M over 150 mL 

and collected in 3 mL fractions. NaCl concentration was again reduced to 100 mM either 

by dilution or dialysis, loaded onto a 5 mL Q HP HiTrap prepacked column (GE 

Healthcare), and eluted using a gradient of 75-275 mM NaCl over 150 mL collecting 2 

mL fractions. The Q-column allows separation of the full-length enzyme from a C-

terminal truncation product that binds the SP column similarly. This results in pure, full-

length TDG being separated from cleavage products.  

The purified enzyme is then dialyzed against enzyme storage buffer (25 mM HEPES [pH 

7.5], 100 mM NaCl, 0.2 mM EDTA, 1 mM DTT, and 1% glycerol) overnight at 4°C. 

After dialysis, the enzyme was concentrated using CentriPrep 10K MWCO centrifugal 

concentrators until the desired molarity had been reached (10-50 µM). The enzyme 

concentration is determined by absorbance, using a molar absorption coefficient of 280 = 
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31.5 mM-1cm-1, which was measured using the Edelhoch method, as previously described 

(89). Pure enzyme is stored at -80°C  and thawed on ice upon use.  

We typically find TDG is fully active, as indicated by observation that for pre-steady-

state multiple turnover kinetic experiments collected for G·U and G·FU substrates, the 

amplitude of the exponential phase is equal to the TDG concentration, as shown Figure 

2.1. Pre-steady-state multiple turnover (burst) kinetics experiments can be used to 

determine the fraction of a given enzyme stock that is active, by comparing the amplitude 

of the exponential phase with the concentration of enzyme used in the experiment, as 

done previously for other DNA glycosylases (90). Figure 2.1.A depicts experiments 

collected with saturating 3U11 substrate (1000 nM) and limiting TDG concentrations of 

either 100 nM or 500 nM. Fitting these data with equation 2 (below) gives amplitudes of 

A = 106  2 nM and A = 521  14 nM for the corresponding experiments’ exponential 

phases. The close agreement between the burst amplitude and the intended total enzyme 

concentration indicates the enzyme is fully active. Figure 2.1.B shows results from 

similar burst experiments with 3FU11 as the substrate (1500 nM) and 50 nM TDG where 

the steady state rate of catalysis is measured alone. Linear regression serves to 

approximate the burst amplitude (A) by fitting the y-intercept to be 52  4 nM. Figure 2.1 

indicates that fully active enzyme is readily obtained by this purification procedure.   

Purification of the TDGcore and TDG56-308 domains was done similarly, with a few 

exceptions. After elution of the protein from the Ni-NTA resin, the His6-tag was cleaved 

with thrombin (this was not possible for full-length TDG, as it contains a thrombin 

cleavage sequence in the C-terminus). Following chromatography by SP column, TDGcore 

and TDG56-308 were then concentrated to <10 mL and loaded onto a size exclusion 
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Figure 2.1 – Evidence that our TDG stocks are fully active. (A) Two burst kinetics 
experiments collected with saturating 3U11 substrate (1000 nM) and limiting TDG 
concentrations of either 100 nM (○) or 500 nM (□). Fitting the data for 100 nM TDG to 
eq. 2 (main text) gives a rate constant of kobs = 2.1  0.1 min−1 and amplitude of A = 106 
 2 nM for the exponential phase, and a steady-state rate constant of kcat = 0.011  0.001 
min−1. Fitting the data for 500 nM TDG gives kobs = 1.9  0.2 min-1, A = 521  14 nM, 
and kcat = 0.006  0.001 min−1. (B) Steady-state kinetics experiments collected for a 
saturating concentration of G·FU substrate (3FU11, 1500 nM) and a 50 nM concentration 
of TDG. Due the very rapid chemical step for G·FU substrates (81), the exponential 
phase is complete in <1 s, and only the steady-state phase is observed. Linear fitting of 
data from two independent experiments gives a y-intercept (burst amplitude) of 52  4 
nM and a steady-state rate constant of kcat = 3.1  0.3 min−1.  
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column packed with Sephadex 75 resin with a mobile phase of the enzyme storage buffer 

mentioned above. In cases where isotopically-labeled protein was desired, cells harboring 

either the TDGcore or TDG56-308 expression plasmid were grown in MOPS minimal 

medium, as described (91). Fractions of pure protein were then collected, concentrated if 

necessary, and flash frozen for storage at -80°C. 

2.3 - Kinetics experiments 

We used single turnover kinetics experiments under saturating enzyme conditions ([E] > 

[S] >> Kd) to obtain a rate constant (kmax) that is not influenced by product release or 

product inhibition. This is important because TDG exhibits very slow product release and 

strong product inhibition, which dominates kcat values determined using steady-state 

kinetics (8, 19, 92). Experiments were collected at room temperature (23 C) in HEMN.1 

buffer (0.02 M HEPES, 0.2 mM EDTA, 2.5 mM MgCl2, 0.1 M NaCl). Manual 

experiments were initiated by adding concentrated TDG to buffered substrate, followed 

by rapid mixing. At various time points, aliquots were removed, quenched with 50% 

(v:v) 0.3M NaOH and 0.03M EDTA, and heated at 85 °C for 15 min to cleave the DNA 

backbone at enzyme-produced abasic sites. In circumstances where the reaction is 

completed in <30 s, a rapid chemical quenched flow instrument was used (RQF-3, Kintek 

Corp.). The fraction product was determined by HPLC (18, 81). The data were fitted to 

eq. 1 using non-linear regression with Grafit 6 (93): 

   fraction product = A(1 - e-kt)     (1) 

where A is the amplitude, k is the rate constant, and t is the reaction time (min). The DNA 

substrate concentration was 0.5 µM, and the TDG concentration, 5 µM, was nearly 300-
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fold higher than the Kd for G·T substrate binding determined here (see Chapter IV). For 

substrates where KD values weren’t determined, saturating conditions were confirmed by 

experiments using two or more enzyme concentrations, generally 5 µM or 10 µM TDG 

providing rate constants within experimental error. These saturating enzyme conditions 

provide the maximal rate constant for product formation (k ≈ kmax). 

We also determined the maximal rate of product formation using kinetics experiments as 

described above, but with saturating substrate conditions ([S] >> Kd, and [S] >> [E]) (8, 

25). The data were fitted to eq. 2 using non-linear regression with Grafit 6: 

   product (nM) = A(1 - e-kt) + vt    (2) 

where A and k are the amplitude and rate constant of the exponential phase, v is the 

steady-state velocity, and t is time. These experimental conditions produce an initial 

“burst” phase that exhibits exponential accumulation of product similar to single-turnover 

conditions (kmax), followed by a steady state phase dominated by and approximating kcat. 

The amplitude of the burst phase indicates the concentration of catalytically active 

enzyme, serving as a good standard measure of activity among different purifications of 

TDG. 

2.4 - Fluorescence anisotropy experiments and data fitting 

Equilibrium binding of TDG to DNA was studied by fluorescence anisotropy using a 

QuantaMaster 40 spectrofluorometer (PTI), monitoring the fluorescence of 

sulphorhodamine (Texas Red, or TR) conjugated to the 5´-end of the non-target strand. 

Previous studies show the benefits of using X-rhodamine or sulphorhodamine for 

monitoring protein nucleic acid interactions by fluorescence anisotropy (94-96). TDG 
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was titrated into HEMN.1 buffer (above) containing TR-labeled DNA, supplemented 

with 1% glycerol and 1 µM BSA. The DNA concentration was maintained at a fixed 

value throughout the titration by adding concentrated enzyme in buffer that also 

contained DNA. After each addition of TDG, the sample was incubated for at least two 

minutes before data collection to ensure binding was at equilibrium. This was confirmed 

by observation that the anisotropy was constant for at least 5 min (for some data points). 

Anisotropy data were collected in T-format, where one PMT is connected directly to the 

sample compartment (no monochromator) with wavelength selection provided by a 628 

nm band pass filter (Semrock, Inc.). The excitation wavelength was 590 nm (3 nm band 

pass) and the single emission monochromator was set to 615 nm (5 nm band pass). 

Wavelength selection for the monochromators was enhanced with 586 nm and 624 nm 

band pass filters (Semrock, Inc.) for excitation and emission, respectively. 

The equilibrium dissociation constants for TDG binding to TR-labeled DNA were 

determined by fitting the fluorescence anisotropy data to appropriate models using 

DynaFit 4 (97, 98). The models and DynaFit scripts used for data fitting are given in the 

Supplementary Data. The fitted parameters included the dissociation constants for one or 

two binding sites on the DNA, and the anisotropy values for free DNA (rD) and the 1:1 

and 2:1 complexes with TDG (rED and rEED). In many cases, the data clearly indicate two 

nonequivalent binding sites. Model discrimination was also informed by the probability 

value of the Fisher’s F-statistic, obtained from data fitting, where p < 0.05 is considered 

significant. The reported parameters are derived from global fitting of at least two 

independent binding experiments. We determined the equilibrium dissociation constant 

for TDG binding to unlabeled DNA using equilibrium competition anisotropy 
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experiments, where TDG binding to TR-labeled 16UF11 was monitored in the presence 

of varying concentrations of unlabeled DNA. DynaFit was used for global fitting of the 

data to a model involving one or two TDG binding sites for the unlabeled DNA and two 

binding sites for TR-labeled 16UF11. A benefit of using DynaFit for the data presented 

here is that data fitting does not require an analytical equation, which could involve 

assumptions that are not compatible with experimental restraints. Indeed, the standard 

model for two nonequivalent binding sites assumes the species being monitored (DNA) is 

present at much lower concentration than the dissociation constant. This is not feasible 

for monitoring TDG binding to 16UF11, because the minimal DNA concentration needed 

for sufficient sensitivity in the anisotropy experiment (0.5 nM) approximates the 

dissociation constant (Kd1 = 0.6 nM, see below).  

2.4.1 – Optimization of fluorophore characteristics for fluorescence anisotropy assay 

Equilibrium binding experiments required optimization of the method by which data 

were collected. The first attempt used employed steady state fluorescence measurement 

of increases in 2-aminopurine (2-AP) signal associated with DNA binding in a similar 

assay to that used to measure UDG binding affinity (12). 2-aminopurine nearly 

approximates the structure of adenine (6-aminopurine), enabling it to form a stable base 

pair with thymine and be stably incorporated into DNA. The wavelength for its maximal 

excitation is 305 nm and its maximal emission is 370 nm, however we found that 

excitation at 320 nm and detection of emission at 380 nm yielded the more reliable data 

(excitation at 305 nm results in a large amount of signal from Trp residues in protein). 2-

AP is sensitive to alterations in its local chemical environment, such as the loss of base-

stacking interactions as one would expect in base flipping phenomena. We found this 
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approach to be unsatisfactory because of the following reasons: (a) the amount of 

fluorescent DNA required for a sufficient amount of signal was 100 nM, which would 

result in stoichiometric binding in cases of very low KD (such as UF, discussed in Chapter 

IV). (b) 2-AP may not behave predictably in circumstances of 2:1 binding; previous 

studies show 2-AP emission to be sensitive to altered dynamics and DNA flexibility (99). 

2-AP did not prove to be suitable for this system, however these results may be useful in 

future studies involving TDG or other DNA-binding proteins. 

Fluorescence anisotropy was the optimal approach to measure equilibrium binding 

constants, given the proper fluorophore-linked DNA construct. Fluorescence anisotropy 

allows excitation and emission to be restrained to a single wavelength that eliminates the 

difficulty of overlapping excitation profiles. Using filters to reduce scattering, we were 

able to get sufficient signal from 0.5-1 nM of labeled DNA. We first attempted these 

experiments using fluorescein as the fluorescent probe, however we found that it was 

quenched upon addition of enzyme, which is likely due to its sensitivity to solution 

conditions. Decreases in the quantum yield of a fluorophore over the course of a titration 

observed by fluorescence anisotropy can distort anisotropy values and may be attributed 

to reduced mobility of the probe rather than binding. While corrections for quenching are 

feasible, the complexity of this system precluded their application. The next fluorophore 

candidates were TAMRA, a rhodamine-related fluorophore, and 1,3-diaza-2-

oxophenothiazine (tC°), a bright tricyclic cytosine analog shown not to perturb DNA 

structure or stacking interactions. (100-102). TAMRA produced unexpectedly low 

anisotropy values, likely because it had its own mobility, and was not pursued further. 

The fluorophore tC° produced anisotropy measurements with high uncertainty and poor 
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reproducibility, resulting in poor fits and was also dismissed as a candidate fluorophore. 

Texas Red (sulforhodamine) was best suited for this experimental system. It is another 

rhodamine-related fluorophore known primarily for its utility in cellular imaging, 

however the drawbacks of the other fluorophores were absent, allowing us to obtain high 

quality data for TDG binding a variety of targets (see Chapter IV). Texas Red was 

recently identified as a fluorescent dye that when linked with DNA exhibits motion that is 

well-coupled with the rotation of the construct (96), and exhibits a single exponential 

decay, minimal temperature dependence of fluorescence, and is unaffected by DNA 

breathing processes that occur in end-labeled DNA (95). Thus, Texas Red-labeled DNA 

is well suited for studies such as those discussed in Chapters IV and V and is likely to 

grow in popularity as a label in fluorescence anisotropy. 

2.4.2 - Scripting examples for DynaFit 

The DynaFit software package was utilized to a significant extent to determine the 

complex equilibria discussed in this chapter. The scripting method for DynaFit may be of 

interest to the reader. The script below is an example of those used for fitting anisotropy 

data for TDG binding to labeled DNA with DynaFit 4 (Figures 4.1.B, 4.1.D, 4.2, 4.4.A, 

4.4.C, 4.6.A, 4.6.C, 4.7.A, 5.2, and 5.3). The data are fitted to two models, one for a 

single site and the other for two binding sites on the DNA.  
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 [task] 
    data = equilibria 
    task = fit 
    model = one site ? 
[mechanism] 
    E + D <==> ED      :  Kd1    dissoc 
[constants] 
    Kd1 = 50 ? 
[concentrations] 
    D = 0.5 
[responses] 
    intensive 
    D   = 0.18 ? 
    ED  = 0.23 ? 
[data] 
    variable  E 
    plot         logarithmic 
    set          16Uf11a 
    set          16Uf11b 
[output] 
    directory    ./(DynaFit output subdirectory) 
; ____________________________________________________________ 
 [task] 
   data  = equilibria 
   task  = fit 
   model = two sites ? 
[mechanism] 
   E + D <==> ED       : Kd1    dissoc 
   ED + E <==> EED  : Kd2    dissoc 
[constants] 
   Kd1 = 1 ?? 
   Kd2 = 1000 ?? 
[responses] 
   intensive 
   D     = 0.18 ?? 
   ED   = 0.22 ?? 
   EED = 0.27 ?? 
; ____________________________________________________________ 
[set:16Uf11a] 
D, (uM) anisotropy 
;(data added here, concentration and anisotropy separated by space) 
 
[set:16Uf11b] 
D, (uM) anisotropy 
[end] 
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The following script is an example of those used for fitting equilibrium competition 

binding experiments using DynaFit (Figures 4.9.C and 4.10.A). In Figure 4.10.A, Kd2 for 

binding NS28 was fixed (Kd2 = 4*Kd1), by replacing “Kdi2 = 1000 ??“ with “Kdi2 = 

4*Kdi1” in the following script. 
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 [task] 
    data = equilibria 
    task = fit 
[mechanism] 
   E + D <==> ED           :  Kd1    dissoc 
   ED + E <==> EED      :  Kd2    dissoc 
   E + N <==> EN           :  Kdi1   dissoc 
   EN + E <==> EEN      :  Kdi2   dissoc 
[constants] 
    Kd1  = 0.6 ?? 
    Kd2  = 700 ?? 
    Kdi1 = 100 ?? 
    Kdi2 = 1000 ??  
 [concentrations] 
   D = 0.5 
 [responses] 
   intensive 
   D      = 0.18 ?? 
   ED   = 0.22 ?? 
   EED = 0.27 ?? 
[data] 
   Variable  E 
   plot        logarithmic 
   set         16U11a  | offset = -0.00069942   | concentration N = 0  
   set         16U11b  | offset = 0.000208065   | concentration N = 0 
   set         d.50 | offset = -0.00020172  | concentration N = 50 
   set   d.125 | offset = 0.000345196  | concentration N = 125 
 [output] 
   directory  ./users/output/16C11-comp-16U11 
;____________________________________________________________ 
[set:16U11a] 
E, (nM) anisotropy 
0.01 0.185538 
;(more data added here) 
 
[set:16U11b] 
E, (nM) anisotropy 
;(data added here) 
 
 [set:d.50] 
E, (nM) anisotropy 
;(data added here) 
 
[set:d.125] 
E, (nM) anisotropy 
;(data added here) 
 
[end] 
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2.5 - Electrophoretic mobility shift assays (EMSAs) 

EMSAs were performed to provide an independent method for determining the 

stoichiometry of TDG-DNA complexes. The EMSAs were performed with precast 6% 

polyacrylamide native gels (Invitrogen) at 4°C in 0.5x TBE (Invitrogen). Binding 

reactions (30 µL) were allowed to equilibrate at 4°C for 30 minutes in EMSA binding 

buffer (10 mM Tris base [pH 7.5], 1 mM EDTA, 100 mM KCl, 0.1 mM DTT, 0.01 

mg/mL BSA, and 5% glycerol). Binding buffer and DNA labeled with 6-Fluorescein 

(FAM) were combined together to make a 5x master mix to ensure evenness of loading 

from lane-to-lane.  

 After equilibration, 8 µL of binding mixture was combined with 5x Novex High Density 

TBE Sample Buffer (Invitrogen) and immediately 5 µL were loaded onto the gel. Gels 

were pre-run at 100V for 1 hour and the wells flushed out with running buffer before 

sample loading. Samples were run for 1-2 hours at 100V, depending on the length of 

DNA used. Afterward, the gel was immediately washed in water and analyzed using a 

Typhoon 9400 imager (GE Healthcare). 

2.6 - Sedimentation Velocity (Analytical Ultracentrifugation) 

The oligomerization state of free TDG was examined by sedimentation velocity 

analytical ultracentrifugation (SV-AUC) experiments, collected at 50,000 rpm using a 

Beckman XL-I analytical ultracentrifuge equipped with an An-60 Ti rotor and UV-Vis 

detector, at 4°C in buffer of 0.01 M Tris [pH 7.5], 0.1 M NaCl, and 0.5 mM DTT, for 

TDG concentrations of 5, 20, and 50 µM. Data were collected at 5 min intervals where 

the cell was imaged over its entire length at a suitable wavelength for the detection of any 
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given protein concentration (between ~220 nm and 280 nm). This allows observation of 

species affected differently by the force of gravity generated by the centripetal 

acceleration of the rotor, characterized by a sedimentation coefficient, which is primarily 

a function of each species molecular weight and propensity to diffuse. The data were 

fitted to the Lamm equation (equation 3) using SEDFIT (103): 

=    퐷푟 −  푠휔 푟 푐      (3) 

where c represents concentration, r is the radial position, D is the diffusion constant of a 

sedimenting species, s is the sedimentation coefficient, and ω is the angular velocity of 

the rotor. Using the continuous sedimentation distribution c(S) model in SEDFIT, the c(s) 

distribution gives the relative population of each species, which may be quantified by 

integration. Quality of fit was judged by RMSD produced by SEDFIT, where values of 

<1% relative to total absorbance signal were considered descriptive of the data.  

Initially, only a fraction of the data were fitted with SEDFIT in order to minimize the 

computational burden (usually 50 scans of 250-450), and all parameters were allowed to 

float, and a low resolution fit (50 steps, meaning the range of s-values was divided into 

50 points) was conducted over a broad range of s-values, typically 1-10. Parameters of 

the continuous sedimentation coefficient distribution are frictional coefficient, a measure 

of species’ propensity to move through the buffer; radial invariant (RI) noise, a measure 

of systematic noise that differs between each scan; time-invariant (TI) noise, which is a 

systematic offset imposed uniformly among all scans; and finally the radial positions of 

the solvent meniscus and the bottom of the cell). After the initial fit, meniscus and bottom 

positions were fixed and noise was substracted from the dataset. Fitting was repeated by 
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allowing frictional coefficient to float and utilizing high-resolution fitting (200 steps for 

s-values 1-8) resulting in lowered RMSD values. The program SEDNTERP was used to 

calculate the partial specific volume of TDG (a ratio of volume per gram based on 

sequence), the buffer density, and buffer poise (based on the components of the solvent). 

After all parameters are optimized, the omitted scans are added and a final high-

resolution fit is executed to produce the final sedimentation distribution. 
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Chapter III 

 

 

 

Excision of 5-halogenated uracils by human thymine DNA 

glycosylase reveals robust activity for DNA contexts other than 

CpG 

 

3.1 - Introduction 

In addition to its CpG·T activity, hTDG has been shown to remove a variety of damaged 

bases (54, 80, 104-106), most of which are shown in Figure 3.1. We previously identified 

several new hTDG substrates (81), including 5-chlorouracil (ClU), 5-iodouracil (IU), 5-

fluorocytosine, and 5-bromocytosine (BrC). Weak activity for IU, FC, and BrC suggests 

they are not biologically relevant substrates. The ability of hTDG to remove a broad 

range of damaged nucleobases is consistent in its relatively large and nonspecific active 

site (64, 85). Yet despite its substrate promiscuity, hTDG exhibits exceedingly weak 

activity for the excision of cytosine and 5-methylcytosine (54, 81, 107). For a broad  

  



 

51 
 

 

 

 

 

 

 

 

 

Figure 3.1 - hTDG removes many damaged bases and has specificity for CpG sites. 
(A) Some of the many known hTDG substrates are shown. Cytosine and 5-
methylcytosine (m5C) are not significant substrates. (B) The CpG context is shown. 
Previous work showed that hTDG is specific for removing T from G·T mispairs with a 
5´-flanking C·G pair. 
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range of C5-substituted uracil and cytosine bases, hTDG depends on substrate reactivity 

(i.e. the stability of the scissile C-N bond) rather than the selective recognition of 

substrates in the active site (81). Moreover, we showed that specificity against the 

excision of cytosine from the huge excess of normal G·C pairs in DNA is largely 

explained by the very low reactivity of dC rather than the inability of hTDG to flip 

cytosine into its active site (81). Consistent with this catalytic mechanism and the 

enhanced reactivity of 5-halogenated dU substrates, we found that hTDG rapidly excises 

FU, ClU, and BrU from CpG sites (81). Indeed, compared with CpG·T, the activity is 

920-fold greater for CpG·FU, 550-fold greater for CpG·ClU, and 53-fold greater for 

CpG·BrU (81).  

The robust activity observed for CpG·ClU and CpG·BrU suggests that hTDG may also 

have significant activity for removing ClU and BrU from DNA contexts other than CpG, 

raising the possibility that hTDG could play a role in the mutagenic and cytotoxic effects 

associated with ClU and BrU incorporation into DNA (108, 109). These lesions can arise 

in DNA when the 5-chloro-dUTP or 5-bromo-dUTP pools become elevated, which can 

be promoted by the activity of peroxidases during inflammation (110, 111). The very 

strong hTDG activity for CpG·FU substrates is also of interest because FU has been used 

for decades to treat many types of cancer (112). The mechanism of FU cytotoxicity is 

thought to involve multiple pathways, including a repetitive cycle of U and FU 

incorporation into DNA followed by the excision of the bases by a DNA glycosylase, 

increasing the burden abasic sites and leading to DNA strand breaks. Thus, hTDG could 

potentially be involved in the cytotoxicity of FU, as suggested by reports that inactivation 
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of TDG in fission yeast and in mouse embryonic fibroblasts diminishes the sensitivity of 

these cells to FU treatment (9, 113).  

To further examine these possibilities, it is important to determine the activity of hTDG 

for removing FU, ClU, and BrU from DNA contexts other than CpG, because the 

incorporation of these bases into DNA or their presence in the template strand can be 

expected to give predominantly A·X pairs but also some G·X pairs and with no 

significant preference for a CpG sequence context. Although previous studies have 

examined the effect of altering the 5’-flanking pair (5’-base-pair as shown in Figure 3.1 

defines CpG context) on hTDG activity for G·T and G·εC (3, N4-ethenocystosine) (7, 

19), quantitative studies have not been reported for the many other hTDG substrates. 

Moreover, previous studies (and our findings here) indicate that the effect of the 5’-

flanking pair depends strongly on the nature of the target base (7), so the results for G·T 

substrates do not necessarily predict the 5’-neighbor effects for other substrates. In 

addition, the effect of pairing the target base with adenine rather than guanine (i.e. A·X 

versus G·X) has not been rigorously examined for substrates other than U (19, 114), and 

the effect of altering the 5’-flanking pair for A·X substrates is completely unexplored.  

We used single turnover kinetics experiments to compare the activity of hTDG (kmax) for 

substrates that contain a G·X lesion with various 5’-flanking base pairs, i.e. CpG·X, 

TpG·X, GpG·X and ApG·X , where X represents FU, ClU, BrU, U or T. We also 

examine the effect of pairing the target base with adenine rather than guanine (i.e. CpA·X 

versus CpG·X). Finally, we examine the combined effect of pairing the target base with 

adenine and altering the 5’-flanking base pair using CpA·X, TpG·X, GpA·X, and ApA·X 

substrates. These studies provide the relative activity of hTDG for the excision of U, FU, 
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ClU, and BrU from DNA contexts other than CpG, i.e. those in which they might be 

expected to arise in vivo. In addition, by systematically altering the CpG context for a 

series of target bases, our findings illuminate the catalytic role of the putative interactions 

that hTDG forms with the opposing guanine and with the 5’ C·G base pair.  

 

3.2 - Results 

Previously we determined the activity of hTDG (kmax) for a series of 5-substituted uracil 

and cytosine substrates in which the target base was placed in a CpG context (81). We 

found that kmax is much higher for CpG·FU, CpG·ClU, and CpG·BrU than for CpG·T, 

suggesting that hTDG may have significant activity for FU, ClU, and BrU in DNA 

contexts other than CpG. Here, we examine the effect of altering the CpG context on the 

activity of hTDG for the excision of five different target bases (X = T, U, FU, ClU, and 

BrU) using a series of substrates as shown in Figure 3.2. Thus, one set of substrates 

examines the effect of altering the 5’-flanking pair on G·X activity (i.e. YpG·X). Another 

set examines the effect of pairing the target base with adenine rather than guanine while 

preserving the 5’C·G pair (CpA·X versus CpG·X). A final set examines the effect of 

both, pairing the target base with adenine and altering the 5’-flanking pair (YpA·X). 

3.2.1 - Single turnover kinetics 

Like many DNA glycosylases, hTDG is strongly inhibited by one of its reaction products, 

abasic DNA (19, 90, 115-117). Indeed, previous studies show that under limiting enzyme 

conditions, the turnover of hTDG is exceedingly slow after it converts one molar  
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Figure 3.2 - DNA substrates used in this work. Substrates designed to examine the 
effect of altering the CpG site context on hTDG activity for T, U, FU, ClU, and BrU. For 
the YpG·X substrates, the 5´-flanking pair is varied. For example, TpG·X indicates that 
the G·X target pair has a 5´-flanking T·A pair. For the CpA·X substrates, the target base 
is paired with A rather than G. For the YpA·X substrates, the target base is paired with A 
and the 5´ pair is varied. 
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equivalent of G·T (or G·U) substrate to G·AP product (19, 66, 92). Thus, the rate 

constant obtained from steady-state kinetics, kcat, is dominated by product release or the 

association of enzyme and substrate and, therefore, reflects the maximal activity for a 

given substrate (See Figure 1.3). For the hTDG reaction, kmax reflects the rate constant for 

the chemical step (kchem) and is also influenced by the equilibrium constant for base 

flipping (Kflip). In the base-flipping step, the target nucleotide flips out of the DNA 

duplex and into the active site, a process that likely involves a conformational change in 

hTDG, as observed for uracil DNA glycosylase (118). Thus, differences in kmax that result 

from alterations to the CpG context reflect a change in kchem and/or Kflip. 

3.2.2 - Effect of the 5’ Base Pair on G·X Activity 

We determined the effect of varying the 5’ neighboring base pair on hTDG activity (kmax) 

for G·FU, G·ClU, G·BrU, G·U, and G·T using the YpG·X series of substrates (Figure 

3.3). The results are given in Figures 3.3, 3.4 and Table 3.1. Previous studies showed that 

hTDG activity for G·T substrates depends strongly on the 5’-flanking pair, with relative 

activity of CpG·T >> TpG·T > GpG·T > ApG·T (19, 107). We find a similar trend here; 

compared with CpG∙T, kmax is reduced by 37-, 96-, and 582-fold for TpG·T, GpG·T, and 

ApG·T, respectively. The influence of the 5’ neighbor is much smaller for G·U activity; 

compared with CpG·U, kmax is decreased by 3.3-, 2.9-, and 22-fold for TpG·U, GpG·U, 

and ApG·U, respectively. The 5’-neighbor effect is also small for G·FU activity; 

compared with CpG·FU, kmax decreases by merely 1.8-, 1.6-, and 11-fold for TpG·FU, 

GpG·FU, and ApG·FU, respectively (Figure 3.4.A). The 5´-neighbor effects are much 

larger for G·ClU activity; compared to CpG·ClU, kmax is decreased by 6-, 11-, and 82-  
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Figure 3.3 - Effect of the 5´-flanking base pair on hTDG activity for G·X substrates. 
Bar graph shows the maximal activity of hTDG (log kmax) for the various YpG·X 
substrates. For comparison, the activity for CpG·T (kmax = 0.22 min-1) is indicated by the 
dotted line.  
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Figure 3.4 - Example of single turnover datasets. (A)Representative data from single 
turnover kinetics experiments for FU excision from CpG·FU (○), TpG·FU (●), GpG·FU 
(□), and ApG·FU (■  ). The inset shows the complete time course for ApG·FU (■  ). (B) 
Single turnover kinetic data for hTDG activity against CpG·ClU (○), TpG·ClU (●), 
GpG·ClU (□), and ApG·ClU (■  ). The inset shows the complete data for ApG·ClU (■  ). 
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Table 3.1 – kmax values as determined by single turnover kinetics and relative 
activities TDG against lesions in altered contexts. 
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fold for TpG·ClU, GpG·ClU, and ApG·ClU, respectively (Figure 3.4.B). The results are 

similar for G·BrU; compared to CpG·BrU, kmax is decreased by 9-, 26-, and 75-fold for 

TpG·BrU, GpG·BrU, and ApG·BrU, respectively. Importantly, we find that the activity 

of hTDG is significantly greater for all of the G·FU and G·ClU substrates than for the 

“canonical” CpG·T substrate (Figure 3.3). In addition, the activity exceeds that of CpG·T 

for all G·U and G·BrU substrates except ApG·U and ApG·BrU, for which kmax is merely 

2- and 1.4-fold lower, respectively (Table 3.1). 

3.2.3 - Activity of hTDG is greatly diminished for A·X relative to G·X substrates 

It has been shown that hTDG activity decreases dramatically for U or T bases paired with 

adenine rather than guanine (19, 107), in keeping with the biological imperative to 

minimize the activity against normal A·T pairs. We therefore wondered to what extent 

the robust hTDG activity observed for G·FU, G·ClU, and G·BrU is diminished when the 

5-halouracil bases are paired with adenine rather than guanine. This is relevant because 5-

halogenated dU nucleotides are incorporated opposite template dA, and vice versa, 

during replication (109). We therefore examined the effect of pairing the target base with 

A rather than G, while preserving the 5´-flanking C·G pair, using the CpA·X substrates 

The data are listed in Table 3.1 and displayed in Figure 3.5. Although previous studies 

reported that hTDG is inactive against A·T pairs (2, 19, 107), under our experimental 

conditions of high concentrations of DNA substrate (500 nM) and hTDG (5 µM), we 

observe weak activity for the excision of T from CpA·T, kmax = 1.3 x 10-5 min-1 (Table 

3.1). This represents a 17,600-fold decrease relative to the activity for CpG·T. In contrast, 

a much smaller 795-fold decrease is observed for CpA·U compared to CpG·U, consistent 

with a previously reported 600-fold difference (114). Similarly, a small 187-fold decrease  
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Figure 3.5 - hTDG activity is greatly reduced for bases paired with A rather than G. 
The hTDG activity (log kmax) for CpG·X versus CpA·X substrates is shown, with the 
change in log kmax indicated adjacent to the data for the CpA·X substrates. 
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is observed for CpA·FU relative to CpG·FU. For ClU excision, we find a much larger 

5,460-fold decrease for CpA·ClU versus CpG·ClU. A significantly larger 14,870-fold 

decrease is observed for CpA·BrU relative to CpG·BrU, which approaches the decrease 

observed for CpA·T relative to CpG·T. These results show that the effect on hTDG 

activity of pairing the target base with A rather than G is much larger than the effect 

altering the 5´-flanking pair for G·X substrates. 

3.2.4 - Effect of the 5’flanking pair on hTDG activity for A·X substrates 

We also examined the effect of the 5´-flanking pair on the activity for A·X pairs, using 

the YpA·X substrates. The data are listed in Table 1 and shown via bar graph in Figure 

3.6. Generally, these effects follow the same trend observed for the 5´-neighbor effect on 

G·X substrates, where the relative activity is: CpA·X > TpA·X > GpA·X > ApA·X. We 

find a significant 5´-neighbor effect on A·U activity; compared to CpA·U, kmax decreases 

by 4-, 62-, and 104-fold for TpA·U, GpA·U, and ApA·U, respectively. The 5´-neighbor 

effects are larger for A·FU; compared to CpA·FU, kmax decreases by 5-, 78-, and 171-

fold for TpA·U, GpA·U, and ApA·U, respectively. The effects are larger still for A·ClU; 

compared to CpA·ClU, kmax decreases by 5-, 257-, and 436-fold for TpA·ClU, GpA·ClU, 

and ApA·ClU, respectively. Somewhat smaller effects are observed for A·BrU; 

compared to CpA·BrU, kmax is decreased by 5-, 65-, and 103-fold for TpA·BrU, 

GpA·BrU, and ApA·BrU, respectively. We note that of the A·X substrates examined 

here, only CpA·FU and TpA·FU exhibit greater activity than the “canonical” CpG·T 

substrate (Figure 3.6). 
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Figure 3.6 - Effects of altering the 5´-flanking pair on hTDG activity for A·X pairs. 
Shown is the hTDG activity (log kmax) for the YpA·X series of substrates, which contain 
an A·X pair with one of four possible 5´-flanking pairs. For comparison, the activity for 
CpG·T (kmax = 0.22 min-1) is indicated by the dotted line. 
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3.3 - Discussion 

3.3.1 - Role of the 5’-flanking pair on activity for G·X substrates 

The effect of altering the 5´-flanking pair on hTDG activity (kmax) for G·X pairs was 

examined using the YpG·X series of substrates, and the results are given in Table 1 and 

Figure 3.3. Our findings indicate that the magnitude of the 5´-neighbor effect depends on 

the size of the nucleobase and on substrate reactivity, as defined by the stability of the C-

N bond that is cleaved in the chemical step of the reaction. For the uracil analogues 

examined here, size depends on the C5 substituent, with nucleobase volume varying as: U 

< FU << ClU ≈ T < BrU (81). The inherent reactivity (N-glycosidic bond stability) of the 

substrates is also strongly influenced by the C5 substituent. Indeed, the rate of the hTDG-

catalyzed and corresponding non-catalyzed reactions depends strongly on the leaving 

ability of the departing nucleobase (81, 119-121). The electron withdrawing halogens 

enhance the leaving ability of uracil, whereas the electron donating methyl group 

suppresses it. Thus, the inherent substrate reactivity varies as: CldU ≈ BrdU ≈ FdU >> 

dU > dT (81). As we consider the effects of altering the CpG context, we note that 

differences in kmax reflect a change in the equilibria for the base flipping step (Kflip) and/or 

a change in the rate of the chemical step (kchem), as shown in Figure 1.3. 

The dependence of the 5´-neighbor effect on substrate reactivity is illustrated by the 

comparison of the effects for G·ClU, ranging from 6- to 82-fold, with the effects for G·T, 

which range from 37- to 582-fold. As we have noted previously, the size and electrostatic 

properties of T and ClU are quite similar (81), suggesting that T and ClU are not 

substantially discriminated by the relatively large and non-specific hTDG active site (64, 
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85). In addition, melting studies showed that G·T and G·ClU base pairs have essentially 

the same stability in DNA, indicating that ClU and T have a similar propensity for 

flipping spontaneously out of the duplex (81). This suggests that the steeper dependence 

of kmax on the 5´ flanking pair for G·T relative to G·ClU may not be due to substantial 

effects on the base flipping step (Kflip). The most significant difference in these substrates 

is that CldU is much more reactive than dT, suggesting that altering the 5´- C·G pair 

elicits a larger effect on kchem for G·T as compared to G·ClU substrates. Thus, 

interactions with the 5´-C·G pair may induce a conformational change in hTDG and/or 

the DNA substrate that stabilizes the transition state, and this effect appears to be more 

pronounced for substrates with a more stable C-N bond. The dependence of the 5´-

neighbor effect on substrate size is illustrated by comparing the effects for G·FU, ranging 

from 2- to 11-fold, with those for G·BrU, 9- to 75-fold. The difference in reactivity for 

FdU and BrdU is small, and there is no significant difference in the stability of G·FU and 

G·BrU pairs in DNA (81). The most significant difference is size; where BrU is 

substantially larger than FU (81). Although the hTDG active site is relatively permissive, 

we have found previously that kmax decreases for substrates with large C5 substituents, 

including BrU, IU, and BrC (81). This observation suggests that interactions with the 5´-

C·G pair enhance base flipping and/or favor an enzyme-substrate conformation that 

stabilizes the transition state, and that the effect is greater for bulky substrates (BrdU and 

dT) relative to smaller ones (dU, FdU). 

It is of interest to consider a previous study on the effect of the 5´-flanking pair on the 

excision of 3,N4-ethenocytosine (εC) by hTDG (7). Although εC is bulkier and apparently 

somewhat less reactive than T (Figure 3.1) (7), a smaller 5´-neighbor effect of 5- to 64-
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fold is observed for G·εC pairs (7). The authors noted that because of the impaired ability 

of εC to form H bonding and stacking interactions in duplex DNA, G·εC base pairs are 

considerably less stable than G·T pairs such that εC is more prone to flipping out of the 

duplex (7). These observations suggest that Kflip is inherently large for G·εC pairs such 

that recognition of the 5´ C·G pair has a smaller effect on Kflip for G·εC relative to G·T 

pairs. 

3.3.2 - Effect of pairing the substrate base with A rather than G 

Because hTDG excises a normal base, thymine, from G·T mispairs, it has an effective 

mechanism for avoiding the aberrant excision of T from the huge excess of normal A·T 

pairs in DNA (19, 107). The specificity against A·T likely involves H bond interactions 

that select for guanine and are not compatible with adenine, as observed in a crystal 

structure of the related mismatch uracil DNA glycosylase from Escherichia coli (eMUG) 

(82). Here, we have quantitatively established the magnitude of the specificity of hTDG 

for excising bases from G·X versus A·X pairs (Table 3.1, Figure 3.5), and we find that it 

is strikingly large. Indeed, kmax is 17,600-fold lower for CpA·T relative to CpG·T 

substrates. Similar results are observed for the other large target bases (ClU and BrU); 

kmax is 5,460-fold lower for CpA·ClU versus CpG·ClU, and 14,900-fold lower for 

CpA·BrU relative to CpG·BrU. The effect is smaller for U and FU; kmax is 795-fold 

lower for CpA·U versus CpG·U, and 187-fold lower for CpA·FU compared to CpG·FU. 

These results indicate that differences in kmax for CpA·X versus CpG·X substrates depend 

significantly on the size of the target base. For example, the much greater G·X to A·X 

effect for cleavage of BrdU (104.2-fold) as compared to FdU (102.3-fold) is likely due to 

the larger size of BrdU, because these substrates are similar in terms of reactivity (81). 
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This suggests that hTDG interactions with the opposing guanine stabilize the base-flipped 

conformation (increase Kflip) and/or promote a conformational change that stabilizes the 

transition state (increase kchem), and that disruption of these interactions has a greater 

effect for larger nucleobases (T, ClU, BrU) than for smaller ones (U, FU). A previous 

report that hTDG excision of 5-hydroxymethyluracil (hmU) is 104.0-fold slower for 

CpA·hmU compared to CpG·hmU (114) is consistent with our findings, because hmdU 

is slightly larger and somewhat more reactive than dT (81). We note that the effect on 

kmax of pairing the target base with A rather than G is much larger than the effect altering 

the 5´-flanking pair for G·X substrates. Thus, interactions formed with the opposing 

guanine have a much larger effect on Kflip and/or kchem than recognition of the 5´-C·G 

pair. 

It is also of interest to consider the G·X to A·X effect for substrates with a 5´-flanking 

pair other than C·G. These effects are listed in Table 1 under “fold change relative to 

YpG·X”. For example, considering U excision, kmax is 103.0-fold lower for TpA·U versus 

TpG·U, which compares with the 102.9-fold decrease for CpA·U versus CpG·U. A larger 

difference of 104.2-fold is seen for GpA·U versus GpG·U, and 103.6-fold lower for 

ApA·U versus ApG·U. The effects have a similar trend and are somewhat smaller in 

magnitude for the FU substrates. Much larger effects are observed for ClU, and larger 

still for BrU (Table 1). The trends indicate that the effects of the G·X to A·X substitution 

is similar if the 5´ base pair is either C·G or T·A, becomes substantially larger if the 5´ 

base pair is A·T, and is maximal when the 5´ base pair is G·C. In addition, the magnitude 

of these effects increases with substrate size (compare BrU with FU) and increase with C-

N bond stability (compare FU with U). 
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3.3.3 - Effect of the 5’-flanking pair on the activity of AX substrates 

We also find substantial kmax effects upon altering the 5´ C·G pair on the activity for A·X 

substrates (Figure 3.6, Table 3.1). In fact, the 5´-neighbor effects are larger for A·X than 

for G·X substrates. For example, the effects are 4- to 104-fold for A·U pairs as compared 

to 3- to 22-fold for G·U pairs. For the excision of FU, the effects are 5- to 171-fold for 

A·FU pairs as compared to 2- to 11-fold for G·FU pairs. For ClU the 5´-neighbor effects 

are 5- to 436-fold for A·ClU pairs compared to 6- to 82-fold for G·ClU pairs. Similar 

results are obtained for the U substrates. For BrU excision, the effect of altering the 5´ 

C·G pair is about the same for A·ClU, 5- to 103-fold, as compared to G·ClU, 9- to 75-

fold. Thus, the interactions formed with the opposing guanine are independent of those 

formed with the 5´-C·G pair, such that disruption of the former does not abolish the effect 

on kmax due to the latter. 

3.3.4 - Combined effects of disrupting the CpG context 

It is illuminating to consider the effect of substituting the opposing guanine with an 

adenine and altering the 5´ C·G pair. The combined effects are very large, as shown in 

the lower region of Table 3.1 under the heading “fold change relative to CpG·X”. For the 

U substrates; compared to CpG·U activity, kmax is reduced by 103.5-, 104.7-, and 104.7-fold 

for TpA·U, GpA·U, and ApA·U, respectively. Similar results are seen for FU activity; 

compared to CpG·FU, kmax is reduced by 102.9-, 104.2-, and 104.5-fold for TpA·FU, 

GpA·FU, and ApA·FU, respectively. The effects are most striking for the larger 

substrates, ClU and BrU. Compared to the CpG·ClU activity, kmax is reduced by 104.4-, 

106.2-, and 106.4-fold for TpA·ClU, GpA·ClU, and ApA·ClU, respectively. Compared to 
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CpG·BrU, kmax is reduced by 104.8-, 106.0-, and 106.2-fold for TpA·BrU, GpA·BrU, and 

ApA·BrU, respectively. The very large effects observed for CldU and BrdU suggest that 

the magnitude of hTDG specificity for CpG·T over normal A·T pairs may range from 

104.4-fold to 106.4-fold or more, corresponding to 6 to 8.7 kcal/mol. 

3.3.5 - Implications for CpG·T specificity 

Taken together, our findings indicate that disrupting the interactions that hTDG forms 

with the 5´ C·G pair and the opposing guanine have a greater effect on the activity (kmax) 

for substrates that have a large C5-substituent (i.e., CH3, Cl, Br) and a stable N-glycosidic 

bond. Thus, the relatively large size and low reactivity of dT (compared to the other 

substrates examined here) likely explains the large decrease in hTDG activity observed 

for G·T pairs with an altered 5´-flanking pair, and the huge (104.3-fold) decrease observed 

for CpA·T relative to CpG·T. Indeed, the smaller 5´-neighbor effects for G·U (3- to 22-

fold) relative to G·T (37- to 625-fold), and the much larger difference in activity between 

CpA·T and CpG·T (104.3-fold) as compared to the difference between CpA·U and 

CpG·U (102.9-fold), is likely explained by the substantially smaller size and enhanced 

reactivity of dU compared to dT. This would appear to be consistent with the 

requirements of the cell to remove uracil wherever it arises in DNA, while restricting 

thymine excision to thymine bases that arise via 5-methylcytosine deamination at CpG 

sites. 

3.3.6 - Biomedical relevance of hTDG activity for FU 

Our findings of strong hTDG activity for G·FU lesions may be relevant to the 

cytotoxicity of 5-fluorouracil (FU), which has been used for over four decades to treat 
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cancer (112). The mechanisms by which FU exerts its anticancer effects, though not fully 

elucidated, appear to involve the inhibition of thymidylate synthase (TS), the 

incorporation of FU into RNA, and the incorporation of U and FU into DNA (109, 112). 

One effect of TS inhibition (by the FU metabolite FdUMP) is to increase the ratio of 

dUMP to dTTP, which leads to the incorporation of dUTP and FdUTP into DNA (109, 

112). DNA glycosylases excise U and FU from DNA, but these bases can be 

reincorporated during base excision repair. The ensuing cycle of U and FU incorporation 

and excision creates abasic sites, DNA fragmentation and cell death (109, 112). Thus, 

DNA glycosylases may play a role in the cytotoxicity of FU by excising U and FU from 

DNA. 

The excision of U from DNA is handled predominantly by UNG2 and SMUG1 (122), 

because TDG and MBD4 are much less efficient against U, particularly for A·U pairs 

(Table 3.1) (115). However, it is not clear how these four enzymes compare in activity 

for FU excision. Although UNG2 exhibits the highest activity for U removal, its 

efficiency is greatly reduced for FU (123, 124), and a recent in vivo study found that 

UNG2 does not remove FU from DNA in mouse embryo fibroblasts (MEFs) (125). 

SMUG1 removes FU from A·FU and G·FU substrates in vitro, and removes FU from 

DNA in MEFs (124, 125). We find that hTDG activity is very strong for G·FU pairs, and 

significant for A·FU pairs, depending on the 5´-flanking pair. The activity of hMBD4 for 

CpG·FU lesions is about 8-fold lower than that of hTDG, and hMBD4 is apparently 

inactive against A·FU pairs (126). Although evidence to date suggests that SMUG1, 

TDG, and MBD4 can remove FU from DNA, it is not clear how this activity would affect 

FU cytotoxicity. As discussed above, cytotoxicity may involve cycles of FU 
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incorporation and excision, leading to an accumulation of abasic sites and lethal DNA 

damage. Consistent with this idea, it has been reported that TDG inactivation diminishes 

the sensitivity of MEF cells to FU treatment, and leads to a decrease in FU-induced DNA 

strand breaks (127). Similarly, MBD4 inactivation decreases the sensitivity of mice to FU 

treatment, though it was suggested that this may be due to a loss of an MBD4-mediated 

apoptotic response to DNA damage, rather than FU excision (128). 

Alternatively, FU toxicity may depend in part on its presence in DNA, due to 

mutagenesis, or possibly to perturbations of protein-DNA interactions, as suggested by a 

report that FU excision by SMUG1 protects MEF cells against FU-induced toxicity 

(125). The potential for mutagenesis is significant. The incorporation of FU into DNA 

yields mostly A·FU pairs, but also some G·FU pairs, which can lead to G·C  A·T 

mutations (129, 130). Thus, repair of G·FU lesions arising from FU incorporation 

opposite template G would be expected to protect against mutagenesis. However, because 

G can be incorporated opposite FU in the parental strand, replication of A·FU can give 

G·FU lesions and ultimately A·T  G·C mutations (129, 130). It is important to note 

that BER processing of G·FU lesions that originate from A·FU pairs will give G·C pairs, 

thereby facilitating an A·T  G·C transition. Perhaps the protective role observed for 

SMUG1 (125) reflects the repair of the initial A·FU lesions in which FU is in the 

daughter strand. The suggested effect of hTDG in enhancing the sensitivity of MEFs to 

FU treatment may reflect an activity for G·FU lesions originating from initial AFU 

lesions, or by the production of abasic sites, as discussed above. Clearly, further studies 

are required to examine the role played by UNG2, SMUG1, TDG, and MBD4 in the 

excision of FU from DNA, and the associated effect on FU cytotoxicity. 
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3.3.7 - Biological relevance of hTDG activity for BrU and ClU 

We find that hTDG exhibits robust activity for G·ClU and G·BrU lesions, depending on 

the 5’-flanking pair (Table 3.1, Figure 3.3). Indeed, the G·ClU and G·BrU activity meets 

and in most cases substantially exceeds the activity for CpG·T, which is widely 

considered the biologically relevant substrate for hTDG. These findings may have 

important biological implications, because ClU and BrU arise in DNA due to oxidative 

processes associated with inflammation (110, 111), leading to serious mutagenic, 

genotoxic, and cytotoxic effects (108, 109). Hypochlorous (HOCl) and hypobromous 

acid (HOBr) are produced by peroxidases as an element of host defense, and these strong 

oxidizing intermediates promote the halogenation of pyrimidines (at C5), leading 

ultimately to Cl5dUTP and Br5dUTP, in addition to other oxidative products (110, 111, 

131-135). These dTTP analogues are incorporated into DNA, giving predominantly 

A·ClU and A·BrU pairs, and to a lesser extent G·ClU and G·BrU lesions, which can 

cause G·C  A·T mutations (130, 136). The A·ClU and A·BrU pairs are also mutagenic, 

because G can be incorporated opposite ClU or BrU in the template strand, giving 

secondary G·ClU and G·BrU lesions and eventually A·T  G·C transitions (130, 136, 

137). 

Until recently, it was unknown whether any human enzymes have significant activity for 

the removal of ClU or BrU from DNA. It has been shown that UNG2 does not remove 

ClU or BrU from any DNA context (110, 138, 139), likely due to steric hindrance in the 

active site. Similarly, SMUG1 does not excise ClU or BrU from DNA (140). Our 

findings raise the possibility that hTDG is active against G·ClU or G·BrU lesions arising 

in vivo, and a recent study suggests that MBD4 may also be active against these lesions 
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(126). However, A·ClU and A·BrU lesions are poor substrates for hTDG (Table 3.1) and 

hMBD4 (126), and are therefore likely to persist in DNA. The effect of enzymatic 

removal of ClU or BrU may depend on whether the halogenated base is misincorporated 

or resides in the template strand. The excision of ClU or BrU that has been incorporated 

opposite template G could protect against G·C  A·T mutations. On the other hand, the 

repair of G·ClU and G·BrU lesions that arise from replication of A·ClU and A·BrU pairs 

(i.e., where ClU or BrU is in the parental strand) will actually facilitate an A·T  G·C 

transition mutation. In addition, the cytotoxic effects of ClU and BrU incorporation may 

involve the generation of abasic sites via hTDG or MBD4 activity, as discussed above for 

the effects of FU incorporation. 

In addition to the mutagenic effects of ClU and BrU incorporation into DNA, it is well 

known that sister-chromatid exchange (SCE) increases with the amount of CldU and 

BrdU present in replicated DNA (141, 142). Although the mechanism of ClU- and BrU-

induced SCE has not been fully established, evidence suggests that one mechanism 

involves an increase in the level of single-strand breaks (SSBs) in DNA (108, 109, 143). 

It has been proposed that abasic sites arise from dehalogenation of ClU or BrU followed 

by excision of the resulting uracil by UNG2 (143). Our findings raise the possibility of an 

alternative mechanism; that abasic sites, and subsequently SSBs, can originate by the 

excision of ClU and BrU by TDG (and potentially MBD4). It has also been shown that 

CldU induces 3-5 times more SCE than BrdU when these dT analogs are present at 

equivalent level in the DNA of CHO cells (109, 141). Our findings offer a potential 

explanation for this observation; the greater (~10-fold) activity of hTDG for G·ClU 

relative to G·BrU could generate more abasic sites for G·ClU lesions given a similar 
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level of incorporation. Thus, our findings and other recent reports raise the possibility 

that TDG and MBD4 may contribute to the mechanism of CldU- and BrdU-induced SCE. 

  



 

75 
 

 

Chapter IV 

 

 

 

Stoichiometry and affinity for thymine DNA glycosylase binding to 

specific and nonspecific DNA 

 

4.1 - Introduction 

Our recent crystal structure of TDG (catalytic domain) bound to abasic DNA (83) 

revealed a remarkable 2:1 complex, with one TDG subunit bound at the abasic site and an 

adjacent subunit bound to undamaged DNA (Figure 4.1.A). Such a 2:1 binding 

mechanism had not previously been observed for TDG, MUG, or UNG. Our previous 

biochemical studies showed TDG, full length and catalytic domain, can bind abasic DNA 

with 1:1 or 2:1 stoichiometry, depending on TDG concentration (83). However, the 

affinity for each of the two TDG subunits binding to abasic DNA (Kd1 and Kd2) remained 

unknown. Determining these values is important for understanding the catalytic 

mechanism of TDG and how its activity is stimulated by APE1, i.e., how the first steps of 

BER are coordinated. In addition, the stoichiometry for binding G·T or G·U substrates 
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Figure 4.1 - TDG can form a 2:1 complex with DNA. (A) Our previous crystal 
structure shows TDG (catalytic domain) can form a 2:1 complex with abasic DNA, one 
subunit (dark gray) binds the flipped abasic nucleotide and the adjacent subunit (light 
gray) binds to undamaged DNA. The protein-protein interface buries ~300 Å2 of 
accessible surface area per subunit. (B) Cartoon depicting the contacts to DNA 
phosphates made by the specific TDG subunit (black triangles) and the nonspecific 
subunit (gray triangles) with respect to the lesion site (red). The DNA constructs used for 
the studies reported here are 16X11 (28 bp) and 3X11 (15 bp), where X represents the 
target nucleotide (see Figure 2 for more details). The 16X11 DNAs can accommodate 2:1 
binding as observed in the crystal structure, but the 3X11 DNAs cannot.  
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 had not been examined. Although we previously showed that 1:1 binding provides full 

catalytic activity for G·U lesions (83), TDG exhibits much weaker binding and catalytic 

activity for G·T relative to G·U substrates (18, 19, 25, 144), raising the question of 

whether 2:1 binding could be needed for efficient G·T repair. This is important, because 

G·T lesions are considered the predominant biological substrate for TDG (7, 18). Our 

previous studies demonstrate TDG can excise bulky cytosine analogs from a CpG site in 

DNA (81), suggesting TDG may have substantial affinity for binding undamaged CpG 

sites, but this had not been determined. Additionally, previous studies suggest TDG 

possesses significant affinity for nonspecific DNA (66), but this has not been 

quantitatively examined. Determining the affinity and stoichiometety of TDG for binding 

CpG sites and nonspecific DNA is important for understanding its functions in DNA 

repair and transcriptional regulation. We address these important questions here using 

pre-steady-state kinetics and equilibrium binding experiments. 

 

4.2 - Results 

4.2.1 - Experimental approach 

We used fluorescence anisotropy and electrophoretic mobility shift assays (EMSAs) to 

determine the affinity and stoichiometry for TDG binding to DNA containing a UF or a 

TF substrate analog, an abasic (or AP) site, an undamaged CpG site, and nonspecific 

DNA. We and others have shown the UF and TF analogs are excellent mimics of the 

natural dU and dT substrates, because they allow formation of the catalytically competent 

enzyme-substrate complex in the absence of base excision (25, 84, 85, 87). The UF and 
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TF analogs differ from dU and dT only by replacement of 2-H with fluorine (2-

fluoroarabino,Figure  4.2), which renders the base-sugar (N-glycosylic bond) of these 

and other nucleotides highly resistant to spontaneous and enzymatic cleavage. Previous 

studies show the 2-fluoroarabino substitution, in dT and other deoxynucleotides, 

promotes an O4-endo sugar pucker (rather than C2-endo), which is fully compatible 

with B-DNA geometry (86, 145, 146). Although the O4-endo conformation in a 

substrate analog could potentially alter the binding of a DNA glycosylase, our previous 

studies indicate the effect is small for TDG binding to DNA containing a TF analog (25). 

Our studies employed two different DNA lengths (Figure 4.2), one that can accommodate 

2:1 binding as observed in the TDG∙AP-DNA crystal structure (16X11, X = target 

nucleotide) and a shorter construct (3X11) that can only accommodate the interactions 

formed with a single subunit of TDG catalytic domain, as indicated in Figure 4.1.A. For 

all of the DNAs used here, the target base is paired with guanine (i.e., G·TF), in keeping 

with the specificity of TDG (18, 19). 

For the fluorescence anisotropy experiments, the DNA was labeled with 

sulphorhodamine (Texas Red, TR) as indicated in Figure 4.2. Previous studies indicate 

sulphorhodamine and X-rhodamine are well suited for characterizing protein-DNA 

interactions (94-96, 147, 148). When conjugated to DNA, these fluorophores are bright 

and typically exhibit fluorescence decay that is dominated by a single lifetime and 

relatively independent of conditions and protein binding, and their anisotropy is strongly 

correlated with DNA rotation, with minimal contribution from independent fluorophore 
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Figure 4.2 - DNA used in this work. We used two non-cleavable substrate analogs, 2´-
deoxy-2´-flouroarabinothymidine (TF) and 2´-deoxy-2´-flouroarabinouridine (UF) to 
monitor TDG binding to substrate in the absence of base excision. Two DNA constructs 
were used; 16X11 can accommodate 2:1 binding as seen in the crystal structure, while 
3X11 cannot (Figure 1). The target nucleotide (x = UF, TF, AP, T or C) is paired with 
guanine (bold) and placed in a CpG dinucleotide context, in keeping with the specificity 
of TDG. The DNA contains no other CpG site. The DNA was labeled at the 5 end of the 
non-target strand (*) with sulforhodamine (also called Texas Red or TR) for anisotropy 
experiments or with fluorescein for EMSAs. The 28 bp nonspecific DNA (NS28) 
contains no mispair or CpG site. 
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 mobility. These properties are highly desirable for studying protein-DNA interactions, 

particularly for complex binding mechanisms as shown below for TDG. 

4.2.2 - TDG binding to a G·U mispair 

We first consider equilibrium binding of TDG to 16UF11, which is long enough to 

accommodate 2:1 binding as observed in the TDG·AP-DNA crystal structure (Figure 

4.1.A). As shown in Figure 4.3.B, the fluorescence anisotropy data clearly indicate two 

nonequivalent binding sites, and fitting to a two-site model reveals a huge difference in 

affinity, Kd1 = 0.63  0.16 nM and Kd2 = 662  108 nM (Table 1). Thus, TDG forms a 

very tight 1:1 complex with the G·UF site, and a second TDG subunit binds with 

thousand-fold weaker affinity to give a 2:1 complex at high TDG concentrations. TDG 

binding to 16UF11 was qualitatively assessed using an EMSA, which confirms the 

binding stoichiometry indicted by the anisotropy data (Figure 4.3.C). 

We also examined TDG binding to 3UF11, a DNA construct which lacks the entire 

binding site for the second TDG subunit of the 2:1 complex, as seen in the crystal 

structure (Figure 4.1). The anisotropy data show TDG forms a tight 1:1 complex with the 

G·UF site of 3UF11, Kd1 = 8.4  2.9 nM, and a second TDG subunit can bind with very 

weak affinity, Kd2 = 2650  463 nM (Figure 4.3.D). The results of an EMSA confirm this 

binding stoichiometry (Figure 4.3.E). Although 2:1 binding to 3UF11 is observed at high 

TDG concentrations, the second subunit must bind an alternate site from that seen in the 

crystal structure, as discussed below. Kinetics experiments show this alternate 2:1 

complex does not contribute to G·U binding or processing, because catalytic activity is 

nearly the same for conditions that give 2:1 binding (saturating TDG) or 1:1 binding 
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Figure 4.3 - TDG binding to G·UF substrate analogs monitored by fluorescence 
anisotropy and EMSA.* (A) Model for TDG binding to two sites on a 28 bp DNA with 
a 16x11 construct. (B) Anisotropy data for equilibrium binding of TDG to the 16UF11 
substrate analog (0.5 nM) fitted to a two-site binding model (Kd values given in text and 
Table 1). (C) EMSA for TDG binding to 16UF11 (0.5 µM), with the [TDG]:[DNA] ratio 
indicated. Arrows indicate anisotropy values or gel bands corresponding to free DNA 
(D), the 1:1 complex (ED), and the 2:1 complex (E2D). (D) Anisotropy data for TDG 
binding to the 3UF11 analog (0.5 nM) fitted to a two-site binding model. (E) EMSA for 
TDG binding to 3UF11 (0.5 µM). 

* Different symbols for fluorescence anisotropy data points denote titrations collected 
separately throughout this chapter. 
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DNA Kd1 (nM) Kd2 (nM) Kd2/Kd1 

16UF11  0.63 ± 0.16 662 ± 108 1051 

3UF11 8.4 ± 2.9 2650 ± 463 315 

16TF11 18 ± 3 1279 ± 279 71 

3TF11 124 ± 25 818 ± 80 7 

16AP11 1.4 ± 0.4 1926 ± 762 1376 
3AP11 6.2 ± 1.3 3480 ± 1173 561 

16C11 63 ± 10 965 ± 148 15 
NS28 a 293 ± 64  1172 ± 254  4 

 

Table 4.1 – Kd values determined from equilibrium binding experiments detailed in 
Chapter 4. The ratio of Kd2/Kd1 serves to illustrate the large differences between the 
values, and thus the unlikelihood of 2:1 binding occurring in the cell. aKd2 for binding 
NS28 was fixed (Kd2 = 4*Kd1) due to the equivalency of the two binding sites. 
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 (saturating substrate, Figure 2.1). The finding that TDG binds tightly to 3UF11 shows the 

2:1 complex observed in the crystal structure is not required for specific recognition of a 

G·U lesion, consistent with previous kinetics experiments showing 2:1 binding is not 

needed for full G·U catalytic activity (83). 

Previous studies show the disordered N-terminal domain of TDG (residues 1-120) forms 

nonspecific interactions with DNA (10, 66), which may contribute to the alternate 2:1 

complex. Consistent with this, Kd2 is much weaker for the catalytic domain (TDG-core, 

111-308), which binds 3UF11 with Kd1 = 83 ± 46 nM and Kd2 = 21 ± 3 µM (Figure 4.4). 

TDG-core was purified and quantified as previously described (83).  Previous 

sedimentation velocity experiments show TDG-core is fully monomeric at 120 µM (83). 

Thus, Kd2 = 21 µM for TDG-core binding to 3UF11 suggests the catalytic domain also 

exhibits nonspecific DNA interactions, because DNA binding seems unlikely to promote 

protein-protein interactions for TDG-core (64, 83). Although the detailed nature of the 

alternate 2:1 complex is not presently clear, it only arises for large and excess 

concentrations of TDG, and it does not substantially alter catalytic activity. 

4.2.3 - TDG binding to a G·T mispair 

Shown in Figures 4.5.A and 4.5.B is the anisotropy and EMSA data for TDG binding to 

16TF11, a G·T substrate analog that can accommodate 2:1 binding. Inspection of the 

anisotropy data suggests two nonequivalent sites, and fitting to a two-site model reveals 

tight binding of one TDG subunit to the G·TF site, Kd1 = 18  3 nM, and weak binding of 

a second TDG subunit to give a 2:1 complex, Kd2 = 1279  279 nM. We note that the 

total change in anisotropy (r = 0.090) is nearly identical to that observed for 16UF11  
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Figure 4.4 – TDG catalytic domain binding to 3UF11 substrate analog. Anisotropy 
data for equilibrium binding of TDG catalytic domain (residues 111-308, TDG-core) to 
3UF11 (0.5 nM) indicate two non-equivalent binding sites. Fitting the data to a two-site 
binding model reveals a tight 1:1 complex for TDG-core binding the G·UF site, Kd1 = 83 
± 46 nM, and very weak binding of a second subunit to give a 2:1 complex, Kd2 = 21 ± 3 
µM.  
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Figure 4.5 - TDG binding to G·TF substrate analogs monitored by fluorescence 
anisotropy and EMSAs. (A) Anisotropy data for equilibrium binding of TDG to the 
16TF11 substrate analog (0.5 nM), fitted to a two-site binding model. (B) EMSA for TDG 
binding to 16TF11 (0.5 µM); the [TDG]:[DNA] ratio is indicated. (C) Anisotropy data for 
TDG binding to 3TF11 (0.5 nM), fitted to a two-site binding model. (D) EMSA for TDG 
binding to 3TF11 (0.5 µM). Low population of the 2:1 complex at the highest TDG:DNA 
ratio is likely due to dissociation during electrophoresis 
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 (r = 0.093). The EMSA for TDG binding to 16TF11 confirms 1:1 binding at lower 

TDG:DNA ratios and 2:1 binding at high TDG concentrations. The anisotropy data for 

TDG binding to 3TF11 (Figure 4.5.C), which cannot accommodate 2:1 binding 

(crystallographic), indicates relatively tight binding to the G·T site, Kd1 = 124  25 nM, 

and weak binding of a second TDG subunit, Kd2 = 818  80 nM, to give an alternate 2:1 

complex. The EMSA for TDG binding to 3TF11 is consistent with this binding 

stoichiometry (Figure 4.5.D). The relatively tight binding of TDG to 3TF11 shows the 2:1 

complex observed in the crystal structure is not required for specific binding of TDG to a 

G·T mispair. 

4.2.4 - The oligomerization state of TDG 

A number of observations suggest the alternate 2:1 complex for 3UF11 (and other 3X11 

DNAs) involves transient and nonspecific binding of the catalytic domain and/or the N-

terminal region of TDG to DNA, and perhaps some degree of protein-protein 

interactions. Sedimentation velocity experiments show TDG is predominantly a monomer 

at concentrations of 20 and 50 µM (Figure 4.6). For a TDG concentration of 20 µM, 

fitting yields a major species with s(20,w) = 1.83 S, a minor species with s(20,w) = 2.90 

S, a frictional coefficient of f/f0 = 2.57, and RMSD = 0.008. Conversion to the c(M) 

distribution in SEDFIT gives an apparent molecular mass of  47.0 kDa for the major 

species and 93.5 kDa for the minor species, in excellent agreement with the actual values 

of 46.1 kDa for a TDG monomer and 92.2 kDa for a TDG dimer. The results are very 

similar for TDG concentrations of 5 µM and 50 µM, as indicated by the c(S) distribution 

in Figure 4.6, except the population of the 2.9 S species increases with TDG 

concentration.  
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Figure 4.6 – Sedimentation velocity analysis of TDG. Sedimentation Velocity 
Analytical Ultracentrifugation (SV-AUC) was used to determine the oligomerization 
state of TDG at 5 µM, 20 µM, and 50 µM concentrations. The species sedimenting at s = 
1.8 represents monomeric TDG, while the species centered at s = 2.9 constitutes the 
population of self-associating TDG dimer, which increases with concentration. By 
comparison, TDGcore has no population of dimer and therefore lacks the domains present 
in full-length TDG that favors dimerization.  
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The population of the minor species (in terms of monomer concentration) is calculated to 

be 10.5 % at 5 µM, 13.3 % at 20 µM, and 18 % at 50 µM concentrations of TDG. This 

result indicates the alternate 2:1 complex, with Kd2 = 2.7 µM (for 3UF11), is not 

comprised solely of protein-protein interactions, because the SV-AUC results show 

substantially weaker self-association of TDG in the absence of DNA (though such 

interactions might be enhanced for DNA-bound TDG). The s(20,w) = 1.9 S observed for 

full-length TDG is lower than the value of 2.3 S for the TDG catalytic domain (residues 

111-308 out of 410 total) (83). This is consistent with findings that the N- and C-terminal 

regions of TDG (NT, 1-120; CT, 301-410) are intrinsically disordered, as shown by NMR 

studies conducted by us (Chapter V) and others (149). The presence of two large 

disordered regions (56% of total mass) likely explains the large frictional coefficient for 

TDG (f/f0 = 2.57) compared to that obtained for the structured catalytic domain of TDG 

(f/f0 = 1.2).  

4.2.5 - 2:1 binding is not required for G·T repair activity 

The results above indicate 2:1 binding to G·T mispairs is highly unlikely under limiting 

enzyme conditions, because Kd2 is weak, and Kd2 >> Kd1. Nevertheless, we sought to 

determine whether 2:1 binding, if it occurs, could enhance catalytic activity for G·T 

substrates. We showed previously that 2:1 binding is dispensable for G·U activity (83), 

but the result could potentially differ for G·T activity, since binding and catalysis is much 

weaker for G·T relative to G·U substrates (Table 4.1) (19, 25). We used single turnover 

kinetics experiments with saturating TDG (5000 nM) and limiting G·T substrate (500 

nM) such that 2:1 binding predominates. As shown in Figure 4.7.A, the maximal rate of 

base excision is the same for a G·T substrate that can accommodate 2:1 binding   
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Figure 4.7 - Kinetics experiments indicate 2:1 binding is not required for TDG 
processing of G·T substrates. (A) Shown are representative data from single turnover 
experiments for TDG and a G·T substrate that can accommodate 2:1 binding (16T11, ○), 
and one that cannot (4T11, □). (B) Representative data from pre-steady-state kinetics 
experiments performed under saturating substrate conditions (2000 nM 16T11, 200 nM 
TDG). 
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 (kmax = 0.16  0.03 min-1) and one that cannot (kmax = 0.14  0.03 min−1). We conclude 

that 2:1 binding does not enhance catalytic activity for G·T substrates. 

We also approached this question using pre-steady-state multiple turnover kinetics, 

collected with saturating G·T substrate (2000 nM) and limiting TDG (200 nM), such that 

2:1 binding is negligible (Figure 4.7.B). Under these conditions, TDG exhibits an 

exponential phase, kobs = 0.12  0.02 min-1, reflecting the maximal rate of base excision, 

followed by a much slower steady-state phase (8). Observation that the maximal base 

excision rate is nearly the same for conditions of saturating TDG or saturating G·T 

substrate confirms that 2:1 binding, if it occurs, does not substantially enhance G·T 

activity. 

4.2.6 - TDG binding to abasic DNA product 

It is also important to determine the stoichiometry and affinity for TDG binding to its 

abasic (or AP) DNA product. Figure 4.8.A shows anisotropy data for TDG binding to 

16AP11 DNA, which contains a G·AP site and is long enough to accommodate 2:1 

binding. The anisotropy data indicate two nonequivalent sites, and fitting to a two-site 

model reveals tight binding of one TDG subunit to the AP site, Kd1 = 1.4  0.4 nM, and 

very weak binding of a second TDG subunit to give a 2:1 complex, Kd2 = 1926  762 nM. 

The EMSA for TDG binding to 16AP11 (Figure 4.8.B) confirms the binding 

stoichiometry indicated by anisotropy; 1:1 binding at lower TDG:DNA ratios and 2:1 

binding for large and excess TDG concentrations. 

Shown in Figure 4.8.C is anisotropy data for TDG binding to 3AP11, which indicates 

relatively tight binding to the G·AP site, Kd1 = 6.2  1.3 nM, and very weak binding of a 
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Figure 4.8 - TDG binding to abasic (AP) DNA product monitored by fluorescence 
anisotropy and EMSA. (A) Anisotropy data for equilibrium binding of TDG to 16AP11 
(0.5 nM). Fitting to a two-site binding model gives Kd1 = 1.4  0.4 nM and Kd2 = 1926  
762 nM (and anisotropy of rD = 0.178, rED = 0.233, rEED = 0.276). (B) EMSA for TDG 
binding to 16AP11 (0.5 µM), with the [TDG]:[DNA] ratio indicated. (C) Anisotropy data 
for TDG binding to the 3AP11 (0.5 nM) from two independent experiments (○, □). 
Fitting to a two-site binding model gives Kd1 = 6.2  1.3 nM and Kd2 = 3480  1173 nM 
(and anisotropy of rD = 0.144, rED = 0.200, and rEED = 0.271). (D) EMSA for TDG 
binding to 3AP11 (0.5 µM). 
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 second TDG subunit to give an alternate 2:1 complex, Kd2 = 3480  1173 nM. The 

stoichiometry and relative affinities indicated by the anisotropy experiments are 

qualitatively confirmed by an EMSA (Figure 4.8.D). The tight binding of a single TDG 

subunit to 3AP11 shows that a second TDG subunit is not required for specific binding to 

a G·AP product site. 

4.2.7 - TDG binding to an undamaged CpG site 

It is known that TDG is specific for G·T mispairs and other lesions that are located in a 

CpG sequence context (7, 18, 19, 107), but the affinity of TDG for an undamaged CpG 

site had not previously been determined. Such knowledge is important for understanding 

how TDG locates G·T mispairs arising at CpG sites and its role(s) in transcriptional 

regulation. We previously showed that TDG exhibits exceedingly low activity for 

cleaving cytosine from a single CpG site (<1% product in 8 hrs), thus binding studies can 

be performed in the absence of base cleavage (81). Shown in Figures 4.9.A and 4.9.B are 

anisotropy and EMSA data for TDG binding to 28 bp DNA that contains a single 

undamaged CpG site (16C11). The anisotropy data indicate TDG binds the CpG site with 

remarkably tight affinity, Kd1 = 63  10 nM, and a second TDG subunit binds with much 

weaker affinity, Kd2 = 965  148 nM, at high TDG concentrations. The EMSA confirms 

the stoichiometry indicated by the anisotropy data. 

To obtain another measure of TDG affinity for an undamaged CpG site, we performed 

equilibrium competition experiments, by collecting anisotropy data for TDG binding to 

16UF11 (labeled) in the presence of two different fixed concentrations of unlabeled 

16C11 (Figure 4.9.C). Global fitting of all the data to a model describing two TDG 
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Figure 4.9 - TDG binding to DNA containing a CpG site monitored by fluorescence 
anisotropy and an EMSA. (A) Anisotropy data for equilibrium binding of TDG to the 
28 bp 16C11 DNA (0.5 nM), fitted to a two-site binding model. (B) EMSA for TDG 
binding to 16C11 (0.5 µM), with the [TDG]:[DNA] ratios given. (C) Equilibrium 
competition anisotropy experiments for TDG binding to TR-labeled 16UF11 (0.5 nM) 
collected in the absence of 16C11 (○ and ●, from Figure 3B) and in the presence of 
16C11 at concentrations of 50 nM (□) or 125 nM (■). The data were fitted globally to 
model describing two TDG binding sites for 16UF11 and one site for 16C11. The 
dissociation constant for a second binding site on 16C11 (Kd2) is poorly constrained by 
the data.  
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 binding sites for 16UF11 and 16C11 gives Kd1 = 26  8 nM for 1:1 binding to 16C11, but 

Kd2 is poorly constrained by the data (and unreasonably large). The global fitting provides 

another measure of TDG affinity for 16UF11 in the presence of a DNA competitor, giving 

dissociation constants (Kd1 = 0.59  0.14 nM, Kd2 = 673  100 nM) identical to those 

obtained in the absence of 16C11. Our results show TDG binds tightly to undamaged 

CpG sites, with an affinity that is merely four-fold lower than for G·T mispairs. 

4.2.8 - TDG binding to nonspecific DNA 

To gain perspective on the binding affinity of the second TDG subunit (Kd2) of the 2:1 

complex, which binds a nonspecific region of DNA (Figure 4.1.B), we determined the 

affinity of TDG for binding DNA that is entirely nonspecific (contains no mispair or CpG 

site). We determined the affinity of TDG for 28 bp nonspecific DNA (NS28) using 

equilibrium competition binding experiments, by collecting anisotropy data for TDG 

binding to 16UF11 (labeled) in the presence of fixed concentrations of unlabeled NS28 

(Figure 4.10.A). Global fitting of data collected in the presence and absence of NS28 to a 

competitive model describing two binding sites for 16UF11 and two equivalent and 

independent binding sites for NS28 (i.e., restrained to Kd2 = 4*Kd1) gives Kd1 = 293  64 

nM and Kd2 = 1172   254 nM. The latter value falls in the range of Kd2 values for other 

DNAs examined here (Table 4.1). Fitting the data to a model with just one site for NS28 

gives essentially the same result, Kd1 = 279  69 nM. However, the two-site model is 

consistent with a binding analysis by EMSA (Figure 4.10.B), which shows a 1:1 complex 

at lower [TDG]/[NS28] ratios and a 2:1 complex for large and excess TDG 

concentrations. Global fitting of the data in Figure 4.10.A also provides a measure of  
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Figure 4.10 - TDG binding to nonspecific DNA monitored by fluorescence anisotropy 
and an EMSA. (A) Equilibrium competition anisotropy experiments for TDG binding to 
TR-labeled 16UF11 (0.5 nM) collected in the absence of NS28 (○ and ●) and in the 
presence of NS28 at concentrations of 200 nM (□) or 500 nM (■). The curves represent 
global fitting of all data to model for two equivalent and independent binding sites on 
NS28 (constrained to Kd2/Kd1 = 4), and two sites on 16UF11. (B) EMSA for TDG binding 
to 28 bp nonspecific DNA (NS28, 0.5 µM) with the [TDG]:[DNA] ratio indicated.  
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TDG affinity for 16UF11 in the presence of nonspecific DNA, and gives essentially the 

same dissociation constants as obtained in the absence of NS28. Our findings show TDG 

possesses substantial affinity for nonspecific DNA. 

 

4.3 - Discussion 

The remarkable observation from previous structural and biochemical studies that TDG 

can bind abasic DNA with 1:1 or 2:1 stoichiometry (83) raised the important question of 

whether 2:1 binding contributes to the ability of TDG to find and initiate the repair of 

G·T and G·U lesions in DNA or to the mechanism by which APE1 stimulates the 

turnover of TDG. We investigated these questions by determining the stoichiometry and 

affinity for TDG binding to a G·U or G·T substrate analog, an abasic site, an undamaged 

CpG site, and to nonspecific DNA. 

Our findings provide further insight into how TDG recognizes and processes G·U 

mispairs. TDG forms a very tight 1:1 complex with a G·U mispair (Kd1 = 0.6 nM, Table 

4.1), and a second subunit can bind with much weaker affinity (Kd2 = 660 nM) for high 

concentrations of TDG that are in great excess over G·U DNA. The tight binding to a 

G·U mispair observed here is consistent with previous results using DNA containing a 

G·UF analog (84). We find TDG also binds tightly to 3UF11 (Kd = 8 nM), showing that 

the 2:1 complex observed in the TDG crystal structure is not needed for specific 

recognition of a G·U mispair. This is consistent with our previous kinetics experiments 

showing 1:1 binding provides full G·U catalytic activity (83). The thousand-fold 

difference in binding affinity for the two sites of the 2:1 complex, and the weak affinity 
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of the second site relative to nonspecific DNA (NS28), indicates that under conditions of 

limiting enzyme and a huge excess of nonspecific DNA, TDG processes G·U lesions 

with 1:1 stoichiometry. This conclusion is supported by previous footprinting 

experiments, which indicated 1:1 binding to DNA containing a G·UF analog under 

conditions of limiting TDG (84). However, given that other glycosylases process G·U 

lesions much more efficiently than TDG, the more relevant question is whether 2:1 

binding contributes to repair of G·T lesions, the primary biological target of TDG. 

Our results indicate that TDG also binds and processes G·T lesions with 1:1 

stoichiometry. TDG binds tightly to 28 bp DNA containing a G·T substrate analog (Kd1 = 

18 nM), and a second subunit binds with much weaker affinity (Kd2 = 1280 nM) for large 

and excess concentrations of TDG. The large difference in affinity for the two sites 

(Kd2/Kd1 = 71) and the weak affinity of TDG for the second site (Kd2) relative to 

nonspecific DNA indicates 2:1 binding to G·T mispairs is unlikely for cellular conditions 

of limiting TDG and a large excess of nonspecific DNA. Moreover, the relatively tight 

affinity of TDG for 3TF11 indicates the 2:1 complex is not needed for specific 

recognition of G·T lesions. Finally, our kinetics experiments show that 1:1 binding 

provides full catalytic activity for G·T processing. 

We find TDG binds a G·T mispair with about 30-fold weaker affinity than a G·U 

mispair. This is likely explained by the methyl group at C5 of thymine (uracil has 

hydrogen at C5), which may diminish the lifetime of the dT nucleotide in the flipped state 

due to steric hindrance in the TDG active site, as suggested by our previous kinetics 

results (18, 25, 81). Given that G·T lesions arising at CpG sites are likely the 

predominant biological target of TDG (7, 18), one might expect TDG to have evolved to 
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bind more tightly to G·T mispairs. The weaker affinity for G·T mispairs may reflect a 

compromise between the competing needs for efficient processing of G·T lesions and 

avoiding the excision of T from the huge excess of A·T base pairs, which is governed in 

part by the 18,000-fold specificity of TDG for excising T from G·T versus A·T pairs 

(18). 

Previous studies show TDG binds tightly to its AP DNA product, and that AP DNA is a 

potent inhibitor of the TDG reaction (8, 92, 150). Our anisotropy results here show TDG 

forms a very tight 1:1 complex with its reaction product, a G·AP site (Kd1 = 1.4 nM), and 

a second subunit binds with much weaker affinity (Kd2 = 1.9 µM) for large and excess 

concentrations of TDG. The huge difference in affinity for the two sites (Kd2/Kd1 = 1376) 

and the weak affinity of TDG for the second site (Kd2) relative to nonspecific DNA 

indicates 2:1 binding to abasic sites is unlikely for cellular conditions of limiting TDG 

and excess nonspecific DNA. The conclusion that a second TDG subunit is not needed 

for tight binding to G·AP sites is supported by the high affinity of TDG for 3AP11 (Kd1 = 

6 nM). 

Our findings have important implications for the stimulation of TDG activity by the 

follow-on base excision repair enzyme, APE1 (92). We previously showed that APE1 

greatly enhances TDG activity, increasing its rate of steady-state turnover (kcat) by 42- 

and 26-fold for G·T and G·U substrates, respectively (8). Our results here indicate that 

under the conditions used for these previous studies, limiting concentrations of TDG (and 

APE1) and a saturating amount of TDG substrate, TDG binds its product with 1:1 

stoichiometry. Thus, the stimulatory effect of APE1 does not involve a TDG product 

complex with 2:1 stoichiometry. Consistent with this conclusion, we previously observed 
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potent stimulation of TDG by APE1 for a short DNA construct that cannot accommodate 

two TDG subunits (for substrate, 3U12, or product, 3AP12) (8). Taken together, our 

results here and in previous studies indicate that the stimulatory effect of APE1 involves 

a TDG product complex with 1:1 stoichiometry. 

The affinity of TDG for an undamaged CpG site had not been quantitatively examined, 

despite the strong specificity of TDG for G·T mispairs (and other lesions) that are located 

in a CpG sequence context. We find TDG binds DNA containing a CpG site (16C11) 

with remarkable affinity, Kd1 = 63 nM, about four-fold weaker than its affinity for the 

same DNA containing a G·T lesion (Table 4.1). The specificity for a CpG site is also 

indicated by observation that TDG binds four-fold tighter to 16C11 than to nonspecific 

DNA (NS28) that contains no CpG site but is otherwise identical. On an experimental 

note, our findings indicate that studies of TDG binding to a particular site (i.e., a G·T 

mispair) should use DNA that does not contain an undamaged CpG site. 

Preferential binding to CpG requires a mechanism for recognizing these sites within a 

large background of nonspecific DNA. Previous studies suggest TDG may accomplish 

this by transiently flipping 2-deoxycytidine (dC) out of a CpG site and into its active site 

(or flipping it partially into the active site). Our crystal structure indicates the specificity 

of TDG for excising lesions from a CpG site involves interactions with the 3´-guanine 

(5´-XpG, X = lesion) that cannot be formed in the absence of nucleotide flipping (83), 

which suggests nucleotide (dC) flipping may be required for recognizing undamaged 

CpG sites. The ability of TDG to flip dC into its active site is indicated by our previous 

finding that TDG can cleave several analogs of dC that have a weakened N-glycosylic 

bond (e.g., 5-fluoro-dC, 5-hydroxy-dC, etc.) (81). However, these results do not rule out 
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a mechanism whereby TDG recognizes CpG sites in the absence of nucleotide flipping. 

Further studies are needed to fully resolve this question. 

The ability of TDG to bind CpG sites and transiently flip dC into its active site, suggested 

by findings here and in our previous studies, may be important in the search for G·T 

lesions arising from deamination of m5C, a modified base found selectively at CpG sites. 

In addition, the affinity of TDG for undamaged CpG sites and nonspecific DNA may be 

important for its ability to modulate the activity of transcription factors including retinoic 

acid and retinoid X receptors (45), estrogen receptor  (48), and thyroid transcription 

factor 1 (47), and co-activators such as CBP/p300 (53). Additional studies are needed to 

explore these ideas further. 

In summary, we find TDG binds tightly to G·U and G·T mispairs, with subnanomolar 

and low nanomolar affinity, respectively, and that 1:1 binding provides full G·T repair 

activity. TDG forms a very tight 1:1 complex with abasic (G·AP) sites, indicating the 

stimulatory effect of APE1 does not require 2:1 binding of TDG to its product. TDG 

binds tightly to undamaged CpG sites, about four-fold weaker than to G·T mispairs, and 

it exhibits substantial affinity for nonspecific DNA. While 2:1 binding to DNA is 

observed in vitro for large and excess concentrations of TDG, our results indicate that a 

single TDG subunit is fully capable of finding and processing G·U and G·T lesions. 
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Chapter V 

 

 

 

Residues 56-110 in the disordered N-terminus of thymine DNA 

glycosylase enhance activity by increasing DNA-binding affinity 

 

5.1 - Introduction 

TDG possesses intrinsically disordered N- and C-terminal regions that are capable of 

modulating its enzymatic activity (70). The C-terminus can be SUMOylated, altering its 

affinity for DNA and nuclear localization (52, 58, 66). Several sites of post-translational 

modification have been revealed within the N-terminus, including several conserved 

lysine residues (K70, K94, K95, and K98 in mTDG) acetylated by CBP/p300 and 

neighboring serines phosphorylated by PKCα (S96 and S99 in mTDG) (51, 53). 

Interestingly, these modifications are mutually exclusive, and are thought to be important 

to the regulation of TDG-DNA interactions, with acetylation resulting in reduced G•T 

activity (51). The catalytic core of TDG (TDGcore) is homologous to the E. coli enzyme 

Mug, and encompasses the structured region of the enzyme (residues 111-308). While 
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TDGcore largely retains its activity against G•U mispairs, removal of the enzyme’s 

disordered terminal domains greatly abrogates its ability to remove G•T mispairs and 

bind non-specific DNA (70). The addition of residues 56-110 to TDGcore (named TDG56-

308), which contains the critical residues for regulation of TDG, restores G•T activity 

almost entirely (10). This prompts the question of how this small disordered region, 

found outside of the conserved catalytic core, serves to enhance activity.  

The general basis of the functionality of intrinsically disordered domains in catalytic 

activity and protein recognition is a topic of active investigation. While many previously 

studied proteins containing disordered regions have been shown to produce important 

biological responses by assuming structure upon the formation of an interaction or 

modification (the mechanism of “induced fit”), others have been shown to remain 

disordered when bound. The latter case is a particularly curious phenomenon in relation 

to enzymes, as they generally depend on being highly structured to preserve a high 

degree of specificity for catalytic targets. Thus, the TDG N-terminus is a potential model 

for gaining understanding of how intrinsically disordered domains can modulate the 

activity of DNA-modifying enzymes. 

Here the contribution of the TDG N-terminal residues 56-110 to catalysis and binding 

affinity is reported for uracil, thymine, and undamaged CpG DNA by comparing these 

characteristics in full-length TDG, TDGcore, and TDG56-110. We find that this domain 

remains disordered while in complex with a tightly bound abasic DNA construct. 

Strikingly, we observe a 64-fold increase in binding affinity for uracil analog, a 70-fold 

increase for DNA containing a CpG site, and 190-fold tighter binding to thymine analog 

due to the inclusion of residues 56-110. The larger contribution of residues 56-110 in 



 

103 
 

increasing binding affinity for thymine relative to uracil and CpG DNA is possibly due to 

the relatively large C5 substituent on the thymine nucleobase, which accesses the active 

site less readily. 

 

5.2 - Results 

5.2.1 - Efficient G•T activity depends on contacts 5’ of lesion 

Single-turnover kinetics were used to determine the maximal rate of glycosylic bond 

cleavage of a target mispair as the substrate is shortened on the 5’-end in order to identify 

enzyme:DNA contacts outside of the crystallized TDGcore domain. Three different 

fragments of TDG were used: TDGcore, representing the minimal domain for G•U 

activity; TDG56-308, representing the minimal domain for efficient G•T activity; and full-

length TDG (Figure 5.1.A). We considered both uracil- and thymine-containing 

substrates where uracil represents a lesion that is removed more efficiently with less 

sensitivity to context and less steric hindrance in the active site. By comparison, thymine 

is not as easily flipped into the active site, and exhibits greater CpG context dependency 

in catalysis. We considered 16X11 to be the maximally active substrate (as in Chapter IV, 

X represents the target binding site), because it is long enough on the 5’ end to provide all 

conceivable contacts for the N-terminus.  

TDGfull and TDG56-308 are nearly indistinguishable in their catalytic activities against each 

of the DNA constructs examined here, as shown in Figures 5.1.B and 5.1.C, whereas 

TDGcore exhibits lower activity with the exception of 2X11 DNAs, for which all enzyme  
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Figure 5.1 – Enzyme constructs of TDG display varying dependencies on 5’ 
substrate length. (A) Three different enzyme constructs are compared. TDGcore 
represents the minimal catalytic domain and has reduced G•T activity, TDG56-308 includes 
a disordered region of the N-terminus, and TDG is the full-length enzyme. (B) Single 
turnover experiments for G•U mispairs within constructs of varying 5’ length reveal 
similar activities of TDG56-308 and TDG, while TDGcore shows no dependence on 5’ 
length. (C) Analogous experiments with G•T mispairs show similar trends, and a greater 
reduction in activity for TDGcore.  

B 

C 

A 
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TDGfull 
   

Substrate 
Ave - 
TDGf Std Dev 

Fold change 
(TDGfull:16X11) 

 16T11 1.47E-01 2.38E-02 1.00 
 4T11 1.20E-01 2.06E-03 1.23 
 3T11 4.53E-02 2.24E-03 3.25 
 2T11 8.91E-03 7.24E-05 16.56 
 16U11 2.88E+00 2.57E-01 1.00 
 4U11 2.37E+00 8.94E-02 1.22 
 3U11 2.01E+00 1.49E-01 1.43 
 2U11 1.11E+00 3.62E-02 2.61 
 

     TDGcore 
   

Substrate 
Ave - 
TDGf Std Dev 

Fold change 
(TDGcore:16X11) 

Fold change 
(TDGfull:16X11) 

16T11 2.75E-02 8.22E-03 1.00 5.35 
4T11 8.36E-03 2.80E-04 3.29 17.59 
3T11 1.47E-02 4.30E-04 1.87 9.99 
2T11 1.02E-02 1.64E-04 2.70 14.44 
16U11 9.70E-01 1.56E-01 1.00 2.97 
4U11 8.19E-01 1.05E-01 1.18 3.52 
3U11 9.78E-01 5.18E-02 0.99 2.95 
2U11 8.43E-01 3.24E-03 1.15 3.42 

     TDG56-308 
   

Substrate 
Ave - 
TDGf Std Dev 

Fold change       
(TDG56-

308:16X11) 
Fold change 

(TDGfull:16X11) 
16T11 1.18E-01 1.53E-02 1.00 1.24 
4T11 9.09E-02 1.81E-03 1.30 1.62 
3T11 4.16E-02 2.01E-03 2.85 3.54 
2T11 9.79E-03 1.48E-04 12.08 15.01 
16U11 3.56E+00 2.16E-01 1.00 0.81 
4U11 2.30E+00 6.82E-02 1.55 1.25 
3U11 1.78E+00 3.80E-02 2.00 1.61 
2U11 1.20E+00 1.05E-02 2.96 2.39 

 

Table 5.1 – Summary of results describing the 5’ length dependence of TDG activity on 
G•U and G•T substrates. Fold change calculations compare each substrate to the 
maximally active substrate (16X11) harboring the same mispair.   
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constructs have low activity. This indicates that residues 56-308 are necessary and 

sufficient for full enzymatic activity, and while this region has been proposed to have a 

greater significance in thymine removal than uracil, these results suggest similar a 

catalytic contribution for both substrates; TDGcore is ~3-fold less active against 16U11 

and ~5-fold less active against 16T11 relative to full-length TDG.  

The larger enzyme fragments exhibit a sharp dependence on the 5’-length of the substrate 

DNAs, particularly in those containing G•T mispairs. Figure 1B shows that in 

comparison to 16U11, TDG cleaves 4U11 1.2-fold slower, 3U11 1.4-fold slower, and 

2U11 2.6-fold slower. TDG56-308 exhibits similar effects. For G•T substrates, 5’-length 

has greater significance for activity. As compared to 16T11, TDG is 1.2-fold less active 

against 4T11, 3.3-fold less active for 3T11, and 17-fold less active for 2T11. TDG56-308 

exhibits nearly identical trends and rate constants (Table 5.1). In contrast, TDGcore 

exhibits essentially no dependence on the 5’ substrate length, indicating that contacts 

between residues 56-110 and DNA on the 5’-side of the lesion are responsible for the 

enhanced activity observed in TDG and TDG56-308, whereas in the case of TDGcore, these 

interactions are already lost (hence the lack of dependence on the number of 5’ base 

pairs).  

5.2.2 - Lesion binding affinity is enhanced by residues 56-110 

The basis of the enhanced activity conferred by residues 56-110 was explored using 

equilibrium binding monitored by fluorescence anisotropy as previously described (50). 

We compared KD values for TDGcore and TDG56-308 binding Texas Red substrate analog 

DNAs to determine the contribution to binding of the 56-110 region. Single turnover 
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conditions such as those above use a large excess of enzyme, ensuring that kmax is not 

influenced by binding effects. Thus, dramatic reductions in binding affinity would be 

required in order to ascribe the losses in activity to reduced affinity of the enzyme 

construct. Substrate analogs UF and TF were utilized in a 16X11 construct identical to 

those used in single turnover experiments described in Figure 5.1. TDG56-308 bound the 

16UF11 construct with sub-nanomolar affinity (KD1 = 0.33 ± 0.12 nM, Figure 5.2.A) with 

affinity comparable to full-length TDG (KD1 = 0.63 ± 0.16 nM), whereas TDGcore 

exhibited a dramatic loss in binding affinity to KD1 = 21 ± 3 nM, representing a 64-fold 

reduction. Similar to our findings discussed in Chapter IV, TDGcore and TDG56-308 bind 

DNA in at least a 2:1 stoichiometry. We note that final anisotropy values of the putative 

2:1 complexes for both TDGcore and TDG56-308 are significantly higher than those seen in 

previous studies with TDG, which is surprising, considering both are of reduced 

molecular weight. This is consistent with aggregation due to the high concentrations used 

to saturate binding, and thus may represent higher order complexes than the 2:1 complex 

seen for full-length TDG. Because 1:1 complex saturates at much lower concentrations, 

and the anisotropy value of each species is known, we are able to write scripts in DynaFit 

such that 1:1 binding equilibria are considered separately from the equilibrium of 

aggregation. EMSA experiments are planned in order to explore the possibility 

aggregation of TDGcore and TDG56-308. We emphasize that this effect is negligible, 

because 2:1 binding shows no effect on lesion recognition (50).  

The more physiologically relevant substrate for TDG binding is analogous to the G•TF 

mispair (16TF11) shown in figure 5.2.B. G•TF binding conditions did not show two well-

distinguished binding events as seen in Figure 5.2.A. Again, the TDG56-308 construct is  
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Figure 5.2 – Equilibrium binding to substrate analog by TDGcore and TDG56-308.   
(A) Binding curves for TDGcore and TDG56-308 show dramatic differences in binding 
affinity for 16UF11. TDG56-308 binds similarly to full-length TDG with KD1 = 0.33 ± 0.12 
nM and KD2 = 1200 ± 110 nM. TDGcore binds much more weakly with KD1 = 21 ± 3 nM 
and KD2 = 4500 ± 600 nM. (B) TDGcore and TDG56-308 binding 16TF11 shows a greater 
reduction in binding affinity as compared to 16UF11. TDG56-308 gives tight affinity with 
KD1 = 8.4 ± 1.8 nM and KD2 = 630 ± 50 nM, while TDGcore binds very weakly (KD1 = 
1600 ± 220 nM and KD2 = 28000 ± 1700 nM). These data gave poorly constrained data 
unless rED values (the anisotropy of the 1:1 complex) were fixed to the values 
determined in G•UF experiments (r = 0.21 for TDGcore and r = 0.22 for TDG56-308). 

A 

B 
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shown to bind with essentially the same affinity (KD1 = 8.4 ± 1.8 nM) as that observed 

with full-length TDG (KD1 = 18 ± 3 nM), supporting the idea that the addition of residues 

56-110 is sufficient to constitute the minimal construct for G•T activity. TDGcore binding 

affinity is significantly reduced relative to the other constructs, giving a KD1 = 1600 ± 220 

nM, giving a 190-fold reduction relative to TDG56-308. Thus, while the 56-110 domain 

contributes substantially to binding both G•UF and G•TF mispairs, the enhancement to 

affinity is substantially larger in the case of G•TF. 

5.2.3 – TDG employs the 56-110 domain in binding undamaged DNA 

Previous studies report the importance of TDG residues 56-110 in binding stem loops 

containing a normally paired CpG dinucleotide, further arguing that SUMO-regulated 

conformational changes in the TDG N-terminus prompts a reduction in binding affinity 

(66). To test these assertions, binding was tested for a 28-mer DNA that is analogous to 

those described in section 5.2.2 but containing an undamaged CpG site. Equilibrium 

binding experiments were performed with TDGcore and TDG56-308, revealing large 

differences in binding affinity, as shown in Figure 5.3. TDGcore binds the CpG site very 

weakly, with a Kd1 = 3500 ± 700 nM. Restoration of residues 56-110 in TDG56-308 greatly 

improves binding, giving a Kd1 = 50 ± 17 nM, which is comparable to the affinity of full-

length TDG for the same DNA construct (Kd1 = 63 ± 10 nM). The difference in Kd1 

between TDGcore and TDG56-308 is 70-fold, which is surprisingly similar to the observed 

fold-change for UF binding. 
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Figure 5.3 – Residues 56-110 are required for efficient binding to DNA containing a 
CpG site. TDG56-308 binds to CpG sites with affinity comparable to full-length TDG (KD1 
= 50 ± 17 nM and KD2 = 1100 ± 170 nM). Removal of the 56-110 region results in a 
significant reduction of binding affinity. TDGcore gives KD1 = 3500 ± 700 nM and KD2 = 
23000 ± 2500 nM. In this case, DynaFit was unable to determine reliably constrained 
values for the ED complex because of similarity in KD value of the E2D complex, the 
change in anisotropy was estimated from well-constrained data obtained with the same 
enzyme construct and used to estimate r(ED) as in previous work (50) 

  



 

111 
 

5.2.4 - Residues 56-110 remain disordered upon DNA binding 

The striking enhancement of DNA binding affinity for TDG56-308 as compared with 

TDGcore interested us in the state of order in residues 56-110, which are disordered in the 

free enzyme, raising the question of whether the N-terminus becomes structured upon 

DNA binding. To this end, we used TROSY-HSQC experiments to analyze the backbone 

amide resonance spectrum of 15N-labeled TDG56-308 (Figure 5.4, black peaks). Our results 

confirm that indeed, residues 56-110 are disordered as expected, as evidenced by poor 

dispersion and high intensity of resonances corresponding to this region, reflecting slow 

relaxation due to high mobility. At lower contours, resonances from the structured 

catalytic core domain may be seen, but most are obscured by strong signals from the N-

terminal region.  

Next, a saturating amount of abasic DNA (3AP11) was added to the labeled TDG56-308 

and another TROSY-HSQC dataset was collected (Figure 5.4, red peaks). Interestingly, 

chemical shift changes and decreases in intensity are evident for several residues. We 

interpret the chemical shift perturbations and signal intensity changes as evidence that 

residues 56-110 interact with the DNA. Our results also indicate that the N-terminus is 

still largely disordered upon DNA binding by the overall high intensity of the majority of 

resonances corresponding to the 56-110 region. A potential explanation of this result is 

that the DNA construct is not long enough to accommodate those contacts that are made 

by residues 56-110. More experiments need to be done to rule this out, however the many 

peaks displaying chemical shift changes and high intensity suggest that their chemical 

environment is likely being altered by the DNA, while the residues maintain a high 

degree of mobility.   
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Figure  5.4 – TROSY-HSQC reveals chemical shift perturbations in the disordered 
56-110 region. Black peaks correspond to free TDG56-308 (300 µM) and primarily the 
resonances corresponding to residues 56-110 are observed due to the overwhelming 
signal the disordered region produces. Red peaks correspond to 300 µM TDG56-308 
saturated with 3 mM 3AP11 DNA. Chemical shifts are evident, suggesting interactions 
with the DNA, however the strong signals suggest these residues remain highly mobile. 

  

TDG56-308 (300 µM) 

TDG56-308 (300 µM) 

w/ 3AP11 (3 mM) 
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5.3 - DISCUSSION  

Here we report a detailed analysis of the catalytic enhancement of the TDGcore domain 

(residues 111-308), which lacks robust activity against the physiological substrate of 

TDG (G•T mispairs) provided by restoration of residues 56-110. This disordered region, 

proposed to be primarily involved in G•T activity and non-specific DNA binding (66), is 

similarly required for efficient activity against G•U lesions (figure 5.1.B, 5.1.C). A 3-fold 

reduction in activity against G•U mispairs and a 5-fold reduction against G•T mispairs 

under single turnover conditions (where binding affinity is not a factor of kmax) suggests 

that residues 56-110 make a comparable contribution in catalytic steps through bond 

cleavage. Full-length TDG and TDG56-308 show a loss of activity as the number of 5’ 

bases are reduced, whereas TDGcore has no requirement of these contacts (figures 5.1.B 

and 5.1.C). We conclude that this is because TDG depends on contacts made between 

residues 56-110 and DNA in the proximal 5’-region for efficient activity against G•T 

mispairs. This effect is likely achieved by the largely positive charge of residues 56-110, 

which gives this region of the enzyme a pI of 10.5 and contains 16 lysine residues.  

Coupled with the result showing residues 56-110 to increase binding affinity of the 

catalytic core to G•UF and G•TF mispairs 64- and 190-fold, respectively (figure 5.2), our 

findings support a role for these residues in increasing the lifetime of TDG in complex 

with DNA. Binding to DNA is likely to be diffusion limited, and thus reductions in KD 

are likely to be due to changes is koff (Fitzgerald and Drohat, manuscript in preparation). 

Consistent with this view, stopped-flow kinetics results show TDG to have a much faster 

dissociation rate for G•T substrates than G•U (Fitzgerald and Drohat, manuscript in 

preparation). We observe that in any given binding event, activity against a G•U mispair 
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is significantly more likely to result in product than a G•T mispair because of vast 

disparities in koff  (Fitzgerald and Drohat, manuscript in preparation). Thus, fast 

dissociation from thymine targets may constitute another mechanism used by TDG to 

exclude A:T base pairs from catalysis, whereas the enhanced affinity provided by 

residues 56-110 is less required for excision of G•U. Residues 56-110 may lower koff  for 

G•T, and these results suggest that the TDG N-terminus serves to enhance the frequency 

of productive binding events. Alternately, TDG appears to carefully commit to catalysis 

through the mechanisms mentioned above, balancing the needs of the cell for repairing 

G•T mispairs with the imperative of avoiding inappropriate removal of thymine from a 

normal A:T base pair. The huge increase in binding affinity conferred by the N-terminus 

allows TDG to sample base-flipping more often in any given binding event, serving to 

enhance activity.  

The effect from residues 56-110 is apparently also important for the affinity of TDG for 

undamaged CpG sites, as evidenced by the 70-fold change in KD as shown in Figure 5.3. 

The similarity between the enhancement in binding for CpG sites and uracil coupled with 

the much larger 190-fold difference in binding affinity for thymine may suggest that the 

basis of this disparity resides in the steric bulk of the flipping nucleobase, as uracil and 

cytosine are essentially identical in size. An intriguing question arises as to how binding 

affinities of E. coli MUG and TDGcore (structural homologs) might compare, and whether 

MUG is able to dispense with additional binding affinity because of a smaller bacterial 

genome or redundant enzyme activity. The question of whether the evolution of TDG 

from MUG gave rise to a linkage between the ability to remove G•T lesions and a greater 

propensity for this enzyme to reside on DNA arises, given these findings. 
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Previous work proposes that the N-terminus of TDG adopts two different conformations, 

one in which it is extended and available for interaction, and another where only residues 

in the catalytic core contact the DNA (149). However, the degree of disorder in this 

region shown in both our work and the previous study is inconsistent with its adoption of 

stable structural conformations in free and DNA-bound states. Our results reveal that 

residues 56-110 in the TDG N-terminus are disordered in the free and DNA-bound states 

of the enzyme (Figure 5.4) with several chemical shift perturbations occurring while the 

region is disordered. However, the observed chemical shift perturbations may be the 

result of a small population within an ensemble of rapidly interchanging conformations 

being favored upon DNA binding.  

Intrinsically disordered regions in proteins may exert their effects through 

“polyelectrostatic” interactions, where a constellation of transient conformations is 

adopted on a very fast timescale giving an averaged “mean field” of charged structures 

(151). The same lysines contributing to the domain’s positive charge are targeted for 

post-translational acetylation by CBP, a modification which inhibits G•T activity (51). 

Covalent modification of the TDG N-terminus may serve to interrupt the same enzyme-

DNA contacts shown to increase G•T activity in Figure 5.1 through alteration of the total 

charge harbored by this domain. Acetylation of residues 56-110 may also represent a 

mechanism whereby the roles of TDG as a DNA repair enzyme and transcriptional 

regulator may be modulated (53). Additionally, the rapid transient adoption of different 

conformations is known to aid in allowing a single sequence of amino acids to engage in 

many protein-protein interactions. TDG has been shown to engage in several interactions 

requiring its disordered regions that may occur in a similar manner (10, 48, 51, 53, 66). 
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The same conformational plasticity of disordered domains may also favor binding by 

burying comparably more surface area than a structured domain. This may be the case in 

DNA binding, where the N-terminus forms an extended set of contacts with the DNA 

backbone relative to TDGcore (Figure 1).  

Further NMR experiments are needed to determine whether the TDG N-terminus behaves 

similarly when binding DNA with a greater number of 5’ base pairs. Nonetheless, our 

results raise questions about previous conclusions pertaining to a conformation change in 

the TDG N-terminus promoted by the SUMOylation of TDG. The results above suggest 

the indispensable nature of the TDG N-terminus in the enzyme’s regulation and evolution 

of its essential G•T activity.  
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Chapter VI 

 

 

 

Conclusions and Future Directions 

 

6.1 – Summary of findings 

TDG recognizes mutagenic G•T mispairs produced by deamination of 5-methylcytosine, 

removes T and follow-on base excision repair proteins restore the G:C base pair. 

Extraordinary target discrimination mechanisms are required, because G•T mispairs are 

composed of normal bases and occur amongst a vast excess of properly paired DNA. 

Thus, TDG has specificity for excising bases paired with guanine and within CpG 

dinucleotides, because this is the context in which 5-methycytosine is found. The work 

described in the preceding chapters extends our understanding of the mechanisms 

employed by TDG in attaining specificity. In Chapter III, using transient kinetics, the 

catalytic effects of altering the CpG context for U, T, 5-FU, 5-ClU, and 5-BrU were 

determined. From these results, we concluded that recognition of CpG context and its 

effect on catalysis is likely related to the Kflip equilibrium, a finding substantiated by the 

publication of the structure of TDGcore bound to abasic DNA (20, 77). In another project, 
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the significance to lesion binding of the unusual 2:1 (TDG:DNA) complex observed in 

our TDG/product-analog crystal structure was elucidated. This work was then extended 

in Chapter V, where the role of the TDG N-terminal residues 56-110 in lesion binding 

was clarified. This work has improved the current understanding of how TDG finds 

lesions, which will inform future studies of this important enzyme.  

6.1.1 - Understanding the specificity of TDG 

While the primary physiological substrate of TDG is G•T mispairs occurring in a CpG 

context, it also removes a broad spectrum of damaged bases. It is imperative that we 

know how context discrimination and base recognition are related in order to understand 

how TDG avoids aberrant activity on undamaged DNA. Structure-activity correlation 

studies were performed using substrates containing guanine paired with uracil, thymine, 

and several 5-halouracils (5-FU, 5-ClU, and 5-BrU) where the 5-halouracils increased in 

size at the C5 exocyclic group so as to probe the steric limitations of the TDG active site. 

The sequence context of each mispair was altered, showing catalytic activity is lost as the 

canonical context is perturbed (CpG•X> TpG•X> GpG•X> ApG•X where X is the 

lesion). This effect is pronounced with increasing base size and increasing stability of the 

glycosylic (base-sugar) bond. In accordance with the biological imperative to avoid 

removing thymine from A:T pairs, the catalytic activity was a remarkable 18,000-fold 

lower for a A:T pair compared to a G•T mispair, which is likely due to base pairing 

stability and active site contacts with guanine. Varying the base pair 5’ to an A:X pair for 

each of the above substrates, we showed the same sequence sensitivity as observed with 

G•X mispairs.  
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This result led to the important conclusion that mechanisms of CpG context recognition 

and discrimination against nucleotides paired with adenine are not cooperative. These 

findings also suggest TDG could remove 5-ClU and 5-BrU from DNA, lesions that can 

arise due to activity of peroxidases in the inflammatory response. Additionally, TDG is 

further implicated in the mechanism of 5-fluorouracil toxicity, a common 

chemotherapeutic. I showed for the first time that in nearly any context, 5-FU is removed 

at faster rates than CpG•T mispairs (the physiological target), consistent with proposals 

that 5-FU toxicity is promoted by TDG (18, 113). 5-FU has been previously thought to 

inhibit thymidylate synthase, however subsequent publications showed TDG-/- cells to 

have reduced sensitivity to 5-FU treatment, suggesting that TDG is important in the 

effectiveness of the drug (113). 

6.1.2 - Determining the role of 2:1 binding in catalytic functions of TDG 

The observation of 2:1 binding for TDGcore in the DNA-bound crystal structure raised 

questions about the potential function of this unusual complex (2:1 binding had not been 

observed for a DNA glycosylase structure). ITC data in our publication detailing these 

findings showed that 2:1 binding to abasic DNA can occur in solution, given a construct 

long enough to accommodate two subunits. My project focused on understanding the 

nature of this complex and its contribution to binding affinity for substrate analog and 

product, a crucial step toward the further characterization of the TDG mechanism. ITC 

binding experiments proved to be difficult to interpret, due to issues with enzyme 

stability, necessitating the development of a fluorescence anisotropy equilibrium binding 

assay. This was not a trivial undertaking, and required examination of many different 

fluorophores and DNA constructs to obtain an optimal assay. We showed that the 2:1 
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complex is formed sequentially, with the affinity of the initial binding event being sub-

nanomolar for some substrates. This made standard fitting methods for 2-step binding 

inappropriate, because the algebraic equations assume [S] << Kd1 and [S] << [TDG]min. 

We avoided this difficulty by implementing DynaFit, a program that allowed us to 

determine binding parameters without the assumptions required of more traditional 

methods of data fitting. This approach will likely be useful for studies of other DNA-

binding proteins. 

These methods were used to measure TDG binding to non-cleavable substrate analogs, 

abasic product, CpG sites, and non-specific DNA. These experiments revealed TDG 

binding to be extremely tight for abasic sites and uracil analogs (~1 nM), while thymine 

analog was weaker (20 nM). Undamaged CpG sites and non-specific DNA gave 

surprisingly tight binding (60 nM and 290 nM, respectively), especially given the huge 

excess of non-specific DNA relative to G•T mispairs in the cell. Further studies on the 

search mechanism of TDG will clarify how TDG finds mispairs given its modest 

preference of G•T relative to the abundance of undamaged DNA. To address whether 

TDG would still form the 2:1 complex in the presence of undamaged DNA, we collected 

equilibrium binding data in the presence of a fixed amount of non-specific DNA (NS28). 

The result demonstrates that 2:1 binding cannot be eliminated by a competing excess of 

DNA, and that non-specific DNA acts as a competitive inhibitor of lesion binding. Global 

fitting of these data yielded excellent agreement with independent measurements of both 

DNA constructs used (16UF11 and NS28). This work also considered the possibility that 

while free TDGcore did not self-associate, perhaps full-length TDG possesses a region in 

its N- or C-terminus that promotes dimerization. We showed this to be the case using 
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sedimentation velocity AUC experiments, where we observed a small population of 

dimer (18% at 50 µM [monomer]), which is not observed for TDGcore (N- and C-terminal 

domains absent). 

6.1.3 - Understanding the essential role of a disordered region in TDG 

We next considered the effect of a disordered domain in the TDG N-terminus (residues 

56-110) that converts the catalytic core domain, which lacks efficient G•T catalysis, to a 

fully functional G•T glycosylase (TDG56-308). Remarkably, our NMR experiments 

(HSQC) show that the 56-110 region remains disordered in DNA-bound TDG56-308. We 

also found it confers a striking 190-fold increase in G•T binding, 64-fold increase in G•U 

binding, and 70-fold increase in binding affinity for CpG sites. These results will be 

important for understanding how TDG has evolved to acquire the essential ability to 

process G•T pairs, given that its E. coli homolog lacks the N-terminal domain and has no 

G•T activity. 

6.2 – Future Directions 

Thymine DNA glycosylase is involved in many essential cellular processes, as discussed 

in Chapter I. Its role in DNA repair is somewhat well understood, however while this 

work enhances our understanding of the mechanism of TDG, many gaps in our 

knowledge remain to be filled. Some outstanding questions relevant to those that we have 

addressed are: Do rates of thermal base flipping differ in G•T and G•U substrates? How 

does TDG locate lesions in the relatively vast three-dimensional space of the nucleus? 

How is TDG localized in the nucleus throughout the cell cycle, and how are its various 
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cellular roles managed? Does TDG perform cellular functions when bound to undamaged 

DNA?  

Chapter V contains results indicating that the disordered residues 56-110 greatly enhance 

DNA binding, however the basis of this effect remains to be investigated. It is likely that 

the 56-110 region confers tight binding by lowering the dissociation rate (koff) from DNA 

substantially, because kon appears to be diffusion-limited (unpublished results). This idea 

may be tested by experiments using stopped-flow kinetics, where the dissociation of 

TDG from fluorophore-labeled DNA may be monitored in real-time. We have also 

prepared 15N-,13C-labeled TDG56-308 with the intention of assigning the resonances of 

residues 56-110. Obtaining the chemical shifts (backbone amide) for each residue in this 

domain will allow a more detailed understanding of the specific residues involved in 

improving binding affinity, potentially clarifying the mechanistic role of acetylation and 

phosphorylation of the TDG N-terminus. 

6.3 – Closing 

TDG is a fascinating enzyme in its ability to locate a vanishingly small population of 

DNA lesions against the vast background in cellular DNA. The evolutionary history of 

this enzyme is remarkable, as it tells the story of the adaptation of vertebrates to the 

genomic instability accompanying cytosine methylation. Its roles in DNA damage, 

transcriptional control, signaling, and the control of genetic methylation states makes a 

detailed understanding of TDG essential for connecting the relationships between each of 

these seemingly disparate processes. These studies have provided a quantitative 
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understanding of the essential enzymatic functions of TDG that will continue to inform 

future work and clarify the complexity of its cellular functions.  
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