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Abstract 

Title of Dissertation: Identifying the Molecular Mechanisms of Thymine DNA 

Glycosylase (TDG) Substrate Specificity 

Blaine J. Dow, Doctor of Philosophy, 2021 

Dissertation Directed by: Dr. Alexander Drohat, Ph.D., Associate Professor, Department 

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

Baltimore 

Thymine DNA glycosylase (TDG) helps maintain genomic integrity by removing 

thymine from G·T mispairs arising via deamination of 5-methylcytosine (mC). TDG 

employs strict regulation for both the opposing guanine, as well as the base downstream 

of the target thymine, in order to limit removal of thymine from canonical A·T pairs, as 

erroneous removal of thymine from A·T pairs is mutagenic and cytotoxic. TDG also 

excises 5-formylcytosine (fC) and 5-carboxylcytosine (caC), oxidation products of mC 

generated by ten-eleven translocation (TET) enzymes during active DNA demethylation. 

Remarkably, using single-turnover kinetics reactions to determine the maximum rate of 

substrate removal, kmax, we find that TDG activity for fC and caC shows little dependence 

on the opposing base or the downstream base, revealing a major difference in specificity 

for excision of fC and caC relative to T. Using a novel 19F NMR approach to determine 

the flipping equilibrium for thymine into the TDG active site, we establish that specificity 

during thymine excision manifests largely by modulating the stability for thymine 

flipping in the active site. Structure-function analysis employing a variety of opposing 



 

bases reveals that both the thermodynamic stability (ΔH) of A·T pairs, as well as direct 

contacts between TDG and the opposing base, contribute to opposing base specificity. 

The differences in specificity observed for thymine versus fC/caC are likely 

explained by interactions between these substrates and the TDG active site. Structural 

information obtained from x-ray crystallography, combined with TDG mutational 

studies, identified several TDG active site residues that form stabilizing interactions with 

fC and caC, helping to both stabilize base flipping into the active site, as well as enhance 

the chemical steps of base excision. Conversely, two conserved residues in TDG, A145 

and H151, limit stability of thymine in the active site, and destabilize thymine as a 

leaving group. As a result, additional contacts between both the opposing guanine, as 

well as the guanine downstream of the target thymine, appear necessary to orient thymine 

in a manner which produces stable, productive flipping into the active site. 
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Chapter 1: Introduction 

 Overview 

The focus of this project was to understand, at the molecular level, how thymine 

DNA glycosylase (TDG) achieves specificity for its physiological substrates.  By 

excising deaminated and oxidized forms of 5-methylcytosine (mC), TDG functions in 

maintaining genomic stability and regulating the epigenome.  Often termed the “5th 

base” of DNA, mC is the most abundant epigenetic mark in human DNA, and is 

associated with long-term silencing of genes [1].  While vital to eukaryotic cells, cytosine 

methylation carries an inherent risk to genomic integrity.  Spontaneous deamination of 

mC, which occurs an estimated 100 times a day per cell [2], generates G·T mismatches, 

leading to C→T point mutations if not repaired prior to replication. 

TDG helps maintain genomic integrity by removing thymine from G·T mispairs 

with remarkable specificity; excision of thymine from G·T mispairs occurs up to 17,000-

fold faster than from canonical A·T pairs [3].  However, TDG’s glycosylase activity is 

still relatively slow compared to many other glycosylases, which could explain the 

prevalence of C→T point mutations associated with many cancers and genetic diseases 

[4-6].  It seems that TDG has evolved to strike a balance between maximizing G·T 

activity and keeping A·T activity to a minimum [7], as erroneous removal of thymine 

from A·T pairs is both mutagenic and cytotoxic [8, 9]. 
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Since mC occurs predominantly at CpG sites in mammalian cells [10, 11], most 

G·T mismatches arising from deamination of mC occur in a CpG context (Figure 1).  

Consistent with this, TDG evolved to repair G·T mismatches preferentially within a CpG 

context (guanine 3’ to the excised thymine).  This CpG specificity for thymine excision is 

likely another safeguard against aberrant activity on the vast amount of normal A·T pairs 

[12].  Considering the importance of this specificity for faithful maintenance of DNA, 

relatively little is known about how TDG has evolved to achieve it. 

 

 

Two other physiologically relevant TDG substrates are 5-formyl cytosine and 5-

carboxyl cytosine [13, 14].  TDG cleaves either of these bases during active DNA 

demethylation, a process which serves to remove the mC mark from the epigenome. 

TDG’s role in active DNA demethylation likely accounts for the embryonic lethal 

phenotype of TDG knock-out mice [15, 16].  The ten-eleven translocation (TET) family 

of enzymes begin the process of DNA demethylation by catalyzing the stepwise 

oxidation of mC to 5-hydroxymethylcytosine (hmC), 5-formylcytosine (fC), and 5-

 

5’ C  G
3’ G  C

3’
5’

CH3

CH
3

5’ T  G
3’ G  C

3’
5’

CH3

Figure 1: G·T mismatch within CpG context  

(top)  Most mC occurs at CG dinucleotides, commonly referred to as 

CpG sites.  (bottom)  Deamination of mC generates a G·T mismatch, 

with guanine 3’ (or +1) to the target thymine. 
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carboxylcytosine (caC) [17].  TDG can then cleave the fC or caC bases, and additional 

enzymes within the base excision repair (BER) pathway restore the site back to non-

methylated cytosine, completing the process of active DNA demethylation.  Remarkably, 

enzyme kinetics experiments revealed that the strict specificity for guanine opposite to 

the target base is completely lost during excision of fC and caC (unpublished data), and 

CpG context specificity is also drastically reduced for both fC and caC [18]. My project 

sought to reveal how stringent context specificity is imposed for thymine excision, with 

little to no carryover during fC and caC excision. 

 TDG glycosylase activity 

One of the top priorities of living organisms is to preserve their genetic code.  

DNA is constantly subjected to both endogenous and exogenous damaging agents, 

resulting in various types of damage.  Different pathways have evolved to detect and 

repair different types of aberrations.  Nucleotide excision repair (NER) takes care of 

bulky lesions, mainly caused by environmental mutagens, which distort the double-helix 

structure.  Mismatch repair (MMR) functions mainly during replication, and can repair 

base pair mismatches, insertion and deletion loops, and other errors.  Base excision repair 

(BER) mainly repairs modifications to the nucleobases of DNA that are generated by 

deamination, methylation, and oxidation [19]. 

 TDG, like all DNA glycosylases, initiates the BER pathway by recognizing 

altered nucleobases and hydrolytically cleaving the base-deoxyribose N-glycosyl bond, 

generating an apurinic/apyrimidinic (AP) site.  TDG remains tightly bound to the AP site, 

likely to protect it from spontaneous strand cleavage. The resulting single-strand break 

could potentially lead to double-strand breaks if two proximal sites are being repaired at 
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the same time.  TDG might also serve as a beacon for the next enzyme in the BER 

pathway, AP endonuclease 1 (APE1) [20].  APE1 cleaves the phosphodiester backbone 

5’ to the AP site, generating the 3’ OH group necessary for DNA polymerase β to insert 

the correct nucleotide, using the opposite strand as a template [21].  DNA polymerase β 

also finishes removing the AP site by cleaving the backbone downstream to the AP site, 

utilizing its deoxyribophosphatase (dRPase) activity.  DNA ligase completes the BER 

process by sealing the nick in the backbone. 

1.2.1  Minimal kinetic mechanism for TDG 

In order for TDG to cleave its target base, several steps must occur (Figure 2). 

First, TDG must find the target base. How TDG and other DNA glycosylases find their 

target sites among the vast excess of normal bases is not well understood. In general, it is 

thought that glycosylases use a combination of one-dimensional facilitated diffusion 

(sliding) along DNA and three-dimensional transfer to different DNA sites (hopping) in 

their search for damaged bases [22, 23]. Facilitated diffusion along the DNA might be 

facilitated by TDG’s relatively high binding affinity for non-specific DNA. Fluorescence 

anisotropy experiments estimated a Kd of 293 nM for random DNA, and 63 nM for TDG 

binding to DNA containing a CpG site [24]. Binding of TDG to a G·T mismatch was 

only 4-fold higher (Kd  = 18 nM) [24]. 
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Figure 2: Minimal kinetic mechanism for the TDG reaction. 

Association of TDG (E) and the target site (S) generates the enzyme-

substrate complex (E·S). Nucleotide flipping (Kflip) and other minor 

conformational changes result in the reactive enzyme-substrate complex 

(E’·S’). During the chemical step, the N-glycosyl bond is cleaved 

(E’·B·P’). The base dissociates rapidly, whereas dissociation of TDG 

from the abasic product is slower. 

 

 

 

To cleave the target base, TDG must first flip the target nucleotide into its active 

site. There is an energetic cost for flipping, as both hydrogen bonding to the opposing 

base, as well as base stacking interactions with the adjacent bases, must be disrupted to 

flip the base out of the double-helix. Crystal structures show that human TDG contains an 

intercalation loop, composed of residues 270-PSSSARCA-277, part of which inserts into 

the space left vacant by the flipped base, and is conserved in vertebrate TDG [25]. This 

insertion loop could help push the target base out of the duplex, and/or prevent the base 

from flipping back into the duplex. Once the target base is properly positioned in the 

enzyme active site, chemistry (bond cleavage) can occur. During the chemical step(s), the 

base-sugar (N-glycosyl) bond is broken, and the base departs as an anion. Several 

residues within TDG have been shown to support the chemical step, with N140 serving a 

key role during catalysis [26]. The N140A mutation drastically reduces activity for all 
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known substrates, enabling studies of TDG-substrate complexes [13, 26]. It appears the 

base dissociates rather quickly after excision [27], while TDG remains tightly bound to 

the abasic product complex (Kd  = 1.4 nM) [24]. 

1.2.2 TDG glycosylase activity in mammalian cells revolves around mC 

5-methyl-cytosine (mC) is often termed the “5th base” of DNA, due to its 

abundance in a broad spectrum of organisms. Bacteria use mC as an element of a 

rudimentary immune system, helping to distinguish their own DNA from that of invading 

bacteriophages [28]. In plants, mC serves a role in development, transcriptional 

regulation, as well as genome architecture [29]. In less complex animals, such as fruit 

flies, mC is used to silence retrotransposon activity and stabilize the genome, but overall 

levels of mC are fairly low [30]. In vertebrates, mC levels are much higher genome wide, 

and function in long-term gene silencing, helping to generate and maintain tissue-specific 

cell types [31]. 

In mammalian genomes, mC levels are ~1% relative to the other bases, 

predominantly at CpG dinucleotides. Approximately 80-90% of CpG sites are 

methylated, with both spatial and temporal regulation [10, 11]. CpG islands, which 

contain a high density of CpG sites, are unique in that they typically lack cytosine 

methylation [32]. CpG islands are normally found in areas such as promoter regions of 

housekeeping genes [33]. Cytosine methylation in mammals serves as an elaborate 

system to repress transcription of specific genes, allowing for complex epigenomic 

programming, such as X-chromosome inactivation and imprinting [34, 35]. 

However, use of mC in the genome carries inherent risks. Cytosine methylation 

patterns are often imbalanced in human cancers, and can be the driving force in cancer 
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progression, due to silencing of tumor suppressor genes and/or over-activation of 

oncogenes [36-38]. Imperfect maintenance of mC epigenetic patterns are also associated 

with aging, leading to problems such as lack of plasticity and exhaustion of stem cells 

[39]. 

Another major problem is spontaneous deamination of mC, which creates G·T 

mismatches [2]. These G·T mismatches give rise to C→T transitions, which account for a 

large proportion of the point mutations associated with cancer and other genetic diseases 

[4-6]. For example, nearly half of the p53 mutations in colon cancer [40], and 23% of all 

mutations in human hereditary diseases, are C→T transitions within a CpG context 

thought to occur from deamination of mC [41]. The mutability of CpG sites is even 

apparent when looking at the mammalian genome as a whole; CG dinucleotides occur at 

a much lower frequency than predicted based on the amounts of C and G in the genome 

[42]. 

To counter the threat posed by deamination of mC, three different types of 

mismatch glycosylases—TDG, methyl binding domain IV (MBD4), and mismatch DNA 

glycosylase (MIG)—can cleave thymine from G·T mispairs, and together are found in all 

three domains of life [43, 44]. MIG is found in thermophilic organisms, whereas 

mammals possess both TDG and MBD4. 

In addition to repairing G·T mismatches, TDG catalytic activity is also central to 

the removal of mC during the process of active DNA demethylation (Figure 3). The 

enzymes responsible for adding mC to the epigenome have been known for some time. 

DNA methyltransferase 1 (DNMT1) converts hemimethylated CpG sites to fully 

methylated ones, helping to maintain mC marks upon DNA replication [45]. DNMT3a 
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and DNMT3b are the de novo DNA methyltransferases, capable of adding mC to non-

methylated CpG sites [46]. Within the last decade, the process of removing mC in 

humans has become increasingly clear. The TET family of enzymes can catalyze the first 

step, oxidation of mC to hmC [47]. In this way, passive dilution of mC can occur upon 

replication, as DNMT1 does not add a methyl mark opposite to hmC [45]. The TET 

enzymes can further oxidize hmC to fC and caC, both of which are excellent substrates 

for TDG [13]. Following removal of fC or caC, additional enzymes from the BER 

pathway serve to insert cytosine at the target site, completing the process of DNA 

demethylation in the absence of replication. This process is referred to as active DNA 

demethylation. 
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1.2.3 Biological relevance of TDG glycosylase activity 

In addition to thymine, fC, and caC, TDG has been shown to cleave a vast array 

of other bases, including uracil, 5-fluoro-U, 5-chloro-U, 5-bromo-U, 5-iodo-U, 5-formyl-

U, 5-hydroxy-U, 5-hydroxymethly-U, 3,N4-etheno-C, hypoxanthine, thymine glycol, 8-

oxo-dA, 5-fluoro-C, 5-bromo-C, and 5-hydroxy-C [48-52]. However, the biological 

 

Figure 3: Generation of TDG substrates from mC. The main TDG 

physiological substrates all originate from mC. Deamination converts 

mC to thymine, which TDG removes as part of the base excision repair 

pathway. Oxidation of mC by the TET enzymes generates hmC, fC, and 

caC. TDG can cleave both fC and caC, and follow-on BER enzymes 

restore cytosine in their place, completing the process of active DNA 

demethylation. 

TET TET TET

TDG

TDG BER

deamination

oxidation
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relevance of these substrates is not well understood. Uracil is the most prevalent of these 

in DNA. In mammalian cells, there are four separate enzymes capable of removing uracil 

from a G·U mispair: uracil-DNA glycosylase (UNG), methyl binding domain IV 

(MBD4), single-strand selective monofunctional uracil-DNA glycosylase (SMUG1), and 

TDG [53]. UNG exhibits the highest activity and likely carries out the bulk of uracil 

excision. However, UNG inactivation in mice did not lead to higher mutation 

frequencies, suggesting redundancy in uracil excision [54]. Inactivation of both UNG and 

SMUG1 did lead to higher mutation frequencies, indicating they are the main 

glycosylases responsible for clearing uracil from the genome [54]. TDG is likely to 

contribute as well, considering it has high activity for G·U substrates and is expressed in 

most mammalian cell types. 

TDG has been shown to play a role in the effectiveness of the anticancer drug 5-

fluorouracil (5-FU). 5-FU is thought to help treat cancers by introducing instability to the 

genome, in part via the incorporation of U and 5-FU into DNA. An increase in the 

generation of abasic sites during repair of these sites via the BER pathway is thought to 

lead to the DNA fragmentation and cell death observed after 5-FU treatment [55]. TDG 

inactivation decreased the sensitivity of both fission yeast and mouse embryo fibroblasts 

to 5-FU treatment, accompanied by a decrease in 5-FU-induced DNA strand breaks [53]. 

It is unknown whether activity on A·5-FU or G·5-FU lesions is the main contributor to 

cell death. While A·5-FU sites are more likely to be generated, TDG activity on these 

lesions is relatively weak (kmax = 1 min-1) compared to G·5-FU sites (kmax = 202 min-1) 

[3]. 
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3,N4-etheno-C (εC) and other DNA ethenoadducts occur by reaction of DNA with 

metabolic products of carcinogens or through membrane lipid peroxidation [56]. In 

mammalian tissues, levels as high as 28 adducts per 107 bases have been detected [57, 

58]. εC can produce εC→A transversions and εC→T transitions, if not repaired prior to 

replication. In E. coli, strains deficient of Mug—a homolog of TDG—are hypersensitive 

to εC [59], and can be rescued by addition of human TDG [60]. In mammalian cells, both 

SMUG1 and MBD4 also process εC, but their activity is weak compared to TDG [53]. 

Thus, TDG appears to constitute the main protection against εC-induced mutagenesis. 

While TDG is best known for removing thymine from G•T mismatches, 

surprisingly few studies have shown a direct link between TDG defects and the 

accumulation of DNA damage in vivo. One explanation for this is the fact that TDG 

knock-out is embryonic lethal in mice [15, 16] which will be discussed in further detail 

below. Another possible explanation is that MBD4, another mammalian DNA 

glycosylase, also removes thymine from G•T mispairs [61, 62]. However, one study 

showed depletion of TDG activity in mouse embryo fibroblast (MEF) nuclear extracts 

virtually abrogated removal of thymine from G•T mismatches, suggesting that TDG is the 

predominant glycosylase responsible for G•T mismatch repair in these cells [16]. Another 

study showed elevated C→T mutations at CpG sites in a human rectal cancer patient with 

MMR deficiency [63]. The mutations occurred at CpG sites typically methylated in 

normal colonic mucosa, indicating that they originated from deamination of 5mC to 

thymine. The investigators identified a missense mutation in TDG, which was associated 

with loss of TDG in the tumor cells, providing the first in vivo evidence in humans of the 

role of TDG in protecting against 5mC deamination [63]. Two other studies found that 
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loss of MBD4 activity in mice led to increased C→T transitions at CpG sites and 

accelerated tumor formation, but concluded that an additional factor contributes to repair 

of 5mC deamination. Since TDG is the only other known glycosylase with activity on 

G•T mispairs, it is likely the additional enzyme responsible for clearing these lesions in 

mice. 

Within the last decade, it has become abundantly clear that TDG activity for fC 

and/or caC is essential to early development in mice. TDG knock-out is embryonic lethal 

in mice [15, 16]. Knock-out of all other DNA glycosylases, including MBD4, have not 

been found to be lethal. Embryonic lethality seems unlikely to be due to random 

accumulation of C→T mutations, given that development of embryos was consistently 

disrupted at day 11.5 [16]. Additionally, cells derived from TDG-null embryos showed 

impaired gene regulation, coincident with imbalanced CpG methylation at promoters of 

affected genes [15]. Knock-in of TDG rescued the lethal phenotype, whereas knock-in of 

catalytically inactive TDG did not, providing direct evidence of the need for TDG 

glycosylase activity during development [16]. Taken together, this strongly supports the 

hypothesis that TET-TDG-mediated active DNA demethylation is essential to 

mammalian embryonic development. 

1.2.4 Post-translational modifications regulate TDG glycosylase activity 

The human TDG enzyme (410 residues) consists of a central catalytic domain of 

about 195 residues flanked by N-terminal and C-terminal regions of roughly equal size 

(Figure 4). While disordered, the N-terminal and C-terminal regions are important for 

interactions with other proteins, and contain numerous sites for post-translational 

modifications, including acetylation, phosphorylation, ubiquitination, and SUMO 
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conjugation [64-67]. Acetylation at three lysine residues in the N-terminal region reduced 

DNA binding capacity and inhibited removal of thymine, fC, and caC [68]. 

Phosphorylation of neighboring serine residues did not affect G•T activity, but did 

prevent acetylation, suggesting that these modifications are important regulators of TDG 

glycosylase activity [69]. The 9-1-1 complex, involved in genome stability surveillance 

and regulating the cell cycle, has also been shown to interact with the N-terminal region, 

and increase G•T repair activity [66]. The N-terminal region also contains the PIP degron 

(residues 95-106), which mediates TDG degradation during S phase via interaction with 

PCNA and CRL4Cdt2, a ubiquitin E3 ligase [70, 71]. 

4101 110 330catalytic domain 300

SIM

PIP degron
(Q95-R106)

Acetylation
(K83, K84, K87)
Phosphorylation

(S85, S88)

SUMO
(K330)

N140 R275

 

Figure 4: Schematic of human TDG. Representation of domains, key 

conserved residues, and post-translational modification sites within TDG. 

N140 is a central catalytic residue; mutation of N140 leads to a dramatic 

reduction in glycosylase activity. R275, the so called “plug residue”, fills 

the void in the duplex generated by flipping of target base in to the active 

site.  

 

 

 TDG’s C-terminal region contains a site for covalent linkage of a SUMO protein 

(K330), as well as a SUMO-interacting motif (SIM) which binds non-covalently to 

SUMO proteins, including intramolecular SUMO at K330 [72]. The function of TDG 

sumoylation remains unclear. It has been proposed that sumoylation increases enzymatic 

turnover, by releasing TDG from the abasic product [73]. However, recent studies from 

our lab have challenged these initial findings. TDG sumoylation was not selective to the 
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product-bound complex [74], and binding of sumoylated TDG to abasic DNA remained 

quite tight. TDG sumoylation significantly reduced glycosylase activity for G•T mispairs, 

as well as fC and caC excision, but binding affinity to fC and caC sites remained high 

[72]. These findings suggested that sumoylation may allow TDG to function as a 

transient reader of fC and caC, rather than just an eraser of these marks. 

1.2.5 TDG82-308construct  

Experiments to determine glycosylase activity utilized full-length TDG, when 

possible. Unfortunately, full-length TDG was only stable for a couple hours under in 

vitro conditions. Most previous structural studies of TDG used the catalytic core 

(residues 111-308), due to its increased stability [25, 75, 76]. However, while the 

catalytic core removes uracil from G·U sites, its activity on G·T mispairs is severely 

impaired [77]. Over the past several years, the Drohat lab has established that TDG82-308, 

which contains an additional portion of the N-terminal domain, exhibits substrate binding 

affinity and glycosylase activity that is equivalent to full-length TDG for G·T mispairs 

and other substrates [12, 78]. For this reason, many of the experiments conducted utilized 

the TDG82-308 construct. 

 The evolution of TDG and G·T mismatch repair specificity 

1.3.1 UDG superfamily  

TDG is a member of the uracil-DNA glycosylase (UDG) superfamily, a group of 

glycosylases capable of removing uracil from DNA. Together, these UDG’s are found in 

all organisms, to reverse the mutagenic effects of cytosine deamination [79]. The 

superfamily is classified into six families, based on sequence similarity and substrate 
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specificity [80].  Family-1 UDGs, also referred to as UNGs, are the most well-studied 

enzymes within the superfamily. UNGs are highly specific for uracil, although they are 

also capable of removing 5-fluoro-U, but not other uracils with a bulky C5 group [81]. 

Their major biological function is to remove uracil in the DNA arising from cytosine 

deamination or misincorporation during DNA synthesis [82]. As such, they can remove 

uracil from single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA), with the 

preference ssU > G·U > A·U [83]. Importantly, crystal structures of UDG complexed 

with substrate analogues show that UDG does not make any interactions with the base 

that opposes the damage site [84]. This makes sense from a biological standpoint. UDGs 

removing uracil from DNA do not need to discriminate based on the opposing base, 

unlike thymine DNA glycosylases, which must avoid A·T sites. Additionally, lack of 

interaction with the opposing strand indicates that the increased rate of uracil removal 

from G·U relative to A·U sites is dependent on the decreased duplex stability at these 

sites [85]. 

Family-2 UDGs are mismatch-specific, and represented by the mispair-specific 

uracil glycosylase (MUG) from bacteria and TDG. Both MUG and TDG efficiently 

remove uracil from G·U mispairs, but exhibit weak or no activity for A·U sites [86]. 

Unlike UDG, MUG and TDG also both form strong interactions with the opposing 

guanine [86, 87]. In MUG, the void in the duplex upon flipping of the target base into the 

active site is occupied by Gly143 and Leu144 [86]. Strong hydrogen-bonds are formed 

between the N1 imino group of the widowed guanine and the carbonyl oxygen of 

Gly143, and between the N2 exocyclic amino group of the widowed guanine and the 

carbonyl oxygens of Gly143 and Ser145 [86]. Arg146, which is also a part of the 
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intercalation loop, does not directly contact the opposing guanine, but forms contacts 

with Leu144 that help position it [86]. Similar to MUG, contacts between the widowed 

guanine and TDG also involve backbone oxygens, from Ala274 and Pro280 [25]. Direct 

interactions between the MUG/TDG intercalation loops and the opposing Gua likely help 

to prevent excision of bases opposite from Ade, since interaction with Ade at these 

positions would be repulsive. While not as important during uracil removal, preventing 

thymine excision from A·T pairs is critical to genomic stability. Erroneous activity at 

A·T sites has been shown to be both cytotoxic and mutagenic [8, 9]. 

The MUG and TDG active sites are also distinctly different from those of UDG. 

Whereas Family-1 UDGs are highly specific to uracil, forming many specific contacts 

with the target uracil, the Family-2 UDGs (MUG/TDG) active sites can accommodate a 

broad range of bases, but with fewer specific interactions [79]. The more accommodating 

active site is accompanied by a significant loss in catalytic power (rate for the 

nonenzymatic reaction divided by that for the enzymatic reaction), however. The 

catalytic power of UDG on a G·U mispair was found to be 2 x 1012, while the catalytic 

power of TDG on a G·T mispair was 7.5 x 107. Interestingly, part of this loss in TDG 

catalytic power seems to be necessary to limit A·T activity. For example, the TDG-

A145G mutation, which crystal structures predicted would relieve steric hindrance for 

thymine in the active site, increased G·T activity 13-fold, but increased A·T activity 38-

fold [7]. Similarly, an H151A mutation increased G·T activity 13-fold, but increased A·T 

activity 34-fold. H151 appears to form a repulsive electrostatic interaction with thymine, 

resulting in reduced stabilization of the leaving group [7]. These conserved active site 

residues underscore the strict balance TDG must achieve between maximizing G·T 
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activity, while keeping A·T activity to a minimum. Overall, TDG does a remarkable job 

of discerning the opposing base, as activity for removal of thymine from a G·T mismatch 

is up to 17,000-fold higher than from A·T pairs [3].  

1.3.2 G·T mismatch-specific repair enzymes 

In addition to TDG, two other glycosylases have evolved to remove thymine from 

G·T mispairs: methyl binding domain IV (MBD4), and mismatch specific glycosylase 

(MIG). TDG and MBD4 are both found in eukaryotic organisms, while MIG is found in 

archaea [61, 88]. Like TDG, MBD4 also possesses both uracil and thymine excision 

activity, with a preference for an opposing G [43]. While evolutionarily unrelated, crystal 

structures from several groups have shown that MBD4 forms strikingly similar contacts 

with the opposing guanine as TDG [76, 89, 90]. Although MBD4 and MIG are in the 

same superfamily, MIG lacks the motif in MBD4 that contacts the opposing G, 

suggesting that MIG distinguishes between G·T mispairs and normal A·T pairs by a 

different mechanism [89]. 

Of particular note is the fact that TDG, MBD4, and MIG all use arginine as the 

“plug” residue used to fill the gap in the duplex upon flipping of the target base into the 

active site [25, 89, 91]. Use of Arg as the plug residue is unique within the UDG 

superfamily; UDG and MUG both utilize Leu as the plug [79, 86]. Notably, mutating the 

Arg plug to Leu caused a 30-fold reduction in G·T activity for TDG[26], and the Arg to 

Ala mutation reduced G·T activity 17-fold in MIG [91]. As a whole, these findings 

suggest that using Arg as the plug residue is advantageous to G·T mismatch glycosylases. 

 A recent crystal structure of TDG bound to DNA containing a G·caC pair 

showed contact between the Arg plug and O6 of the opposing guanine[87]. The Arg plug 
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contacts the mismatched G at the same position in some MBD4/G·T structures as well 

[90]. However, in the majority of structures of TDG and MBD4 bound to DNA, the Arg 

plug contacts two phosphates on either side of the flipped base, serving to pinch the 

backbone and help stabilize the flipped state [25, 89, 90, 92]. Thus far, Arg plug 

mutational studies do not indicate R275 helps enhance TDG mismatch specificity, 

however (discussed further in Chapter 4). 

In addition to opposing base specificity, TDG thymine excision activity is also 

dependent on the base 3’ of the target thymine. This so-called CpG specificity has been 

observed in numerous studies of the kinetics of thymine excision by TDG [93, 94] and is 

likely an additional layer of protection to prevent unnecessary activity on canonical A·T 

pairs. While this specificity was established decades ago, little is known about the 

mechanism by which it occurs. 

Previous studies suggested that steric hindrance for thymine in the TDG active 

site may contribute to CpG specificity. Excision of thymine was reduced 37-, 96-, and 

582-fold for TpA, TpC, and TpT, respectively, compared to TpG [3]. Similar 

experiments carried out with uracil, which reduces the steric clash with Ala145, only saw 

a 3.3-, 2.9-, and 22-fold reduction, while experiments with 5-halogenated forms of uracil 

saw a larger dependence on the CpG context as the bulk at the 5-position increased [3]. 

Another potential source of CpG specificity is contacts between TDG and the 

DNA surrounding the target base. An enzyme-substrate crystal structure of TDG bound 

to DNA containing a G·U mismatch showed direct contacts between Q278 and K201 of 

TDG and the downstream guanine [78]. In contrast, a structure of the MBD4 glycosylase 

domain bound to dsDNA containing an abasic site showed no interaction with the 3’ base 
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[89]. Consistent with this observation, kinetics experiments showed almost no CpG 

context specificity for MBD4. Compared to the activity for a G·T mispair in a TpG 

context, activity was 1.5-fold slower for a TpA or TpC context, and 2.7-fold slower for a 

TpT context [89]. To determine which TDG residues were responsible for CpG 

specificity, kinetics assays were performed using TDG mutant constructs. Surprisingly, 

TDG A145G, which relieves steric hindrance for thymine, did not reduce CpG specificity 

for thymine excision whatsoever. TDG K201A also had no impact on context specificity. 

TDG Q278A led to a reduction in CpG specificity, suggesting that contact between Q278 

and the 3’ G contribute to context specificity (discussed further in Chapter 3). 

In addition to identifying what specific TDG residues were responsible for 

establishing specificity, novel 1D 19F NMR experiments were used to report on thymine 

flipping equilibria. These 19F NMR experiments determined that TDG attains its stringent 

DNA context specificity by modulating the stability of base flipping into the active site. 

Structure-function relationships for thymine excision within a diverse group of x·T pairs 

revealed that both the thermodynamic stability of A·T pairs relative to G·T mispairs, as 

well as direct contacts between TDG and the opposing guanine, contribute to opposing 

base specificity. Kinetics experiments also determined that opposing base and CpG 

context specificity are nearly abolished during TDG excision of fC and caC, helping to 

establish that the TET-TDG-dependent active DNA demethylation pathway is efficient 

within non-CpG contexts. Together, these findings help define TDG glycosylase activity, 

and contribute to the understanding of the molecular basis of TDG substrate specificity. 
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Chapter 2: Materials and Methods 

 DNA synthesis and purification 

Oligodeoxynucleotides (ODNs) containing the four canonical bases were obtained from 

IDT, whereas most ODNs containing modified bases were synthesized by the Keck 

Foundation Biotechnology Resource Laboratory of Yale University, using 

phosphoramidites manufactured by various companies (Glen Research, Link 

Technologies, ChemGenes Corporation).  ODNs without modified bases obtained from 

IDT were typically pure enough to use without additional purification.  DNA containing 

modified bases was purified in-house by reverse phase HPLC using an XBridge OST 

C18 column (Waters Corp.), mobile phases containing 0.1 M TEAA pH 7.0 and either 

5% (A) or 15% (B) acetonitrile, a flow rate of 3.5 mL/min, a gradient of 35-60% B over 

19 min, and manually collecting fractions [12]. Purity of fractions was assessed via 

analytical anion-exchange HPLC under denaturing conditions (pH 12) [12].  Pure 

fractions were dried down in a vacuum concentrator and exchanged into buffer 

containing 0.01 M Tris-HCl pH 8.0, 0.05 M NaCl, 1 mM EDTA.  Concentration was 

determined by absorbance at 260 nm, using extinction coefficients calculated using the 

nearest-neighbor method [78]. 

 DNA duplexes were generated by mixing a target oligo with its complement 

strand in a 1.5 mL DNA Lobind tube (Eppendorf).  To ensure the duplex contained the 

proper ratio of both strands, the duplex was analyzed via HPLC, using a DNAPac 200 RS 

anion-exchange analytical column.  The ratio is determined by comparing the areas of 

each peak and can be adjusted if necessary.  Since DNA is detected by monitoring 

absorbance at 260 nm, each strand’s unique extinction coefficient must be considered. 
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  Next, the tube was placed into a dry bath incubator pre-heated to 85° C, then 

turning the heat off so the block cooled to room temperature over the course of several 

hours.  Slow cooling favors annealing of the two complementary strands, helping to 

prevent unwanted secondary structures, such as homodimers or hairpins.  DNA duplexes 

used for enzyme kinetics were diluted to 100 uM, and contain a 10% excess of the 

complementary strand, to ensure all of the target strand is within dsDNA.  DNA duplexes 

used for x-ray crystallography or NMR were typically stored at ~1 mM, and contain 

equal amounts of the two strands.  Aliquots were stored at -20° C to prevent unnecessary 

freeze-thaw cycles. 

 Figure 5 shows a standard 28mer duplex generated for kinetics experiments.  

Inserting a T at the position marked “x” would generate a G·T mismatch within a CpG 

context.  Previous studies have shown that the surrounding DNA sequence can impact the 

way TDG interacts with the duplex, and also impact the rate at which TDG excises target 

bases from the duplex [95].  For this reason, it is important to use the same DNA 

sequence, only changing the intended variables, when studying TDG-DNA interactions. 

Figure 5: Standard 28mer DNA duplex.  All bases in the duplex are 

complementary, except target site in some cases.  The intended target base 

is placed at the position marked x.  For example, if x = T, this duplex 

would contain a G·T mismatch. 

 

5’--AGC TGT CCA TCG CTC AxG TAC AGA GCT G--3' 

3’--TCG ACA GGT AGC GAG TGC ATG TCT CGA C--5’ 
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 TDG protein expression and purification 

Two forms of human TDG were purified: full length TDG, expressed from a 

pET28b vector, for use in glycosylase kinetics assays, and a shorter construct, TDG82-308, 

which is more stable, to use in NMR, x-ray crystallography, and slower kinetics assays. 

2.2.1 TDG82-308  

A vector (pJ401) for expressing TDG82-308, containing residues Ser82-Val308 of 

human TDG, was made by DNA 2.0 (Newark, CA, USA), and transformed into E. coli 

BL21(DE3) cells (New England Biolabs) for expression. About twenty colonies from an 

LB agar plate containing 30 ug/mL kanamycin sulfate were added to a 100 mL starter 

culture of sterile LB containing 30 ug/mL kanamycin sulfate, and grown at 37° C until 

the OD600 reached 0.6-0.8 (~3 hours).  At this point, the starter culture was distributed 

equally to 4 L LB (five 800-ml batches in 2 L baffle-bottomed flasks), and again allowed 

to grow at 37° C. Once the OD600 reached 0.6-0.8, the temperature was dropped to 15° C, 

and expression of TDG was induced by adding isopropyl-β-D-thiogalactopyranoside 

(IPTG) to a final concentration of 0.4 mM. The cells were incubated overnight (~20 

hours), then harvested by centrifugation for 15 min at 5000 x g. The bacterial pellets were 

then resuspended in lysis buffer (50 mM NaPO4 pH 8.0, 300 mM NaCl, 10 mM 

imidazole, 10 mM β-mercaptoethanol (BME)) using 2-5 mL of lysis buffer per gram of 

bacteria.  It is important to add a protease inhibitor prior to lysing the bacteria to protect 

TDG from cleavage. Both the cOmplete Mini protease inhibitor tablet (Roche), as well as 

the E-64 protease inhibitor from Calbiochem (Sigma), worked equally well.  At this 

point, the cells are either stored at -80° C for future use, or lysed open to extract the 
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recombinant TDG protein. Once cells begin to lyse, it is extremely important to keep the 

solution cold at all times, until TDG purification is complete. 

 To lyse the cells, both chemical and physical methods were used.  A freeze-thaw 

cycle helped lyse a portion of the cells, and was helpful when followed by chemical lysis. 

The chemical approach used 1 mg/mL lysozyme and 10x BugBuster (Millipore), 

followed by stirring on ice for 20-30 minutes.  A noticeable increase in viscosity was a 

good indicator of cell lysis, due to release of cellular DNA into solution.  After addition 

of a few μL of 250 U/μL Benzonase DNAse and another 20-30 minutes stirring on ice, 

thinning of solution indicated it was ready for centrifugation. However, sonication 

became the preferred method to lyse cells and degrade genomic DNA, once it was 

established TDG was stable enough for sonication, because it was faster, and cost-free. 

The Misonix sonicator 3000 was used at half power, cycling at 5 seconds on/15 seconds 

off, for a total of 12 minutes (3 minutes sonication), on ice. 

 Following lysis, the solution was centrifuged at 23k X g for 30 minutes.  Next, the 

supernatant was passed through a series of purification columns, all ran at 4° C.  First, it 

was passed through a gravity column containing a small amount (usually 4-5 mL) of 

nickel-nitrilotriaacetic acid (Ni-NTA) Superflow Resin (Qiagen) equilibrated in lysis 

buffer, at a rate of ~2 mL/min.  The His-tagged TDG bound to the resin, while most other 

biomolecules passed through the column.  A wash with 50 mL of high-salt lysis buffer 

(50 mM NaPO4 pH 8.0, 1 M NaCl, 10 mM imidazole, 10 mM BME) helped to remove 

non-specific binders from the resin.  Next, lysis buffer containing 400 mM imidazole was 

used to elute TDG from the column, collected in 5 mL fractions. The presence and purity 
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of TDG within these fractions was determined using 10% Tris-glycine SDS-PAGE gels 

with Coomassie staining (Figure 6, A). 

Fractions containing TDG were pooled together, and dialyzed overnight in lysis 

buffer to reduce imidazole levels.  Tobacco etch virus (TEV) protease was added during 

dialysis to cleave the N-terminal His-tag, removing all non-native amino acids from the 

TDG82-308 construct.  However, TDG82-308 removes thymine from a G·T mismatch at the 

same rate, whether the His-tag is present or not, indicating that removal of the His-tag is 

likely not necessary for enzyme kinetics reactions. Crystals were generated using His-

TDG82-308 as well, but whether or not the His-tag alters TDG/DNA interactions was not 

determined. This would be useful to know, as leaving the tag on cuts at least half of a day 

off of the purification. 

 Next, samples of both cleaved and non-cleaved TDG were run on a 12% SDS-

PAGE gel, to confirm cleavage of the His-tag (Figure 6, B).  The difference was slight, 

but noticeable, especially when cleaved versus non-cleaved TDG were placed in adjacent 

lanes, at concentrations that produced faint bands on the gel.  Next, TDG was passed 

through the Ni2+-column a second time.  Without the His-tag, TDG passed straight 

through the column, even at low imidazole levels (10-20 mM).  Most other impurities 

should have stuck to the column, since they did not come off the column until the high 

imidazole elution during the initial Ni2+-column.  However, a second pass through the 

Ni2+-column did very little to remove unwanted proteins.  After another 10% SDS-PAGE 

gel, fractions containing TDG were pooled together (Figure 6, C). 

NaCl concentration had to be reduced to ~100 mM prior to loading onto the next 

column.  Dialysis or buffer exchange using a centrifugal filter concentrator were used to 
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accomplish this, initially. However, the preferred method became diluting with SP buffer 

containing low salt (20 mM HEPES pH 7.0, 20 mM NaCl, 0.2 mM EDTA, 1 mM DTT, 

and 1% glycerol).  Care was taken to add ice-cold low-salt buffer slowly, while mixing, 

as TDG precipitates out of solution under low NaCl conditions. It is important to never 

dilute with buffer containing no NaCl, as this can lead to precipitation. 

Next, the prep was loaded onto a 5 mL SP HP HiTrap prepacked column 

equilibrated in SP buffer A (20 mM HEPES pH 7.0, 75 mM NaCl, 0.2 mM EDTA, 1 mM 

DTT, 1% glycerol) using an AKTA Pure FPLC (GE Healthcare).  The protein was eluted 

using a NaCl gradient from 75 mM to 1 M over 150 mL at 2 mL/min, collected in 5 mL 

fractions (Figure 6, D). Following another 10% SDS-PAGE gel, fractions containing 

TDG were pooled together. 

The final step of TDG82-308 purification was to concentrate the solution down to 

~5 mL and load onto a HiLoad 26/600 Superdex 200 pg size exclusion column.  Size 

exclusion buffer (5 mM Tris pH 7.5, 200 mM NaCl, 0.2 mM EDTA, 0.2 mM DTT) was 

passed through the column at 2 mL/min, collecting 5 mL fractions (Figure 6, E).  

Fractions of pure TDG were concentrated down to ~1 mL using Amicon Ultracel 

filtration devices (Millipore) with 10kDa MWCO.  Protein concentration was determined 

by absorbance at 280 nm (ε280 for TDG82-308 = 17.4 mM-1cm-1).  Final protein stocks 

(typically ~1 mM) were aliquoted, flash-frozen, and stored at -80° C. 
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Figure 6: TDG82-308 purification SDS-PAGE gel images.  (A) First 

Ni2+ column.  (B) Gel to confirm cleavage of His-tag.  (C) Second 

Ni2+ column.  (D) SP column.  (E) Size exclusion column. 
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Figure 6 continued 

 

 

 

This purification protocol was used to successfully purify many TDG82-308 mutant 

constructs as well, including N140A-TDG82-308, A145G-TDG82-308, N191A-TDG82-308, 

and Q278A-TDG82-308.  All of these mutants, except Q278A, were generated by other lab 

members using a QuikChange II site-directed mutagenesis kit (Agilent Technologies) 

[78, 87].  The expression vector for Q278A was obtained from ATUM (Newark, CA). 

2.2.2 Full length TDG 

 The protocol to purify full length TDG was similar to that used for TDG82-308.  

Growth and lysis of cells was identical.  The N-terminal His-tag is not removed, because 
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TDG contains a thrombin recognition sequence within its C-terminal domain.  

Purification began with a Ni2+-column, followed by an SP column. After the SP column, 

a Mono Q 5/50 GL column (GE Healthcare) was utilized, instead of size exclusion.  The 

concentration of NaCl was reduced to ~100 mM prior to loading onto the mono Q 

column.  Elution was carried out using the same buffers used in SP column (20 mM 

HEPES pH 7.0, 75 mM/ 1 M NaCl, 0.2 mM EDTA, 1 mM DTT, and 1% glycerol), 

running a gradient of 0-25% buffer B over 30 mL, 0.5 mL/min, collecting 1 mL fractions. 

 The mono Q column was needed during purification of full length TDG to 

separate TDG from C-terminal truncation/degradation products. Truncated TDG was not 

separated from TDG by either the Ni-NTA or SP column.  Fractions from the SP column 

were relatively pure, but there were many bands just beneath the main TDG band (Figure 

7, left).  Since the C-terminal domain of TDG contains many positively charged residues, 

the mono Q column—a cation exchanger—did a fairly good job of separating full length 

TDG from these truncated forms of TDG (Figure 7, right).  A small presence of these 

TDG truncations likely had no effect on enzyme kinetics results, as TDG82-308, which 

does not contain the entire C-terminal domain, has been shown to possess the same DNA 

binding properties and enzymatic function [78]. 

 The purest fractions from the mono Q column were pooled and concentrated 

using Amicon Ultracel filtration devices with 10kDa MWCO (Millipore).  During this 

process, TDG was exchanged into TDG storage buffer (20 mM HEPES pH 7.5, 100 mM 

NaCl, 0.2 mM EDTA, and 1 mM DTT).  Protein concentration was determined by 

absorbance at 280 nm (ε280 = 31.5 mM-1cm-1 for TDGfull).  Final protein stocks were 

aliquoted, flash-frozen, and stored at -80° C. 
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Figure 7: Full length TDG purification gels.  (left) Fractions from the 

SP column. The densest bands are full length TDG, the many bands 

beneath are C-terminal truncations  (right) Fractions from the mono Q 

column, showing near complete absence of TDG truncation products. 

 

 TDG glycosylase assays 

Since TDG turnover (kcat) is severely restricted by slow product release and strong 

product inhibition[96], TDG activity is assessed using single-turnover kinetics 

experiments.  Single-turnover kinetics are performed using saturating enzyme conditions 

([E] > [S], [E] >> Kd), providing an observed rate constant (kobs) that is not impacted by 

TDG-DNA association, product release, or product inhibition, and therefore reflects the 

maximal rate of product formation (kobs ≈ kmax)[97].  Assays were performed in buffer 

containing 20 mM HEPES pH 7.5, 100 mM NaCl, 0.2 mM EDTA, and 0.1 mg/mL BSA.  

Previous work in the lab also included 2.5 mM MgCl2; however, Mg2+ was omitted from 

the buffer because it is not necessary for TDG function, and seemed to have a negative 

effect on the outcome of longer reactions, potentially by enabling unwanted nuclease 

activity. 
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Reactions were initiated by adding concentrated enzyme to buffered substrate, 

followed by rapid, thorough mixing.  At selected time points, aliquots were removed and 

quenched via 3X quench buffer (300 mM NaOH, 30 mM EDTA) to immediately halt the 

reaction, then heated at 85° C for 5 minutes to cleave the DNA backbone at enzyme-

produced AP/abasic sites.  The resulting DNA fragments were resolved via HPLC on a 

DNAPac 200 RS anion-exchange analytical column (Fisher Scientific).  Peak integrals 

were used to determine the amount of product formed, then data was fitted, using non-

linear regression with GraFit5, to the following equation: 

fraction product = A(1 - e-kt) 

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

substrate concentration was typically 1 μM.  At 1 μM DNA, 20 μL was needed per time 

point to achieve a strong enough signal to noise ratio.  To ensure saturating enzyme 

conditions ([E] > [S], [E] >> Kd), 1.5 μM TDG was typically used.  Previous studies have 

shown that TDG and TDG82-308 bind tightly to DNA containing a G·T mismatch (Kd < 

0.02 μM), and even tighter to other TDG substrates (G·U mismatch, fC, and caC)[24, 

78].  However, Kd values are not known for all TDG substrates, and the surrounding 

DNA sequence likely impacts the Kd.  To ensure saturating enzyme conditions, additional 

kinetics experiments were performed using higher TDG concentrations (typically 3-10 

μM, to verify that kobs remained the same. 
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2.3.1 Temperature 

Temperature is an important parameter to control while conducting enzyme 

kinetics experiments. Since “room temp” can fluctuate anywhere from 22.0-23.5° C, care 

must be taken to ensure consistent temperatures. Unfortunately, even the benchtop dry 

bath incubator (Fisher Scientific) was insufficient at holding a stable temperature.  Likely 

due to the lack of a cooling mechanism, it cycled at about +/- 0.5° C from the set 

temperature.  To put things into perspective, for TDG acting on a G·T mismatch, kmax 

increases 11-fold from 15° C to 37° C, and 3-fold from 30° C to 37° C.[13]  So a 

difference of 1° C can have a substantial impact on TDG activity, increasing kmax by 

about 40%.  The preferred method to maintain a stable temperature became using a water 

bath equipped with both a heater and refrigeration (Fisher Scientific Isotemp 3016D), 

which held to the set temperature nearly perfectly, only occasionally—and very briefly—

going to +/- 0.1° C of the desired temperature.  Most experiments were conducted at 37° 

C to mimic human physiological conditions as closely as possible.  Occasionally, kinetics 

was performed at lower temperatures, to stay consistent with other techniques that 

required lower temperatures, such as 19F NMR or ITC. 

2.3.2 Two approaches to determine kmax 

Under ideal conditions, time points were selected to capture the full progress of 

the reaction (Figure 8, A) and kmax was determined using equation 1.  However, for 

slower reactions requiring longer time points, sometimes the fraction product never 

approached 1 (Figure 8, B).  Under these circumstances, it was sometimes challenging to 

determine why the reaction did not go to completion.  The accuracy of the rate constant 

obtained from a reaction not reaching completion is unknown, since it is possible the 
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enzyme lost activity before all substrate was converted to product.  In general, full length 

TDG was capable of completing reactions that finished within ~30 minutes at 37°C, 

while TDG82-308 was capable of completing reactions taking up to ~20 hours.  Another 

potential explanation for the reactions not going to completion was not all substrate being 

able to be converted to product.  This could occur due to an insufficient amount of the 

complement DNA strand, leaving some of the substrate in single-stranded form.  

Fortunately, the relative ratio of substrate and complement were easily determined 

directly by comparing the integral of each peak during HPLC analysis via a DNA Pac 

column.  Lack of sufficient complementary strand was easily remedied by addition of 

more complement DNA. 

When reactions did not go to completion due to loss of enzyme activity, kmax was 

determined using time points during the early portion of the reaction (Figure 8, C).  

Ideally, at least 4-5 time points between 0.02-0.10 fraction product were used. The slope 

of the line fitted to these early time points provided kmax. 
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2.3.3 Benefits of analyzing glycosylase reactions via HPLC 

Our lab monitors glycosylase kinetics reactions in a unique way.  Most labs 

observe cleavage of the target base by running the DNA on gels.  The target strand is 

selectively labeled, typically by attaching a fluorophore or radiolabel at the 5’ or 3’ end.  

Cleavage of the target base is detected by exposing the DNA to alkaline pH and high 

heat, conditions which lead to cleavage of the backbone at abasic sites. Cleavage is 

A B

C

Figure 8: Example of different enzyme kinetics reaction curves.  (A) kinetics 

reaction going to near completion.  (B) kinetics reaction not going to completion.  

(C) kinetics reaction utilizing short linear time points. 
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observed by the presence of a smaller band on a gel.  The fraction of substrate cleaved at 

each time point is determined by comparing the relative intensities of the two bands in 

each lane.  A clear advantage of doing it this way is that significantly less DNA can be 

used, due to the high sensitivity of fluorescence/radiation detectors. Fluorescence labeling 

needs ~0.5 pmol of DNA per time point [20], while radiolabeled DNA can be detected at 

levels as low as 1.8 fmol per time point [66]. Our lab detects DNA by absorbance at 260 

nm, requiring considerably more DNA, about 20 pmol of DNA per time point.  However, 

there are several benefits to our approach. 

As mentioned in section 2.1, analyzing our DNA via HPLC allows us to confirm 

the duplex contains the proper ratio of each strand. It also can verify purity of DNA, 

which can be an issue when working with modified bases that are less stable, because 

even a small chemical change within one base of a 28mer is likely to shift the elution 

time off the column. 

HPLC analysis of the DNA fragments can also provide detailed information about 

which strand is cleaved, and where exactly cleavage occurs, due to the precision and 

reproducibility of the system.  For example, figure 9 shows the chromatograms of two 

different TDG glycosylase kinetics reactions, one where x = T, and one where x = U, 

both using the following sequence: 

 

5’--AGG AGT CCA TCG CTC AxG TAC AGA GCT G--3' 

3’--TCC TCA GGT AGC GAG TGC ATG TCT CGA C--5’ 

Since x (T/U) was excised in both reactions, the target strand was broken at the same 

spot, after exposure to alkaline pH and heat, generating fragments that were identical.  
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The exact time of elution for each peak drifted slightly from one run to the next, but the 

time between peaks remained very consistent (Figure 9).  In the G·T reaction, the time 

between the two product peaks (p2-p1) was 0.608 minutes.  For the G·U reaction, this 

value was 0.614 minutes.  This property became especially useful when identifying new 

substrates, or testing proposed substrates.  By placing the proposed substrate at the “x” 

position, we could say with high certainty that the new substrate was cleaved, given the 

time between product peaks was close to 0.61 minutes. 

 

Figure 9: Comparison of time between product peaks for DNA 

duplexes containing G·T and G·U mismatches.  Chromatograms of 

two separate TDG kinetics reactions, each given enough time to go to 

completion.  The numbers above each peak include the peak number, as 

well as the time of elution. The largest peak, which eluted near the 9 

minute mark, was the 28mer complement strand. The two peaks that 

eluted earlier are the fragments generated when the target strand was 

cleaved into two. 
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 Characterizing nucleotide flipping by 19F NMR spectroscopy 

 19F NMR is a useful tool for studying structure and dynamics in biological 

systems.  19F exists at 100% natural abundance, and is hypersensitive to its local 

environment, with chemical shifts up to 100-fold greater than those observed for 1H 

nuclei in corresponding position.  Furthermore, most biomolecules do not contain 

fluorine atoms, so engineering one into the area of interest, in a way that does not perturb 

local interactions, generates a simple to detect, powerful probe to sense changes within 

that area.  It was hypothesized that DNA containing a single fluorine atom at the 2′ 

position within the target deoxynucleotide would report on nucleotide flipping into the 

TDG active site.  That was indeed the case. This new technique worked beautifully, 

providing valuable insight into how TDG achieves CpG specificity during thymine 

excision. 

2′-F-substituted nucleotides are synthesized in two forms, 2′-F-ribo (α) and 2′-F-

arabino (β) (Figure 10).  The sugar pucker of 2′-F-α is compatible with A-form DNA or 

RNA. 2’-F-(β)-substituted nucleotides were used in our 19F NMR samples, since it is 

compatible with B-form DNA, and therefore less likely to alter TDG/DNA interactions 

[78, 98]. 
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2′-F-(β)-substituted nucleotides have been used in many structural and 

biochemical studies of DNA glycosylases, because the 2′F-substitution prevents cleavage 

of the N-glycosyl bond, due to transition-state destabilization [99, 100].  This provides an 

opportunity to observe enzyme-substrate interactions.  Importantly, our lab has seen 

stable flipping of multiple 2′F-substituted nucleotides into TDG’s active site in crystal 

structures generated by x-ray crystallography [78].  These structures were very similar to 

structures generated using normal DNA and enzymatically-inactive TDG [87], indicating 

that the 2′F-(β)-substitution does not alter key DNA/TDG active site contacts. 

 To our knowledge, 2′-F-substituted nucleic acids have not previously been used in 

19F NMR studies of nucleotide flipping.  It was reasoned that the chemical environment 

of the fluorine atom would differ enough in the stacked versus flipped conformation to 

generate distinct 19F chemical shifts (Figure 11). 

2’F-ribo (α) 2′-F-arabino (β)

Figure 10: Stereoisomers of 2′F-substituted nucleotides.  

We used the 2′F-arabino (β) form, since it is compatible with 

B-form DNA. 
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As figure 12 shows, two peaks were observed, one corresponding to the nucleotide 

stacked in the duplex, and one corresponding to the nucleotide flipped into the TDG 

active site.  All of the spectra containing DNA alone (A·T, G·TGG, and U·G) have one 

narrow peak, in the -115 to -117 ppm region, representing the fluorine atom for the 

stacked state of 2′-F-dT or 2′-F-dU.  While it is known that duplex DNA undergoes 

breathing, this process is transient, and the bases are predominantly in the stacked state 

[98, 101, 102].  The spectrum for TDG-bound A·T DNA has a broader peak at the same 

chemical shift as the free DNA.  The lack of a chemical shift perturbation indicates TDG 

does not stably flip dT within A·T pairs, or at least not to a degree that is detectable by 

Figure 11: Flipped vs non-flipped target base. Shown is a crystal 

structure of a TDG:DNA complex with the target base (yellow) flipped 

into the TDG (magenta) active site. Notice both the base and sugar are 

completely flipped out of the duplex, and thus experience a far different 

shielding effect from surrounding atoms. (PBD ID: 5HF7) 
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this method.  Considering TDG does not efficiently remove thymine from A·T pairs, it is 

not surprising that the NMR spectra provide no evidence of base flipping.  It is also hard 

to imagine how TDG would find its target bases efficiently if it paused to flip thymine 

from every A·T pair into its active site. 

Figure 12: 19F NMR spectra of DNA containing 2′-F-dT or 2′-

F-dU, with or without TDG, collected at 18° C.  Labels on the 

right indicate the type of DNA, and enzyme (if present) for each 

NMR sample. One sample contained TDG111-308 while all others 

contained the TDG82-308 construct (TDG, A145G-TDG). 

The spectrum for G·T duplex DNA alone (G·TGG) contains a single peak near -

115 ppm, in the stacked region.  This is consistent with previous findings showing that 

G·T mispairs are less stable than Watson-Crick pairs, but still predominantly stacked 

within the duplex [103].  Addition of TDG to this duplex led to two distinct peaks in the 
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NMR spectrum, one near -115 ppm, and one at -124 ppm, indicating that the 2’-F-dT 

nucleotide resides in two distinct chemical environments.  The downfield peak appears to 

be in the stacked conformation, since it shares the exact chemical shift as the peak for 

free DNA.  The upfield peak at -124 ppm is attributed to 2’-F-dT flipped into the active 

site.  These results confirmed previous findings that thymine flipping into the active site 

is reduced due to steric hindrance [7].  The possibility that the peak at -115 ppm 

represents free DNA is very low, considering the sample contains a molar ratio of 1:1.5 

DNA to TDG, and the concentration of TDG is at least 104-fold higher than the Kd for 

binding to G·T DNA [24, 78]. 

 The spectrum for G·T DNA with A145G-TDG exhibits one major peak, with a 

chemical shift very close to that observed for the flipped state with the WT enzyme.  This 

confirmed a previous prediction that Ala145 reduces G·T base excision activity by 

decreasing the propensity of dT to flip into the TDG active site [7].  It also provided more 

evidence that the peaks observed near -124 ppm correspond to 2’-F-dT in the flipped 

state.  There is a slight peak at -115 ppm, just barely noticeable above the noise, 

indicating that a small portion of the target base remains stacked within the duplex at any 

given time.  Based on calculations of the signal to noise ratio, this technique can detect 

peaks if they are >5% of the total signal. 

 It was also decided to characterize nucleotide flipping of 2’-F-dU, placed within a 

G·U mismatch, into TDG’s active site.  The spectrum for G·U DNA by itself contains a 

single peak at -115 ppm, consistent with the idea that U, like T, is predominantly stacked 

in the duplex.  Flipping of U was anticipated to be more stable than T, for two reasons.  

First, kinetics experiments showed TDG removes U from G·U mispairs 12-fold faster 
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than it removes T, and the CpG specificity for excision of U is drastically reduced 

relative to T [3].  Second, crystal structures of TDG with DNA containing a G·U 

mismatch indicated complete flipping of uracil into the active site [78].  Indeed, the 

spectrum of TDG-bound G·U DNA contains no peak at -115 ppm.  But it does have two 

peaks 6 ppm upfield, revealing that at least 95% of dU is flipped into the active site for 

TDG-bound G·U DNA, and dU possibly adopts two relatively stable conformations 

within the active site. 

 19F NMR data was also collected for G·U DNA bound to the TDG catalytic core 

(TDG111-308).  The catalytic core has reduced binding affinity and excision rates for TDG 

substrates, compared to TDG82-308 [78].  And yet dU flipping is still very stable, as 

evidenced by the similarity of the spectra for TDG111-308 and TDG82-308. 

2.4.1 Parameters for 19F NMR 

 NMR experiments were performed on a Varian 500 MHz spectrometer (470 MHz 

for 19F) equipped with four channels, a Z-axis gradient, and a 5 mm HFCN probe.  

Experiments were collected with a carrier frequency of −119 ppm relative to δ19F for 

trifluoroacetic acid (TFA), an acquisition time of 0.66 s, a relaxation delay of 1.0 s, with 

8192 complex points, at 18 °C (unless stated otherwise).  Spectra were collected with 

1000−2000 scans for free DNA and 7,700−25,000 scans for protein−DNA complexes.  

The data were processed by applying exponential multiplication with 25 Hz line 

broadening prior to Fourier transformation, using NMRpipe [104].  The observed 19F 

chemical shifts are relative to TFA (external).  Samples contained 0.15-0.2 mM DNA, 

and a 50% molar excess of TDG.  DNA-only samples contained 0.05−0.1 mM DNA.  All 

samples were in the same buffer: 15 mM Tris-HCl pH7.5, 0.1 M NaCl, 10% D2O. 
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2.4.2 Equilibria and dynamics of nucleotide flipping 

The 19F NMR spectra provide the equilibrium constant for reversible nucleotide 

flipping (Kflip) (Figure 2).  Since the strength of the NMR signal is independent of the 

state of flipping, Kflip is determined from the ratio of the integrals corresponding to the 

flipped (IF) and stacked (IS) states (Kflip = IF/IS).  Areas were acquired by printing images 

of the spectra, assigning the baseline, cutting and weighing peaks.  Each spectrum was 

done in duplicate, and this process was highly reproducible.  Based on the signal to noise 

ratio, the range of Kflip this technique can determine is ~0.03-30, on a 500 MHz 

spectrometer, and 0.2 mM DNA. 

The 19F NMR spectra also provides information about the dynamics of nucleotide 

flipping.  Observation of separately resolved peaks indicates that the conformational 

exchange between the stacked and flipped states is slow on the NMR timescale, which 

depends on the difference in resonance frequencies of the two peaks (Δv).  This does not 

give the rate constant for forward or reverse flipping, but does give an upper limit on the 

overall rate of exchange (kex), using the following equation: 

kex < (0.71π)|Δv| 

For example, in the spectrum for G·TGG DNA bound to TDG (Figure 12), the difference 

in resonance frequency for the two peaks is ~4,000 Hz, so we can conclude that kex < 

8900 s-1. 

 Isothermal titration calorimetry (ITC) 

 ITC was used to investigate the thermodynamic stability of DNA duplexes 

containing thymine and varying opposing bases.  Several 13mer duplexes that are 
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identical, except for the base opposite of thymine at one position towards the center, were 

designed.  ITC provides the enthalpy and in some cases the entropy of duplex 

hybridization, and can be performed at a range of temperatures.  Other groups have 

monitored melting using UV absorbance, and performed differential scanning calorimetry 

(DSC) to assess the change in duplex stability caused by modified bases.  The drawback 

to these techniques is that the thermodynamic properties obtained are at the transition 

temperature required for melting the duplex, which is typically above 50° C.  Since ITC 

experiments can monitor duplex formation, they can be performed at temperatures closer 

to physiological conditions, or at the same temperature of other techniques used to 

analyze these modified (x·T) pairs, and can obtain ΔH at a single temperature. 

ITC measurements were carried out at 27° C on a Microcal VP-ITC titration 

calorimeter.  All oligos were exchanged into, and diluted with, the exact same buffer to 

minimize background heats of dilution associated with differences in pH or ionic 

strength.  The buffer contained 10 mM NaHEPES pH 7.5, and 100 mM NaCl.  The DNA 

in the syringe was from a single concentrated stock, to ensure uniformity across all 

experiments.  This is important because enthalpy calculations are dependent on the 

concentration of sample in the syringe, among other factors.  Samples were diluted from 

concentrated stocks the day of the experiments, and concentrations were verified by 

absorbance at 260 nm (either via nanoDrop or UV spectrometer).  Samples were 

degassed under vacuum immediately prior to use.  Experiments consisted of a 5 µL 

injection, followed by approximately twenty nine 12 µL injections of the T-containing 

strand at 12.5 µM into 1.4 mL of the complementary strand at 1.25 µM.  Stirring was set 

to 300 rpm, and injections were spaced 200 s apart. 
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ITC data were analyzed with ORIGIN software (MicroCal Inc., version 7.0).  

Baselines of raw thermograms were manually adjusted, as necessary.  For each 

experiment, injections were continued well after the binding transition for the duplexes.  

These final injections were fitted to a straight line, which was then subtracted from the 

entire data set, to remove contributions from background heats of mixing and dilution.  

Titration points were fitted to a sigmoidal curve using a non-linear least squares method 

and a single site binding model, providing the ΔH, Ka, and stoichiometry (n).  Across all 

experiments, the stoichiometry remained close to the expected value of n = 1, indicating 

oligo concentrations were accurate and the system was operating well.  Unfortunately, it 

was not possible to find conditions where both ΔH and Ka were reproducible, however, 

likely due to the extremely tight binding of the two oligos. 

A critical parameter that determines the shape of the binding isotherm, and 

therefore the accuracy of the ΔH and Ka derived from it, is the unitless constant c, defined 

as: 

c = Ka · Cc · n 

where Ka is the binding constant for the two oligos, Cc is the concentration of the oligo in 

the cell, and n is the stoichiometry for binding.  The preferred range for c is between 1 

and 1000.  Since the binding affinities for the duplexes used in this experiment were 

unknown, the value of c was unknown.  Based on results published by groups doing 

similar work [105, 106], initial experiments started with 5 µM DNA in the cell.  This 

produced a strong signal, and resulted in reproducible ΔH measurements.  However, the 

steep shape of the sigmoidal curve made Ka calculations unreliable.  In an attempt to get a 

more accurate Ka value, the experiment was repeated with 1.25 µM DNA in the cell.  As 
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figure 13 shows, the signal to noise ratio was still strong, and enthalpy values obtained 

were reproducible and similar to those obtained at the higher concentration.  However, 

the sharp rise of the sigmoidal curve remained.  Another experiment was performed, with 

an additional 5-fold reduction of DNA concentration in the cell (0.25 µM).  The signal to 

noise ratio at this concentration seemed acceptable to the naked eye, but it was more 

difficult to adjust the baseline in the raw thermogram.  The ΔH values obtained at this 

concentration had much larger standard deviation, and were significantly higher than 

those obtained previously.  The standard deviation also increased for Ka, indicating that 

the reduced signal to noise ratio at this concentration negatively affects data 

reproducibility. In conclusion, due to the very tight binding of the oligos used for these 

studies, an accurate determination of Ka was not practical by ITC. 
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Figure 13: Optimization of ITC parameters. (A) Use of 1.25 uM 

ssDNA in the cell resulted in a robust signal with great signal to noise, 

but made KA determination impossible due to the sharp sigmoidal curve. 

(B) Use of 0.25 uM DNA in the cell reduced signal to noise levels to the 

point data was unreproducible. 
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Chapter 3: Molecular basis of CpG specificity revealed by 19F 

NMR 

 Significantly reduced CpG specificity for fC/caC excision 

It has been known for decades that TDG possesses strict CpG specificity for 

excision of thymine from G·T mispairs.  It was hypothesized that CpG specificity for 

thymine excision is evolutionarily engineered into TDG to help prevent unwanted 

excision of thymine from A·T pairs. Since there is no need to scrutinize the surrounding 

DNA context during fC/caC excision, CpG specificity is unnecessary.  TDG does not 

need to survey the surrounding DNA landscape to prevent unwanted removal of fC or 

caC, as it does for thymine excision. fC and caC are generated for the purpose of 

removing mC during the process of active DNA demethylation, and any fC or caC 

encountered is to be removed. 

Recent studies have also shown that mC occurs at non-CpG contexts (termed 

CpH) more frequently than previously thought, in certain mammalian cell types.  In 

embryonic stem cells and neurons, as much as half of all methylated cytosines can occur 

at CpH sites [107-109].  Furthermore, most of the methylation at CpH sites in stem cells 

is lost upon differentiation [110].  Considering that TDG catalytic activity is necessary 

for embryonic development in mice [15, 16], it is highly likely that TDG’s ability to 

remove fC and caC from CpH contexts is physiologically relevant.  To our knowledge, 

this activity has never been determined. 
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To assess the ability of TDG to remove fC and caC bases in CpH contexts, single-

turnover kinetics experiments were performed, with the full length human TDG enzyme, 

on 28mer duplex DNA with the following sequence: 

5’--AGG AGT CCA TCG CTC Axy TAC AGA GCT G--3' 

3’--TCC TCA GGT AGC GAG TGz ATG TCT CGA C--5’ 

where fC or caC were inserted at the x position, G/A/C/T were placed at the y position, 

and z contained bases complementary to the base at y. 

 Strikingly, a near complete loss of CpG specificity was observed during removal 

of fC and caC (Figure 14).  Compared to fCpG, kmax was reduced by only 1.4-, 1.8-, and 

4.7-fold for fCpA, fCpC, and fCpT, respectively.  Similarly, compared to caCpG, kmax 

was reduced by 1.3-, 1.7-, and 3.4-fold for caCpA, caCpC, and caCpT, respectively.  This 

was a stark contrast to the results for G·T, where a 10- to 75-fold reduction in kmax was 

observed for CpH contexts, relative to CpG [12]. 

Our collaborators in the Kohli lab at the University of Pennsylvania determined 

that the TET enzymes can convert mCpH to fC and caC with reasonable efficiency. 

Overall, these data suggest that the TET/TDG active demethylation pathway is proficient 

within CpH contexts. 
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Figure 14: Comparison of CpG specificity for excision of thymine, 

fC, and caC by TDG. Single-turnover kinetics reactions were 

performed using 28mer duplex DNA (500 nM) and full-length TDG (1 

uM), at 37° C. 

 

Table 1: Kinetic parameters for TDG CpG specificity 

Substrate kmax (min-1) Fold slower than xG 

TpG 0.65 ± 0.03 - 

TpA 0.063 ± 0.008 10 

TpC 0.029 ± 0.0007 22 

TpT 0.0087 ± 0.0006 75 

   

fCpG 1.31 ± 0.08 - 

fCpA 0.97 ± 0.08 1.4 

fCpC 0.74 ± 0.11 1.8 

fCpT 0.28 ± 0.02 4.7 

   

caCpG 0.57 ± 0.04 - 

caCpA 0.44 ± 0.03 1.3 

caCpC 0.33 ± 0.04 1.7 

caCpT 0.17 ± 0.01 3.4 
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 Effect of 3′-Neighboring Bases on Thymine Excision 

 With the findings that a significant portion of mC occurs at non-CpG sites both 

within stem cells and neurons, it was decided to determine the capacity of TDG to protect 

against mC deamination when it occurs at CpH sites.  To accomplish this, 28mer DNA 

duplexes containing a G·T mismatch were acquired, with an identical sequence to the 

DNA used for the fC/caC experiments, but placing G/A/C/T at the x and y positions (aka 

the +1 and +2 sites) relative to the mismatched T (Figure 15). 

 

 

 Single-turnover kinetics experiments were performed using a construct of human 

TDG that includes residues 82-308 (TDG82-308), due to its improved stability.  This 

allowed us to perform reactions at 37°C which took over 12 hours to go to completion 

(Figure 16, B).  In contrast, full length TDG loses activity after ~30 minutes under the 

same conditions.  Importantly, TDG and TDG82-308 exhibit the same binding affinity and 

glycosylase activity for G·T mispairs and other substrates [78].  The results aligned with 

past findings that excision of thymine is fastest with G at the +1 site [3, 93, 111] (Figure 

16, A).  Furthermore, the dependence of activity on the +1 base is independent of the 

Figure 15: 28mer DNA duplex used to determine TDG’s 

ability to protect against mC deamination.  DNA that 

contains a G·T mispair is referred to as “G·Txy”, where x and 

y represent bases at the +1 and +2 sites, respectively, relative 

to the mismatched T.  For example, “G·TGT” has G at the +1 

and T at the +2 site. 
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base at the +2 site, as evidenced by the trend G·TGy > G·TAy > G·TCy > G·TTy, for 

any base (y) at the +2 position.  Interestingly, the magnitude of CpG specificity 

determined here at 37°C was smaller than previously published data obtained at room 

temperature [3].  But even with the reduced specificity at 37°C, a vast 300-fold difference 

in activity between the most and least efficient substrates (G·TGG, G·TTC) was 

observed.  To confirm the difference in specificity at 37°C, the kinetics experiments were 

repeated for G·Tx substrates at 18°C.  At 37°C, kmax was reduced by 7.8-, 13-, and 66-

fold for G·TA, G·TC, and G·TT, compared to G·TG.  At 18°C, kmax was reduced by 11-, 

42-, and 268-fold for G·TA, G·TC, and G·TT, compared to G·TG (Figure 16, C).  This 

data shows that temperature plays a larger role for the poorest substrates.  Stable flipping 

of thymine into the active site appeared to explain why the temperature dependence was 

higher for non-CpG contexts.  This idea will be explained in greater detail in the 

subsequent sections. 
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A

Substrate km ax (min- 1)
kmax relative

to TG

37°C TG 0.72 ± 0.03 -

TA 0.092 ± 0.001 7.8

TC 0.054 ± 0.001 13

TT 0.0109 ± 0.0002 66

18°C TG 0.067 ± 0.002 -

TA 0.0060 ± 0.0004 11

TC 0.0016 ± 0.00006 42

TT 0.00025 ± 0.000004 268

C

G·TGy

G·TxG

G·TxA

G·TxC

G·TxT

G·TAy

G·TCy G·TTy

B

Figure 16: Kinetics results for G·Txy substrates.  Single-turnover 

kinetics reactions were performed at 37°C.  (A) Comparison of log kmax 

for all 16 G·Txy substrates.  (B)  Images of reaction curves, showing all 

reactions went to near completion, and individual time points are well fit 

by plotted curves.  (C)  List of kmax values for G·Tx substrates at both 

18°C and 37°C, along with activity relative to G·TG. 
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The results revealed a distinct dependence on the +2 base during thymine excision 

as well (Figure 16, A).  For any given +1 base, kmax was highest when G was the +2 base.  

Of note was the rate for G·TAG, which was almost as high as the G·TGy substrates.  

This is important because CAG is one of the most frequent sites of non-CpG cytosine 

methylation.  Thymine was the second most preferred base at the +2 site, especially 

among G·TCy and G·TTy substrates.  Previous structural data likely explain the benefit 

of T at the +2 position, where favorable electrostatic interactions between the +2 T and 

Gln278 of TDG were observed. 

Kinetics experiments were also performed while altering the -1 base (Figure 17).  

Structural data indicate that TDG does not form any contacts with the -1 base, so any 

differences in thymine excision activity would be attributed to inherent changes in the 

DNA duplex itself. One important factor is base stacking interactions, which play a role 

in overall duplex stability, and need to be disrupted when the base flips into the active 

site.  Overall, a 2.3-fold difference between the slowest and fastest context was found.  

These results show that changes to the duplex itself can have a small effect on TDG 

excision rates, but the large CpG specificity observed is likely due to the selective 

contacts between TDG and the +1/+2 bases, not merely inherent differences in the DNA 

itself. 
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Figure 17: Dependence of thymine excision on -1 base. Single-turnover 

kinetics reactions were performed at 22° C, using TDG82-308 (1.5 uM) and 

duplex DNA (1 uM) containing a G·T mismatch, with all four canonical 

bases at the -1 position. Unlike for the +1 base, only slight differences in 

kmax are observed for changes of the -1 base. The optimal context, which 

led to the highest rate of thymine excision, was TTGG. 

 

 Role of Gln278 in CpG specificity 

A crystal structure of TDG82-308 bound to DNA containing a G·2′-F-dU mismatch 

identified a residue, Gln278, that contacts the +1 and +2 bases, and might contribute to 

CpG specificity [78] (Figure 18).  Since T and U are so similar structurally, the same 

contacts are likely present during flipping of T into the active site.  However, efforts to 

attain a crystal structure of thymine flipped into the TDG active site have thus far been 

unsuccessful.  Importantly, excision of U by TDG also exhibits CpG specificity, albeit to 

a lesser extent [3, 12] (Figure 19).  Additionally, Q278 is conserved across all vertebrate 
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TDGs, which exhibit CpG specificity, but not conserved in TDG from fission yeast, or 

MUG from E. coli, which do not exhibit CpG specificity [25]. 

 

Figure 18: Structure of TDG82-308 bound to DNA containing a G·U 

mispair (PDB ID: 5HF7). The Q278 side chain interacts with both the 

Gua at the +1 site and the Thy at the +2 site. The target nucleotide (dU) is 

flipped into the active site, and the opposing base (Guanine) is in green. 

The methyl group of A145 is shown as a sphere, and the dashed line 

between it and C5 of flipped dU shows where steric clash is likely to occur 

for thymine in the active site (T has methyl group at C5). 

 

 To investigate the role of Q278 in the context specificity of TDG, kinetics 

experiments were performed on G·Tx substrates using Q278A-TDG82-308 (Figure 19).  

The Q278A mutation reduced thymine excision from a TG context 2.3-fold.  Removal of 

T from a TA and TT context increased 1.8- and 2.1-fold, respectively, while activity for 

the TC context remained the same.  Overall, the difference in activity for the best and  

worst substrate was 14-fold for Q278-TDG82-308, compared to 65-fold for the WT 

enzyme.  This indicates that Q278 certainly contributes to context specificity, but is not 

the sole factor involved. 
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  Does Ala145 Impact CpG specificity? 

 Another potential candidate for imposing CpG specificity for thymine excision 

by TDG was Ala145, which is strictly conserved in vertebrates.  Previous structural and 

biochemical studies suggested that A145 impedes flipping of thymine into the TDG 

active site via steric clash of its methyl group and the methyl protruding off of the C5 of 

thymine (Figure 20) [7].  Removing the steric clash with the A145G mutation resulted in 

a 13-fold increase in glycosylase activity for a G·TG mismatch, but did not affect the 

G·UG activity [7].  Another study found that increasing the size of substituents at C5 of 

 

Figure 19: Excision activity (log kmax) of TDG and two 

variants acting on G·Tx or G·Ux substrates at 37 °C. 

For all substrates the base at +1 varied and the base at +2 

was T (G·TxT, G·UxT) 
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uracil (5-FU, 5-ClU, 5-BrU), which will likely start to develop steric issues similar to T, 

increased the magnitude of CpG context specificity [3].  These results, together with our 

data for G·Ux substrates (Figure 19) showing a lesser 12-fold reduction in activity for the 

poorest substrate (compared to 65-fold for G·Tx), suggested that the steric clash of the  

two methyl groups likely contributes to context specificity.  

 

 

 

 

Maiti et al (2012) PNAS 109, 8091-6 

 

Figure 20: Steric clash between thymine and Ala145 in 

TDG active site.  Snapshots observed during molecular 

dynamics simulations based on crystal structure of TDG-

G·UF.  (top)  Model showing potential steric clash of methyl 

groups from dT and Ala145.  (bottom)  Simulation of 

A145G-TDG and G·T exhibits complete flipping of T, with 

identical contacts observed for TDG-G·U, and no sign of 

steric hindrance. 

 

TDG
G:T

A145G-TDG
G:T
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To determine if this constraint on thymine flipping plays a role in CpG specificity, 

single-turnover glycosylase assays were performed for all four G·Tx substrates with 

A145G-TDG82-308.  A 13-fold increase in kmax was observed for all four contexts, 

indicating that Ala145 does not contribute to CpG specificity [12] (Figure 19).  

Therefore, removing the methyl of T (U) results in a reduction in context specificity, but 

removing the methyl of Ala145 does not. This suggests that other constraints along the 

flipping pathway help establish CpG specificity for thymine. 

 

  Characterizing nucleotide flipping by fluorine NMR 

 To understand how TDG recognizes its substrates and accomplishes cleavage of 

the N-glycosy bond, the Drohat lab has utilized many experimental techniques.  Binding 

affinity and stoichiometry have been determined for nonspecific and substrate DNA, 

using isothermal titration calorimetry (ITC), electrophoretic mobility shift assay (EMSA), 

and/or fluorescence anisotropy [13, 72].  Crystal structures have identified critical 

enzyme-substrate interactions, and enzyme mutation studies have validated many of these 

interactions [7, 25, 26].  Single-turnover kinetics reactions are incredibly important in 

determining TDG’s ability to cleave potential substrates.  However, rate constants (kmax) 

obtained from single-turnover experiments are dependent on several separate events, 

including flipping the base into the active site, any possible conformational changes 

necessary to form a productive enzyme-substrate complex, and the chemical step(s).  The 
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Drohat group has developed a technique to directly assess the extent of base flipping 

(Kflip) into TDG’s active site, using 2′-F-substituted nucleotides and 19F NMR. 

 NMR is a powerful tool used to study structure and dynamics in biological 

systems.  19F NMR has many benefits, including the 100% natural abundance of 19F, 

large chemical shifts, and lack of fluorine in most biomolecules.  The fluorine atom in 

our 2′-F-substituted nucleotides is the only fluorine atom in the DNA-enzyme complex, 

simplifying data collection and processing. 

 Importantly, 2′-F-β-substituted deoxynucleotides have been used in both 

structural and biochemical studies of DNA glycosylases, and do not seem to perturb 

DNA structure or DNA-enzyme interactions [24, 98-100, 112].  Crystal structures of 

TDG show that TDG has no interaction with the 2′-F atom.  And most importantly, as 

mentioned in section 2.4, the 2′-F-substituted nucleotides report on base flipping into the 

active site.  The 19F NMR spectra provide the equilibrium constant for reversible 

nucleotide flipping (Kflip), from the ratio of  integrals for peaks corresponding to the 

flipped state (near -125ppm), and the stacked state (near -116ppm) (Figure 21). 

 Dependence of nucleotide flipping on DNA context 

 19F NMR experiments were performed on TDG82-308 complexed to various 28mer 

DNA duplexes, and it was discovered that flipping of dT into the active site is highly 

dependent on the 3’-neighboring bases (+1 and +2) (Figure 21).  Both of the CpG 

contexts (G·TGG and G·TGT) showed considerable flipping into the active site, with 

Kflip values of 2.1 and 1.5, respectively.  Flipping for G·TAT was barely observable over 

the relatively noisy baseline, while no evidence of flipping was seen for G·TTT.  

Nevertheless, it is apparent that thymine from G·TTT flips into the active site, because it 
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is cleaved during kinetics reactions (Figure 16).  However, the half-life of cleavage at 

18°C (the temperature of these NMR experiments) is 47 hours, so it is not surprising that 

Kflip is below the detection limit.  Based on the baseline in these experiments, at least 3-

5% of the target base needs to be flipped, on average, to detect a signal in the NMR 

spectra for the flipped conformation. 

Since the excision rate was so much higher for G·TAG than all other non-CpG 

contexts, it was decided to analyze that sequence by 19F NMR as well.  A modest amount 

of flipping was observed for this context, with a Kflip of 0.45.  Still, this is noticeably 

more flipping than seen for the G·TAT duplex, demonstrating that the +2 base can affect 

flipping of thymine into TDG’s active site.  Notably, the trend for flipping, in order of 

decreasing Kflip (G·TGG > G·TGT > G·TAG > G·TAT > G·TTT) is identical to that 

observed for thymine excision activity (kmax) for the corresponding substrates. 

Next, it was decided to assess the flipping equilibria for G·Txy DNA bound to 

A145G-TDG.  Previous studies had suggested that Ala145 hinders flipping of thymine 

into the active site [7], so it made sense to test this hypothesis with the new 19F NMR 

technique.  As figure 21 shows, flipping for A145G-TDG bound DNA was increased for 

every context, compared to WT-TDG.  This is the first direct experimental evidence that 

Ala145 hinders flipping. 
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A strong dependence on CpG context for flipping equilibria of thymine with 

A145G-TDG was seen (Figure 21).  Thymine is essentially fully flipped for G·TGG and 

G·TGT, while only 66% of thymine within the G·TAT duplex is flipped at a given 

Figure 21: 19F NMR spectra for G·Txy DNA containing 2′-F-dT 

bound to either TDG (top half) or A145G-TDG (bottom half).  All 

experiments were conducted at 18°C.  Downfield peaks (near −115 ppm) 

reflect the stacked (non-flipped) conformation of 2′-F-dT, while the 

upfield peaks (near −125 ppm) report on the flipped conformation. 
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moment.  The flipping for G·TCT and G·TTT were lower, with 32% and 36% flipped, 

respectively.  Overall, the dependence of flipping equilibria on surrounding DNA context 

exhibits a nearly identical trend to that observed for glycosylase activity. 

 Linear dependence of glycosylase activity (kmax) on Kflip 

 Since a similar dependence on CpG context for both flipping of dT and excision 

of dT was observed, it was decided to do a more quantitative analysis.  Plotting log kmax 

versus log Kflip indicated a linear correlation between flipping and excision rates for both 

TDG and A145G-TDG (Figure 22).  For TDG, the linear free energy (LFE) correlation 

had a slope of 1.03 (r = 0.996), indicating that the dependence of thymine excision 

activity on CpG context manifests largely at the base flipping step.  Notably, the only 

contexts included in this analysis were G·TGy and G·TAy since flipping was too low to 

be quantified for G·TTT. 

 Since flipping was more stable using A145G-TDG, all G·TxT contexts were 

included in the LFE plot (red dashed line).  Using all data points for A145G-TDG, the 

slope is 1.20 (r = 0.949).  However, the point for G·TTT (red star) appears to be an 

outlier, and fitting without this point (solid red line) results in a slope of 0.97 (r = 0.988).  

This suggests that when T is at the +1 site, thymine excision is suppressed during post-

flipping steps, in addition to modulation of the flipping equilibrium. 
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To further investigate the idea that excision of substrates with T at the +1 site is 

impaired by steps after flipping, G·U DNA was used.  19F NMR spectra of TDG-bound 

DNA that contained 2′-F-dU in one of four G·Ux pairs showed complete flipping for all 

contexts (Figure 23).  In contrast, uracil excision was reduced by 21-fold for G·UT, 

compared to G·UG (Figure 23).  Excision of uracil from the two other contexts (G·UA 

and G·UC) was only reduced 2.7-fold.  These data confirmed that excision of T (or U) 

Figure 22: Dependence of thymine excision activity on 

nucleotide flipping.  Plot of log kmax versus log Kflip for 

G·Txy substrates bound to TDG (black circles) and A145G-

TDG (red squares).  The slope for TDG is 1.03 ± 0.05 (r = 

0.996).  For A145G-TDG, we fit with and without G·TTT 

(red star).  Solid red line excludes G·TTT; m = 0.97 ± 0.11 (r 

= 0.988).  Dashed red line includes G·TTT; m = 1.20 ± 0.23 

(r = 0.949). 
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with T at the +1 site is impaired by a reduction in the stability of nucleotide flipping, as 

well as impaired chemical step. 

 

 Temperature dependence of nucleotide flipping 

 As mentioned in section 3.2, the temperature dependence of TDG thymine 

excision activity is higher for non-CpG contexts.  A higher dependence on temperature 

for G·T activity relative to G·U was observed, consistent with previous results [13].  For 

Figure 23: Analysis of nucleotide flipping and excision of 

uracil from G·Ux substrates.  19F NMR spectra for 2’-F-dU 

within G·Ux pairs, with and without TDG.  Uracil excision 

activity (kmax) is shown to the right of corresponding NMR 

spectra.  Kinetics and NMR were both done at 18° C. 
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example, the fold increase in G·T activity at 37° C versus 18° C (kmax
37C/kmax

18C) was 11, 

13, 34, and 44 for G·TG, G·TA, G·TC, and G·TT substrates, respectively.  Contrast that 

with the kmax
37C/kmax

18C ratios of 4, 5, 5, and 7 for G·UG, G·UA, G·UC, and G·UT 

substrates. 

It was postulated that the differences in flipping equilibria observed in the 19F 

NMR experiments could help explain this phenomenon.  While complete flipping of dU 

was observed for all G·Ux pairs at 18° C, even the optimal G·T substrate (G·TGG) had a 

substantial fraction (~32%) of dT remaining in the stacked state.  This prompted the 

question of whether the flipping equilibria (Kflip) increases with temperature for TDG-

bound G·T DNA.  Data was collected from 5-34° C, in 4° increments, for TDG 

complexed to G·TGC. A consistent increase in Kflip was seen as temperature increased 

(Figure 24).  At 5° C, a very small level of flipping was detected, whereas dT was 

predominantly flipped at 34° C.  Notably, the greatest change in flipping equilibria 

occurred over the 5-18° C range, which was the identical temperature range where a 

previous study showed the steepest dependence of kmax on temperature [13]. 
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It was also decided to determine the extent of nucleotide flipping for TDG bound 

to a G·T mispair within a non-CpG context at a higher temperature.  Data was collected 

for TDG-bound G·TAT at 37° C, and the results were interesting (Figure 25).  The 

baseline was considerably noisy, since data could only be collected over the course of 

two hours, due to precipitation of the protein.  However, there does appear to be a 

considerable portion of dT in the flipped state.  Flipping is significantly higher at 37° C 

than at 18° C, where the flipped peak was barely detectable over the baseline.  And yet, it 

Figure 24: 19F NMR spectra for G•TG DNA (0.15 mM) 

bound to TDG (0.3 mM) collected at varying 

temperatures. The spectra exhibit two peaks, reporting on the 

stacked state (downfield) and the flipped state (upfield). 
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is still much lower than that observed for G·TG at 34° C, revealing that the +1 base 

impacts thymine flipping equilibria near physiological temperatures.  Another aspect of 

the spectrum to note is the rise in the baseline between the two peaks, suggesting that the 

rate of exchange between states is starting to approach the intermediate level, on the 

NMR timescale. 

 

 Discussion 

3.9.1 TDG protects against mC deamination  

 The capacity of TDG to protect against mC deamination was systematically 

investigated by performing kinetics assays on 16 G·Txy mispairs.  The results show that 

TDG repairs G·T mismatches best in contexts where cytosine methylation is most 

prevalent, including all four TGy contexts and TAG [12].  Another prominent site of non-

CpG methlation is at CAC, particularly in the adult mammalian brain [113-115].  

Interestingly, thymine removal from TAC contexts is 11- to 22-fold lower than for TGy 

G·TAT 18° C

G·TAT
TDG 18° C

G·TAT
TDG 37° C

Figure 25: 19F NMR spectra of G·TAT, with and without 

TDG.  Labels on the right indicate presence or absence of 

TDG, and temperature. 
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contexts, indicating that TDG may not protect against mC deamination as effectively at 

these sites. 

 CpG context specificity could be a mechanism by which TDG helps protect 

against G•T mismatches arising via mC deamination, while also limiting activity on 

undamaged thymine within A•T pairs. It also might help prevent erroneous activity on 

G•T mismatches created during replication, or by a DNA repair polymerase. Repairing 

G•T mispairs during replication must be directed to the nascent strand by the mismatch 

repair pathway, since excision of T from parental strand would introduce a point 

mutation. This may be the reason TDG is degraded in S-phase [71, 116]. In the event that 

TDG degradation is incomplete, context specificity would help minimize TDG activity 

on G•T mispairs not originating from mC deamination. 

3.9.2 Differing context specificity for TDG substrates 

Specificity during excision of fC and caC is in stark contrast to that for thymine. 

For fC and caC, only about a 4-fold difference from the best to worst context was 

observed.  From a physiological perspective, it makes perfect sense that TDG would have 

evolved to be selective during thymine removal.  The CpG specificity is likely a 

mechanism to balance the need of the cell to excise “damaged” thymine bases generated 

from deamination of mC, while minimizing activity on undamaged thymine present 

throughout the genome in normal A·T pairs.  How TDG achieves specificity for thymine 

excision with little to no carry-over during fC/caC excision is still unclear.  Crystal 

structures of enzyme-substrate complexes with fC and caC flipped into the TDG active 

site show similar contacts between TDG and the +1 and +2 bases [78, 87].  However, 

these contacts seem to be unnecessary for fC and caC, likely due to differences in how 
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these substrates interact with the TDG active site. Steric clash between the TDG Ala145 

methyl group and C5-methyl of thymine likely necessitate additional TDG-DNA contacts 

to properly orient thymine into a stable position in the active site [7, 12]. This same 

residue, Ala145, helps position fC/caC for contact between a formyl/carboxyl oxygen and 

Tyr152 backbone N-H, stabilizing flipping into the active site [78, 87]. These contacts 

help explain why A145G results in a 13-fold reduction in G•T activity, and 3-fold 

increase in fC activity [7, 117]. Steric hindrance between Ala145 and flipped target base 

also likely explain the increased CpG specificity observed for uracil analogues with bulky 

C5 group additions [3]. 

3.9.3 Mechanism of CpG specificity elucidated by 19F NMR 

Using the 19F NMR method developed in the Drohat group to determine base 

flipping equilibria (Kflip), a strong dependence on the 3’-neighboring bases (+1 and +2) 

during flipping of dT from a G•T mispair was observed. This was the first direct evidence 

that TDG CpG specificity arises due to modulation of base flipping. More broadly, it was 

the first direct evidence of a glycosylase attaining specificity for a particular DNA 

context via modulation of nucleotide flipping. 

A linear free energy (LFE) correlation between excision activity (log kmax), and 

dT nucleotide flipping (Kflip), was observed for TDG. The slope being close to 1 indicates 

that CpG specificity manifests mainly through base flipping. However, for both G•T and 

G•U mispairs, with thymine at the +1 site, an additional reduction in excision activity 

post-flipping was seen. This could involve a mechanism that disrupts formation of the 

enzyme-substrate complex, and/or the chemical steps of the reaction. It should be noted 

that the signal to noise for these 19F NMR experiments were not great, and up to ~5% of 
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the bases being flipped would not be detected. So there is a possibility that there are 

minor differences in Kflip for G•Uy substrates, our experiment just was not precise enough 

to detect them.  It would have been nice to analyze flipping at lower temperatures, to see 

if a peak for the stacked state appeared, and if it was equal for all contexts. 

3.9.4 Ala145 hinders dT flipping 

Previous biochemical and structural studies predicted that Ala145 hindered 

flipping of dT into the TDG active site. The 19F NMR results provide the first direct 

evidence that this in indeed the case. Kflip is 9 to 14-fold higher for A145G-TDG versus 

TDG for a G•T mispair in the three DNA contexts tested. The results also indicate that 

flipping is more productive for A145-TDG relative to TDG, as there was ~2-fold higher 

thymine excision rates (kmax) for a given amount of flipping (Kflip) (Figure 21). This 

suggests that A145 also hinders a step post flipping. 

3.9.5 Other potential uses of our  19F NMR method 

Our 19F NMR method presented here will be useful to study proteins that bind 

specific sites within DNA and employ base flipping. In addition, 19F NMR can be a 

useful tool in guiding our x-ray crystallography efforts of TDG bound to DNA containing 

a G•T mismatch.  Lack of stability for flipping of thymine from a G•T pair at room 

temperature likely explains the lack of crystal formation thus far.  Setting up crystal trays 

at 37°C might improve chances of growing crystals, since flipping is nearly complete at 

this higher temperature. Optimizing conditions such as salt concentrations or DNA 

context to find the highest Kflip will be a valuable data to inform the ongoing project to 

get crystals of thymine from a G•T mismatch flipped into the TDG active site. 
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Chapter 4: Molecular basis of TDG opposing base specificity 

 Introduction 

 TDG plays a remarkably difficult role in maintaining genomic integrity, as one of 

the bases it recognizes as “damaged” is thymine. Most other DNA glycosylases excise 

damaged bases foreign to DNA, which are easily recognized as such. TDG has evolved to 

remove thymine from G·T mispairs arising via mC deamination, but must ignore thymine 

properly paired to adenine. TDG is able to discern the opposing base with great precision; 

thymine is removed from a G·T mispair up to 17,000-fold faster than from an A·T pair 

[3]. How this specificity is established at the molecular level is not well understood. 

One potential factor in TDG opposing base specificity is the inherent stability of 

the duplex at these sites. Many studies have been published showing a reduction in 

stability due to the “wobble structure” associated with G·T mispairs, relative to A·T pairs 

[85, 103, 118]. The altered H-bonding between G·T pairs may be weaker than canonical 

A·T pairs, and/or the distortion of overall duplex structure may disrupt/weaken base 

stacking interactions. A reduction in the thermodynamic stability of DNA near target 

sites makes flipping of the target base into TDG’s active site-- a necessary prerequisite to 

base cleavage-- more energetically favorable, leading to faster rates of excision. TDG 

may also recognize small changes in overall DNA structure due to the wobble pairing, 

helping to guide it to sites of DNA damage. 

 Another potential explanation for opposing base specificity is direct contact 

between TDG and the opposing base. Crystal structures show that TDG contacts N1H 

and N2H2 of the opposing guanine via backbone oxygens [7, 25]. MBD4, an unrelated 
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DNA glycosylase that also removes T from G·T mispairs in humans, has been shown to 

form the same contacts with the opposing guanine, also using backbone oxygens [76, 89, 

90]. Importantly, these backbone oxygens would form unfavorable interactions with 

adenine as the opposing base, since adenine contains lone pair electrons at N1. The only 

other known glycosylase that repairs G·T mismatches, mismatch DNA glycosylase 

(MIG), does not appear to contact the opposing guanine [89]. 

 Another possible mechanism for opposing base specificity during thymine 

excision is direct contact between the opposing base and the arginine “plug” residue. 

Nearly all glycosylases utilize an amino acid with a bulky sidechain, such as Arg, Asn, 

Gln, Leu, or Tyr to fill the void in the duplex generated when the target base is flipped 

into the active site, helping to prolong the time flipped into the active site. Notably, TDG 

and the other two types of G·T mismatch glycosylases, MBD4 and MIG, all use Arg as 

the plug residue, suggesting convergent evolution for the plug residue of glycosylases 

that act on deaminated mC. In contrast, the closely related mismatch-specific uracil DNA 

glycosylase (MUG) from E. coli, which shares 32% sequence homology with TDG, and 

excises uracil but not thymine, utilizes Leu as the “plug” residue [26]. While most crystal 

structures of TDG bound to duplex DNA indicate the Arg plug interacts with the 

phosphate backbone, a recent crystal structure from our lab of TDG bound to G·caC 

shows the Arg plug contacting O6 of the opposing guanine [87]. Molecular modeling, 

which is capable of predicting the dynamic interactions between TDG and DNA, 

indicated the arginine plug residue is capable of wedging itself between the bases, in 

close proximity to the opposing guanine, in DNA containing a G·caC site [119]. 

Furthermore, some structural data of MBD4 have also shown contacts between Arg and 
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the same O6 position of guanine [90]. Similar contact between the Arg plug residue and 

the N6H2 of adenine would likely be unfavorable, and could help suppress A·T activity. 

 To investigate the molecular basis of G·T mismatch specificity, structure-activity 

relationships were analyzed using DNA containing a series of x·T pairs with a broad 

range of opposing bases (x), consisting mostly of analogues of A and G. Using a 

combination of enzyme kinetics, isothermal titration calorimetry, and 19F NMR, we 

determined that opposing base specificity during thymine excision occurs in part due to 

the reduced stability of G·T mispairs, relative to A·T pairs. Another factor appears to be 

selective contacts between TDG and the opposing guanine, which seem necessary for 

stable flipping of thymine into the active site. 

 Results 

4.2.1 Excision of T from x·T pairs 

To gain a better understanding of the structure-function relationship for excision 

of thymine from x·T pairs, complementary strands were synthesized with analogues of 

adenine and guanine (Figure 26) placed  at the “x” position in the following sequence: 

5’—CAG CTC TGT ACx TGA GCG ATG GAC AGC T—3’ complement 

3’—GTC GAG ACA TGT ACT CGC TAC CTG TCG A—5’ target strand 

Single-turnover kinetics reactions were performed using TDG82-308. Figure 27 shows the 

kmax values for all x·T pairs at 27°C. In general, opposing bases similar in structure to 

guanine (S6dG, O6-Me-dG, inosine) resulted in kmax values comparable to G, with a few 

exceptions. Replacing the O6 of guanine with S (S6dG) resulted in a slight increase in  
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Figure 26: Chemical structure of bases used for x·T pairs. On the left 

are bases similar to adenine; on the right are bases that share features with 

guanine. Notable differences at specific locations are highlighted in red. 
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kmax, while all other opposing bases decreased the rate of thymine excision, relative to 

G·T. Adding a methyl group to O6 of guanine (O6-Me-dG) led to a 4.7-fold reduction in 

activity. Absence of the NH2 group at C2 of guanine (inosine) resulted in 5.4-fold slower 

removal of thymine. The addition of electronegative substituents to C2 had the most 

profound effect on kmax values, for the guanine analogues. 2-F-dI·T led to a 194-fold 

decrease in activity, relative to G·T. Strikingly, opposing bases with a carbonyl at C2, 

including xanthine and iso-dG, were such unfavorable opposing bases that rate constants 

were not obtained for these substrates (dX·T and iso-dG·T). HPLC analysis of these 

reactions showed multiple product peaks, indicating that cleavage occurred at multiple 

sites in the duplex. Most likely, thymine within other A·T sites, especially within a CpG 

context, became targets for excision. 

5-formyl-indole (M), which lacks polar substituents at the 1,2, and 6 positions of 

the purine ring (Figure 26), was a quite good opposing base among these x·T pairs. 

Thymine excision from the M·T context was only 7.4-fold slower than from the G·T 

mispair. Importantly, contacts between TDG and the opposing guanine observed in 

crystal structures occurred at N1H, N2H2, and O6 the positions of guanine. The results 

for M·T suggest that while contacts between the opposing G and TDG slightly increase 

thymine excision, inhibition for thymine removal when paired with adenine appears to be 

the major factor in G·T mismatch specificity. 

Opposing bases sharing similar features with adenine led to larger reductions in 

the rate of thymine excision. Nebularine (N), which only differs from adenine by the 

absence of the NH2 group at C6, exhibited a significantly reduced kmax, 807-fold slower 

than G·T. Swapping the NH2 group on adenine from C6 to C2 (2AP) led to a 198-fold 
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reduction in thymine excision, while addition of an NH2 group to C2 of adenine (2,6-

diaminopurine) resulted in a 538-fold reduction. Substitutions within adenine’s other ring 

also had a noticeable effect on thymine excision. The x·T pairs containing 7-deaza-dA 

and 7-iodo-7-deaza-dA had a kmax 379- and 839-fold slower than G·T, respectively. Two 

notable exceptions among the adenine analogues were 3-deaza-dA and etheno-dA, which 

were surprisingly favorable opposing bases. The kmax value for etheno-dA·T was only 43-

fold slower than G·T, while 3-deaza-dA·T was only 12-fold slower. 

Unfortunately, as with xanthine and iso-dG, determining kmax for an A·T pair 

using the main DNA sequence was not possible, due to cleavage of the duplex at multiple 

sites other than the intended target site. To remedy this problem, a modified sequence 

was created, removing the other A·T sites with either a guanine or adenine 3’ to the target 

T (TG or TA context). Use of the following sequence resulted in cleavage at only the 

intended site: 

5’-GAG CTC TCA ACx TTC CTC CTC TTC TCC C-3’  

3’-CTC GAG AGT TGT AAG GAG GAG AAG AGG G-5’ 

Using this modified sequence, a kmax value for A·T was determined. Importantly, 

kmax was also obtained for a G·T mispair in this sequence, as the overall DNA sequence 

has a slight impact on excision rate; for a G·T mispair, the kmax obtained with this 

modified sequence was 2.8-fold higher than that obtained with the main sequence. Due to 

the use of two different duplexes, the best comparison for all x·T pairs is the fold-kmax 

relative to the rate for G·T. As this table shows, while there is a drop in thymine excision 

for many of the x·T pairs, they all pale in comparison to that observed for A·T. Under 
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these conditions, an 11,800-fold decrease in kmax for A·T versus G·T was seen, whereas 

the second slowest pair (7-iodo-7-deaza-dA·T) saw an 840-fold decrease. 

Figure 27: Kinetics of x·T pairs at 27° C. Plot of log kmax for all x·T 

pairs. Note that A·T was done with a different sequence, which increased 

kmax ~3-fold. 
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Table 2: Kinetic parameters of TDG excision of thymine from x·T 

pairs at 27° C 

Substrate kmax (min-1) Fold slower than G·T 

G·T 0.25 ± 0.01 -- 

S6dG·T 0.27 ± 0.001 0.9 

O6-Me-G·T 0.053 ± 0.008 4.7 

M·T 0.034 ± 0.003 7.4 

H·T 0.047 ± 0.0006 5.4 

3-deaza-A·T 0.020 ± 0.0003 12 

Etheno-A·T 0.0059 ± 0.00005 43 

T·T 0.0012 ± 0.00005 207 

C·T  0.0015 ± 0.00004 163 

2FI·T  0.0013 ± 0.00002 194 

2AP·T  0.0013 ± 0.00003 198 

7-deaza-A·T  0.00066 ± 0.00002 379 

2,6-DAP·T  0.00047 ± 0.00002 538 

N·T  0.00031 ± 0.00002 807 

7-iodo-7deazaA·T  0.00030 ± 0.00001 839 

A·T (modified seq) 0.000059 ± 0.000002 11,800 

G·T (modified seq) 0.70 ± 0.01 -- 

 

4.2.2 Quantitative investigation of x·T pair association enthalpy 

Isothermal titration calorimetry (ITC) was used to assess the thermodynamic 

stability of x·T pairs in DNA. Specifically, ITC experiments were performed on duplex 

formation of complementary 13mer oligos, with the x·T pair in the middle. The sequence 

used was identical to that of the central 13 bp of the DNA used for kinetics. The ITC 

experiments yielded accurate, reproducible ΔH data. However, we were unable to get 

accurate Ka measurements, and hence unable to produce ΔS or ΔG values. Experiments 

were run in triplicate for each x·T pair, and the results are shown in Table 1. The duplex 

containing the A·T pair had the highest association enthalpy of all the pairs tested. 

Duplexes with analogues of A at the opposing “x” site also had relatively high 

association enthalpies. The four lowest association enthalpies were obtained from 
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duplexes containing G and analogues of G, suggesting that the wobble pairing between 

them and thymine distorts the overall duplex structure in a manner which destabilizes the 

duplex. 

 

 

 

opposing base ΔH (kcal/mol) SD (kcal/mol) 

S6dG -74.2 7.1 

O6-Me-dG -74.9 1.6 

G -75.6 0.7 

2FdI -76.5 1.8 

M -78.6 0.7 

N -86.5 1.4 

H -86.5 1.2 

3deaza-dA -86.6 0.4 

2AP -90.4 9.2 

7deaza-dA -90.6 2.5 

2,6-DAP -92.6 0.4 

A -98.0 0.6 
 

Table 3: ΔH values for duplex formation of 13mer oligos containing 

x·T pairs. ITC experiments were carried out in triplicate at 27° C. 

 

To quantitatively analyze the impact of x·T pair stability on thymine excision, a 

plot of log kmax versus ΔH was generated (Figure 28). Overall, there is a strong 

correlation (r = 0.8) between x·T pair association enthalpies and thymine excision rates. 

This suggests that opposing base specificity during thymine excision by TDG is partly 

dependent on the inherent difference in duplex stability at sites of normal A·T pairs and 

G·T mispairs.  
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Careful analysis of this plot also indicates that some other factor(s), in addition to 

x·T pair stability, plays a role in thymine excision. Direct interactions between TDG and 

the opposing base are very likely to be one of those factors. The presence of an 

electronegative substituent at C2 of the opposing base clearly inhibits thymine removal. 

For example, 2-F-dI has a ΔH value similar to the x·T pairs that had the highest kmax 

values in the kinetics studies (G, S6-dG, O6-Me-dG), yet kmax for 2-F-dI·T is 

significantly lower than the rest of these pairs. In addition, xanthine (dX) and iso-dG, 

both of which contain an exocyclic carbonyl at the C2 position, were such poor opposing 

bases that we were unable to obtain kmax values for dX·T and iso-dG·T pairs (as 

previously mentioned). 
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Figure 28: Plot of log kmax versus ΔH for x·T pairs. Both single-

turnover kinetics, and ITC, were performed at 27° C. Data points are open 

circles, with opposing base label next to each. 

 

The plot also contains data supporting the previous finding of TDG interaction 

with O6 of the opposing guanine. O6-Me-dG, which adds the bulky methyl group at this 

position, and also changes the bond geometries off of C6, resulted in a 0.7 kcal/mol lower 

association enthalpy compared to G, yet kmax is reduced 4.7-fold. This likely reflects a 

slight change in how the TDG intercalation loop interacts with the duplex, resulting in 

either decreased stability for the insertion loop in the void in the duplex generated by dT 

flipping, or a slight alteration of thymine interaction with the active site. 
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4.2.3 Impact of the opposing base on thymine flipping into the TDG active site 

19F NMR experiments were performed on a Bruker 600 MHz spectrometer (564 

MHz for 19F) to assess base flipping for thymine, from x·T pairs, into the TDG active 

site. All experiments were run at 27° C, followed by an additional experiment at 37° C. 

Similar to the previous NMR experiments on the 500 MHz spectrometer, we saw partial 

flipping of thymine from a G·T pair at 27° C (Figure 29), and nearly complete flipping at 

37° C (not shown). O6-Me-dG·T, H·T, and 3-deaza-dA·T all indicate a low level of 

flipping at 27° C. Unfortunately, spectra for 5-formyl-indole (M)·T and S6-dG·T did not 

show any peaks. The spectrum for 2-F-dI (2FI·T) was unique from the other x·T pairs. 

The absence of substantial peaks suggests that thymine adopts multiple conformations 

that may be in intermediate exchange on the NMR timescale. The spectrum for the 2-F-

dI·T duplex alone (no TDG) contained one peak, at the same chemical shift as the peak 

on the left for the TDG-bound sample (near -116.5 ppm). All other x·T pairs collected 

showed no sign of flipping, at either 27° C, or 37° C. 



83 

 

 

Figure 29: 19F NMR spectra for x·T pairs (0.2 mM) and TDG82-308 (0.3 

mM) at 27° C.  

4.2.4 Almost no opposing base specificity for fC and caC excision 

To further probe TDG opposing base specificity, we turned our attention to fC 

and caC substrates. TDG must detect the opposing base during thymine excision, to 

prevent unwanted activity on A·T pairs. But, to our knowledge, there is no biological 

need to discern the opposing base during fC or caC excision. Since fC and caC are 
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generated via oxidation of mC, most, if not all, fC and caC will be paired with G. 

However, crystal structures show TDG forms identical contacts with the opposing Gua 

for G·U, G·fC and G·caC pairs [7, 75, 87, 120], suggesting that it might exhibit similar 

opposing base specificity. 

To investigate this question, we conducted single-turnover kinetics experiments 

with TDG82-308 and 28mer duplex DNA with the following sequence: 

5’--AGG AGT CCA TCG CTC AxG TAC AGA GCT G--3' 

3’--TCC TCA GGT AGC GAG TyC ATG TCT CGA C--5’ 

 

Either fC or caC was placed at the x position, along with all four canonical bases at the y 

position. In stark contrast to observations for thymine excision from x·T pairs, TDG 

exhibits no opposing base specificity during fC or caC excision (Table 2). For caC 

excision, A·caC and G·caC have identical activity, while C·caC and T·caC are only 1.1- 

& 1.3-fold slower, respectively. Similarly, A·fC, C·fC, and T·fC activity is only 1.1-, 1.2- 

& 1.7-fold slower than G·fC. 
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Substrate kmax Fold slower than G·caC or G·fC 

G·caC 0.15 — 

A·caC 0.15 1 

C·caC 0.14 1.1 

T·caC 0.12 1.3 

G·fC 0.38 — 

A·fC 0.34 1.1 

C·fC 0.31 1.2 

T·fC 0.23 1.7 

Table 4: fC and caC opposing base specificity. Single-turnover kinetics 

reactions were performed at 22° C, using TDG82-308 (1.5 uM) acting on 

dsDNA (1 uM) containing fC or caC substrates with all four canonical 

opposing bases.  

 

4.2.5 Conserved Arg “plug” residue reduces opposing base specificity 

As previously mentioned, all three types of G·T mismatch glycosylases utilize 

arginine for the “plug” residue that fills the void in the duplex generated by flipping of 

the target base into the active site. Direct contact between the arginine plug and O6 of the 

opposing guanine have been observed in crystal structures of TDG bound  to DNA 

containing a G·caC site [87], as well as MBD4 bound to DNA containing a G·T 

mismatch [90]. To investigate the hypothesis that this evolutionary convergence for Arg 

as the plug residue in G·T mismatch repair glycosylases arose to aid in opposing base 
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specificity during thymine excision, full-length TDG R275A was expressed and purified 

for enzyme kinetics experiments. The goal was to compare kmax
G·T/kmax

A·T for both wild 

type (WT) TDG and the Arg plug mutant TDG R275A, to determine if mutating the plug 

residue affects mismatch specificity. However, experiments with TDG R275A acting on 

an A·T substrate failed to show any product formation, at both 23°C and 37°C. 

Unfortunately, excision was so slow that the enzyme lost stability prior to cleavage of 

thymine.  

Since the attempt to determine kmax
G·T/kmax

A·T for TDG R275A was unsuccessful, 

the focus shifted to the next closest substrate, uracil. Uracil differs from thymine only by 

lacking the C5 methyl, so contacts between TDG and the DNA surrounding the target 

base that occur during thymine excision are likely similar during uracil excision. One 

important difference, however, is TDG’s active site, which contains more steric 

hindrance for thymine than uracil [7, 12]. A previous study did show considerable 

opposing base specificity during uracil excision, however. At 22° C, TDG activity for 

uracil within a G·U site was 790-fold higher than from an A·U site [3]. 

A difference in opposing base specificity for uracil excision in wild type TDG 

versus TDG R275A was seen. However, the change was opposite to what was 

hypothesized. For a G·U substrate, kmax decreased 5.4-fold for the R275A mutant, relative 

to WT TDG. For an A·U substrate, kmax decreased 44-fold for the R275A mutant (Table 

3). In different terms, kmax
G·U/kmax

A·U went from 179 for WT TDG to 1,440 for TDG 

R275A, an 8-fold increase in opposing base specificity for the mutant enzyme. 
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 kmax (min-1)  

Substrate WT TDG R275A Fold WT vs R275A 

G·U 5.57 1.03 5.4 

A·U 0.031 0.00071 44 

kmax
G·U/kmax

A·U 179 1440  

Table 5: Kinetics results for opposing base specificity of WT TDG 

versus TDG R275A at 37° C. 

 

 DISCUSSION 

4.3.1 Mechanism of opposing base specificity during thymine excision elucidated by 19F 

NMR 

The 19F NMR results clearly demonstrate that opposing base specificity for thymine 

excision is established by altering the stability of thymine flipping into the TDG active 

site. At 27° C, thymine was ~66% flipped from the G·T mispair (Figure 29). At 37° C, 

flipping was nearly complete (~90%), consistent with previous results [12]. Even a minor 

chemical alteration of G led to a dramatic reduction in base flipping. For example, 

thymine flipping opposite from inosine (H), which only differs from G by the absence of 

an exocyclic amino group at C2 (Figure 26), was ~15% at 27° C. A small amount of 

flipping (~10%) was also observed for the O6mG·T sample (Figure 29), demonstrating 

that a slight modification to the exocyclic group at C6 of the opposing G also reduced 

flipping considerably. 

The spectrum for the 2FI·T pair was a surprise. At first, it seemed like something 

was wrong with the sample, due to the absence of any substantial and clearly defined 
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peaks. However, there was no sign of protein precipitation after the NMR experiments, 

and HPLC analysis showed no signs of DNA abnormalities. A duplicate experiment, with 

newly duplexed DNA, produced a nearly identical spectrum. The lack of substantial 

peaks suggests that thymine adopts multiple conformations that may be in intermediate 

exchange on the NMR timescale. Considering that kmax for the 2FI·T pair was 194-fold 

slower than G·T, it does not appear that flipping leads to a productive conformation for 

excision, however. 

There was no evidence of stable flipping of dT into the active site for all but one 

of the x·T pairs containing an analogue of A, at 27° C or 37° C.  The presence of a single, 

strong peak for 2AP·T, 7deazaA·T, 2,6-DAP·T, and N·T, indicate that thymine remains 

stacked in the duplex for these pairs. The 3deazaA·T pair was an anomaly among the A 

analogues. ~10% of thymine from 3deazaA·T pairs flipped stably into the active site at 

27° C, and that figure rose to ~40% at 37° C. It is unclear how a seemingly minor 

modification of A led to such dramatically different results, in terms of both flipping and 

thymine excision. One possible explanation is that the absence of the lone electron pair at 

N3 reduces the electron density near positions 1 and 2 in the ring, due to decreased 

resonance. Increased electron density at positions 1 and 2 likely destabilizes, or possibly 

distorts, how the TDG intercalation loop inserts into the void, since the loop interacts 

with N1H and N2H2  of G via backbone oxygens [7, 25]. 

Quantitative analysis of the correlation between flipping equilibria and rates of 

thymine excision were not done. Qualitatively, however, there was a clear correlation 

between flipping and kmax values. For the three x·T pairs where some stable flipping was 

observed (O6mG·T, H·T, and 3deazaA·T), kmax values were only 5- to 12-fold slower 
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than the rate for G·T. Of the x·T pairs where stable flipping was not observed, kmax values 

were 194- to 807-fold slower than for G·T. 

4.3.2 Almost no opposing base specificity for fC or caC excision 

Similar to our study on CpG specificity, we find a stark contrast in opposing base 

specificity for fC and caC excision, compared to thymine excision. The preferred 

substrates were G·fC and G·caC, but specificity was very minimal. The rate of excision 

was identical for G·caC and A·caC, and only 1.1- and 1.3-fold slower for C·caC and 

T·caC, respectively (Table 2). Similarly, kmax was only reduced 1.1-, 1.2-, and 1.7-fold 

for A·fC, C·fC, and T·fC, relative to G·fC. 

These results suggest that contacts between TDG and the opposing base impact 

excision activity more than the thermodynamic properties of the duplex during fC or caC 

removal. Experiments on duplex stability were not conducted. However, a previous 

thermal melting study showed that G·fC and G·caC, which both contain normal Watson-

Crick base pairing, are more stable than A·fC/caC, C·fC/caC, or T·fC/caC [121]. The 

higher stability of G·fC and G·caC will require more energy to flip the target base into 

the active site, and hence, would be expected to impair excision. The fact that kmax is 

highest for G·fC/caC substrates indicates that contacts between TDG and the opposing G 

serve to either stabilize flipping into the active site, or better orient fC/caC for the 

chemical steps. 

4.3.3 Molecular basis of TDG G·T mismatch specificity 

The plot of log kmax versus ΔH for x·T pairs (Figure 28) suggests that the decrease 

in stability for G·T versus A·T pairs contributes to TDG opposing base specificty. From 
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this plot, it is also apparent that one or more additional factors play a role in G·T 

mismatch specificity. In particular, the presence of an electronegative substituent at C2 of 

the opposing base, or presence of a lone electron pair at N1, dramatically reduces 

thymine excision. This finding can potentially be explained by structural data from x-ray 

crystallography showing contacts between TDG backbone oxygens and N1H and N2H2 

of the opposing guanine [7, 25]. These contacts serve to stabilize the TDG insertion loop, 

which fills the void in the duplex created when the target base is flipped into the active 

site, helping to prevent retrograde flipping of the target base back into the DNA. These 

contacts may also be necessary to help guide thymine on a path that achieves stable 

flipping into the active site. The necessity of these contacts at N1 and N2H2 for stable and 

productive thymine flipping likely enable TDG to cleave thymine from G·T mispairs, 

while drastically limiting thymine excision activity from A·T sites. 

Interestingly, the same contacts are observed between TDG and the opposing G in 

G·caC crystal structures [75, 87]. The lack of opposing base specificity during caC 

removal (Table 2) indicates that these contacts are unnecessary to achieve stable, 

productive flipping of caC into the TDG active site. This disparity is likely explained by 

conserved active site residues, such as A145 and H151, which add strict requirements for 

thymine excision, as previously discussed in Chapter 3. Notably, the A145G mutation, 

which increased G•T activity 13-fold by reducing steric hindrance for thymine in the 

active site [7], led to a 3-fold reduction in G•fC excision [117].  

4.3.4 Conserved Arg “plug” residue reduces G·T mismatch specificity 

From our results, it is clear that the Arg “plug” residue conserved in TDG does 

not contribute to opposing base specificity during thymine excision. In fact, it does the 



91 

 

opposite. TDG has evolved to balance the need to efficiently remove thymine from G·T 

mispairs arising via deamination of mC, helping to prevent C→T point mutations, and 

avoid activity on A·T pairs, which is mutagenic and cytotoxic. In this case, the increased 

thymine excision activity appears to outweigh the cost of lost mismatch specificity. To 

our knowledge, this is the first residue observed to have these properties. Previous 

residues that balanced thymine excision activity with mismatch specificity, A145 and 

H151, were conserved to increase specificity, at the expense of the rate of thymine 

removal. Interestingly, at all three positions (275, 145, and 151), amino acids that 

increase the rate of thymine removal result in a loss in G·T mismatch specificity. Hence, 

our data on R275 is the latest example of the struggle the BER pathway faces with 

balancing the need to repair G·T mispairs generated via mC deamination, while ignoring 

thymine within the vast excess of normal A·T sites. 
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Chapter 5: Conclusions and future work 

This work has helped define context specificity for physiological substrates of 

TDG, and shown that specificity for thymine excision is established by modulating the 

stability of thymine flipping into the active site. Single-turnover kinetics experiments 

using G·Txy substrates demonstrated that TDG has activity on G·T mismatches within 

contexts where mC occurs most frequently [12], including all four CpG contexts, as well 

as CAG, a prominent site for non-CpG methylation in neurons, embryonic stem cells, 

induced pluripotent stem cells, and oocytes [113-115]. Using our novel 19F NMR 

approach to monitor nucleotide flipping, we showed that thymine flipping from a G·T 

mispair was highly dependent on the 3’ neighboring bases (Figure 21). These results 

provided the first direct evidence that TDG attains DNA context specificity for thymine 

excision by modulating the thymine flipping equilibria (Kflip). The 19F NMR experiments 

also provided the first direct evidence that Ala145 reduces the stability for flipping of dT 

in the TDG active site, confirming the hypothesis suggested by previous biochemical, 

structural, and computational findings [7]. 

Single-turnover kinetics experiments determined that CpG specificity was 

negligible for excision of fC and caC, relative to thymine. Additionally, our collaborators 

found that TET oxidizes mC and hmC appreciably at non-CpG sites [18]. Overall, these 

results indicate that the TET/TDG DNA demethylation pathway is proficient at non-CpG 

sites. 

Opposing base specificity was also drastically different for fC and caC removal. 

While A·T activity was nearly 12,000-fold slower than G·T activity, there was essentially 

no reduction of fC or caC excision, regardless of the opposing base.  The lack of context 



93 

 

specificity for fC and caC excision was somewhat surprising, considering TDG forms 

similar contacts with both the opposing Gua, as well as the Gua at the +1 site, in crystal 

structures of TDG bound to G·U, G·fC and G·caC substrates [7, 75, 87, 120].19F NMR 

experiments with DNA containing 2’-F-fC or 2’-F-caC, both of which are unfortunately 

not currently commercially available, will inform on flipping equilibria for fC and caC 

into the TDG active site. 

Structure-function analysis of DNA containing x·T pairs suggested that opposing 

base specificity during thymine excision was partly due to the decrease in duplex stability 

at sites of G·T mispairs. Additionally, contacts between TDG and the opposing Gua, 

particularly at N1H and N2H2, appear necessary for stable, productive flipping of 

thymine into the TDG active site. 

The difference in specificity for thymine versus fC and caC is likely explained by 

properties of the TDG active site. While the active site is large enough to allow access to 

a diverse range of bases, conserved residues limit thymine activity. Ala145 imparts steric 

hindrance for thymine, and His151 appears to hinder thymine excision by destabilizing 

the thymine leaving group [7]. Together, these constraints on thymine excision place 

additional requirements for stable, productive flipping of thymine into the TDG active 

site. Interactions between TDG and the opposing Gua are likely necessary to stabilize 

thymine flipping, either by stabilizing insertion of the intercalation loop, aligning TDG-

DNA interaction for optimal flipping of thymine into the active site, or both. Likewise, 

interactions between TDG Q278 and the +1 and +2 bases appear to help position TDG 

and the target thymine in a manner which stabilizes flipping. Together, these constraints 
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allow TDG to remove thymine from G·T mismatches arising via mC deamination, while 

ignoring the vast background of normal A·T pairs. 

Obtaining structural data of TDG bound to DNA containing a G·T mispair 

remains one of the top priorities in the effort to understand how context specificity is 

attained for thymine removal. Unfortunately, efforts to obtain crystals of the TDG/G·T 

substrate complex have thus far been unsuccessful. The conditions used previously to 

generate crystals of DNA-bound TDG seem unlikely to produce crystals, for several 

reasons. The [NaCl] used to set up crystal trays, ~130 mM, is higher than the optimal 

concentration for excision activity [13]. Additionally, 19F NMR showed that flipping for 

thymine into the active site is not complete at 22° C. Setting up trays at 37° C, where 

thymine appeared to be predominantly in the flipped state, will likely increase the 

probability of crystal formation. Data from kinetics reactions and 19F NMR on various 

DNA contexts have also suggested an optimal sequence, which maximizes kmax and Kflip: 

TTGG (target thymine in bold font). 
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