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Abstract 

 

Title of Dissertation: Coordination of the initial steps of base excision repair: 

Characterizing apurinic/apyrimidinic endonuclease 1 stimulation of thymine DNA 

glycosylase 

 

Megan Elizabeth Fitzgerald, Doctor of Philosophy, 2011 

 

Dissertation Directed by: Alexander C. Drohat, Assistant professor, Department of 

Biochemistry and Molecular Biology 

 

DNA can be damaged by a variety of endogenous and exogenous sources. Cells 

are equipped with DNA repair systems to maintain genomic integrity. One mechanism 

for repair is the base excision repair (BER) pathway, in which a damage specific DNA 

glycosylase recognizes and excises damaged or mispaired bases, producing an abasic 

(AP) site in the DNA.  Many DNA glycosylases bind AP-DNA product with high 

affinity, and exhibit slow enzymatic turnover in vitro. BER then continues as AP 

endonuclease I (APE1) displaces the DNA glycosylase and nicks the phosphodiester 

backbone.  The AP site is excised and the original nucleotide is restored by other BER 

enzymes.  Thymine DNA glycosylase (TDG) recognizes and repairs G·T mismatches, as 

well as other lesions, with a preference for bases paired with guanine and located at CpG 

sites.  Like other DNA glycosylases, TDG binds tightly to its product, AP-DNA, 

preventing enzymatic turnover.  

The mechanism for coordinating the transfer of toxic AP intermediates between 

the glycosylase and APE1 in base excision repair is poorly understood.  Like TDG, other 

glycosylases bind AP-DNA very tightly, and APE1 has been shown to stimulate their 

turnover and relieve inhibition.  The exact mechanism for displacement was unknown for 

TDG, but our studies on the effect of APE1 on kcat using steady state kinetics experiments 

and measurements of individual rate constants using stopped flow anisotropy provide 



much needed insight into this mechanism.  We find TDG activity is dramatically 

increased for G·T substrates in the presence of APE1.   Also, the steady state activity of 

TDG is limited by slow product release as well as inhibition by AP-DNA, with the 

greatest effect observed in reactions where commitment to catalysis is low (i.e. G·T 

reactions).  Substrate dissociation rates, inhibition experiments, and steady state kinetics 

all provide evidence for this phenomenon.  Observation that product release and product 

inhibition contribute to slow kcat suggests APE1 increases TDG turnover using passive 

and active mechanisms.  Thus, the characterization of APE1 stimulation of TDG has 

provided valuable insight into the coordination of the initial steps of BER and into CpG 

site repair.  
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Chapter I. Introduction 

 

1.1  Overview 

 
 

DNA encodes essential genetic information, necessitating the maintenance of its 

integrity and repair of damage.  Damaged bases are often created by oxidation, 

alkylation, deamination and UV radiation as a result of metabolic events and a variety of 

exogenous sources (65).  To prevent further mutagenesis and cytotoxicity that may result 

from DNA damage, cells implement DNA repair systems such as base excision repair 

(BER).  BER is initiated by a damage specific DNA glycosylase, which recognizes the 

damaged base using a remarkable base flipping mechanism, and subsequently hydrolyzes 

the N-glycosylic bond to remove the lesion (122).  The abasic (AP) site produced is 

removed, and the original nucleotide is restored using other enzymes in the BER 

pathway.  Mammalian thymine DNA glycosylase (TDG) is one such damage specific 

DNA glycosylase that recognizes G·T mispairs at CpG sites (Figure 1.1).  

After cleavage of the N-glycosylic bond and removal of the lesion, AP 

endonuclease 1 (APE1) cleaves the phosphodiester backbone 5’ to the resulting AP site.  

DNA polymerase β then inserts the correct nucleotide and DNA ligase restores the 

phosphodiester bond.   Some DNA glycosylases, like human 8-oxoguanine-DNA 

glycosylase (hOGG1), are of the glycosylase/AP lyase type. These types of glycosylases 

hydrolytically cleave the N-glycosylic bond for base removal, and subsequently form a 

covalent Schiff base with the C1’ of the sugar backbone.  The Schiff base can be 

hydrolyzed or undergo β-elimination, which consequently cleaves the DNA phosphate 
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backbone.  However, APE1 is still needed to remove the 3’-phoshpo-α,β-unsaturated 

aldehyde produced by the β-elimination via its 3’-phosphodiesterase activity.   

 

 

 
 

Figure 1.1. CpG site maintenance. CpG sites are hotspots for mutations due to the 

deamination of 5-MeC to T, causing a G/T mismatch.  The repair of this mismatch is 

performed by TDG, which creates an abasic site that is acted upon by AP endonuclease. 

DNA polymerase β and DNA ligase then complete the repair process and restore the C 

residue. TDG uses a tripartite mechanism to recognize its substrate. It recognizes i) the 

damaged base (which include other bases than T), ii) the mismatched guanine, and iii) the 

CpG context of the damage. 

 
 

AP sites produced by the glycosylase reaction are very labile and autolytically 

degrade to generate DNA strand breaks (66).  Also, AP sites impede DNA synthesis by 

affecting base incorporation by DNA polymerases (12, 141) and are mutagenic on the 

level of transcription (141).  Because of their cytotoxicity, AP sites are protected from 

cellular exposure by the tight binding of DNA glycosylases until other repair machinery 

is recruited.  Hence, TDG binds very tightly to its product, AP DNA, as with other 
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glycosylases.  Because TDG binds to its product with such high affinity, its enzymatic 

turnover is severely impaired (129).  With stimulation from other enzymes, TDG is able 

to dissociate from the DNA in order for BER to continue.  Evidence indicates this 

dissociation is stimulated by the next enzyme in the BER pathway, AP endonuclease 1 

(APE1), and this stimulation is shown for other human and bacterial DNA glycosylases 

as well (128). Recent biochemical evidence has also shown an increased turnover of TDG 

when modified by Small Ubiquitin-like Modifier (SUMO) proteins (121).  The 

interaction between DNA glycosylases and APE1 is not well characterized, despite the 

importance in the BER pathway.  

 

1.2.  The role of thymine DNA glycosylase in repair and genome maintenance 

 

A prominent type of damage in humans is formation of a G·T mispair, specifically 

at a CpG site.  CpG sites are targets for methylation, as a cytosine methyltransferase 

converts cytosine to 5-methylcytosine (50), which then acts as a mark for transcriptional 

silencing and is involved in key cellular processes such as regulating transcription and 

maintaining genomic integrity (110).  But, this 5-methylcytosine can be easily 

deaminated to thymine, causing a G·T mismatch and a G·C to A·T transition mutation 

upon replication (23, 109).  Thymine DNA glycosylase removes the mispaired thymine in 

the context of a CpG site, and plays an important role in CpG site maintenance (134) 

(Figure 1.1). Methyl binding domain IV (MBD4) is another DNA glycosylase that 

initiates repair of G·T mispairs at CpG sites, and hence also plays a role in genomic 

maintenance (13, 45). There is a high frequency of C to T mutations in human disease, 
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and the additional disruption of transcriptional regulation when these mutations occur 

underscore the importance of damage recognition by these enzymes (23, 119).  The 

mechanism and activity of these proteins thus affect CpG site hypermutability, and 

understanding their roles in repair and regulation of CpG site maintenance is essential. 

While methylation mediated by DNA methyltransferases is well understood, the 

mechanisms of DNA demethylation are not (95).  Spontaneous deamination does occur, 

and there is emerging evidence indicates active deamination is occurring as well. 

Inhibition of DNMT1, which copies preexisting methylation patterns in newly 

synthesized DNA during replication, can result in loss of methylation (57, 79).  However, 

rapid demethylation is observed during gametogenesis and postfertilization, indicating 

there is active demethylation occurring (57).  In plants, 5-methyl-cytosine DNA 

glycosylases have been shown to directly deaminate DNA by removal of 5-methyl-

cytosine and subsequent re-introduction of cytosine, but mammalian homologues TDG 

and MBD4 have not been shown to have efficient removal of 5-methyl-cytosine (24).  As 

opposed to direct demethylation by BER enzymes, it has been proposed that deamination 

of 5-methylcytosine to produce an aberrant thymine, followed by DNA repair, could lead 

to demethylation.  Several proteins involved in this mechanism of deamination have been 

identified, including activation-induced cytidine deaminase (AID) and Gadd45a (108).  

AID, a cytosine deaminase which catalyzes 5-methyl-cytosine deamination in single 

stranded DNA to create at G·T mispair (83), is mainly known for generating antibody 

diversity in B cells, RNA editing and antiviral response. It has been recently shown in 

zebrafish that AID, GADD45A, and MBD4 act in a complex that deaminates 5-methyl-

cytosine and then repairs the product (108).  However, neither AID nor GADD45a 
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deficient mice have extreme developmental defects, suggesting other mechanisms of 

active DNA demethylation.  RING finger protein 4 (RNF4) is another protein implicated 

in active demethylation, and unlike AID and GADD45a, is embryonic lethal (48).  Recent 

studies have demonstrated a key role for RNF4 in deamination and an RNF4 interaction 

with TDG and APE1.  In fact, RNF4 requires both enzymes for demethylation, possibly 

because of an enhancement of their repair activities on G·T mispairs, increasing the 

efficiency of the overall demethylation process (48). 

Mechanisms of DNA demethylation and repair of subsequent mutations to restore 

the original CpG methylation pattern are of importance to human health, as the transition 

mutation resulting from an unrepaired G·T mispair has implications in many cancers. 

About 30% of all germline mutations are due to CpG site mutations (23). Changes to 

CpG sites not only contribute to cancer pathogenesis through the mutation of genetic 

information, but also through perturbation of epigenic methylation patterns, which can 

then activate oncogenes that would normally be silenced (126).  Thus, repair of lesions at 

CpG sites is important for maintaining genetic integrity.  TDG is directly involved in the 

repair of CpG site lesions, and is evidenced to play a role in active demethylation of 5-

methylcytosine, expanding its role in genomic maintenance and regulation. This is 

consistent with the report of a TDG knockout being embryonic lethal in mice (24); the 

first observation for a DNA glycosylase.  Because of the prevalence of CpG site 

mutations, it seems as if TDG activity is relatively inefficient, and elucidating its kinetic 

mechanism as well as its interactions with other proteins will provide valuable 

information about CpG site mutability and its role in cancer progression. 
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1.3. Structure and specificity of TDG 

Both TDG and MBD4 recognize and repair G·T mismatches.  They have similar 

excision rates for G·T and G·U substrates, and both bind to abasic product tightly (45, 78, 

137).  However, there are differences between the two, in structure, substrate recognition, 

and cell cycle expression.  TDG belongs to the uracil DNA glycosylase superfamily of 

enzymes, which contain a common alpha/beta fold (101).  MBD4 belongs to the Endo III 

superfamily, and does not share the same fold or active site structure as TDG, indicating 

a distinct recognition mechanism despite their common G·T substrate (13, 45, 137).  

TDG shares a 32% amino acid sequence identity and structural similarity with E. coli 

mismatch specific uracil DNA glycosylase (eMUG), another member of this family (4, 

10).  TDG contains a conserved catalytic core (residues 121-300)(24), an N-terminal 

domain suggested to play a role in T processing (121), and a C-terminal domain involved 

in DNA binding that contains the SUMO conjugation site (lysine 330) (4, 41).  TDG 

recognizes not only G·T mispairs, but many other lesions, with a preference for bases 

paired with guanine and located at CpG sites (14, 130).  In fact, like eMUG, TDG will 

excise uracil from G·U mispairs (34). However, despite sequence and structure similarity, 

eMUG does not have activity on G·T mispairs, nor does it have site specificity (i.e. 

lesions in CpG sites) (92).  TDG is one of the only DNA glycosylases with this tripartite 

recognition mechanism (116, 129).  This further emphasizes the importance of TDG in 

CpG site methylation maintenance.   

While TDG excises thymine opposite guanine, it must utilize a mechanism to 

avoid an excess of undamaged, A·T base pairs. TDG has over an 18,000-fold lower 

activity for A·T vs. G·T pairs, and a reduced activity for mispaired bases opposite A vs. G 
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(84).  The crystal structure of TDG and abasic DNA provided insight into this sequence 

specificity by revealing contacts with the opposing guanine by TDG residues A274 and 

P280 and the insertion loop (Figure 1.2) (71).  These interactions can only occur when 

the target base is flipped into the active site, and cannot occur with adenine as the 

opposing base.  Also contributing to the sequence specificity is the interaction of the 

insertion loop with the guanine 3’ to the lesion.   This contact promotes nucleotide 

flipping and perhaps the chemical step of the reaction by increasing the status of the 

flipped base in the active site (84).  Insertion loop residue Q278 and residue K201 play 

important roles in the 3’ G interaction and are conserved for vertebrate TDGs, which 

exhibit CpG specificity, but are not conserved in fission yeast or eMUG, which do not 

exhibit this specificity ((71). 

 

Figure 1.2.  TDG structure and sequence specificity.  Insertion loop residue Q278 

makes important contacts with the 3’G.  A274 and P280 contact the opposing G, which 

could not occur with A, and are thus important for CpG specificity. 



8 
 

 

While TDG avoids excising thymine in an undamaged context using structural 

interactions with the opposite guanine to provide CpG specificity, it must then avoid 

excising a correctly paired cytosine with this guanine.  TDG has a relatively permissive 

and non-selective active site, as evidenced by its broad substrate range, which includes 

thymine, uracil, halogenated uracils, 3,N4-ethenocytosine, etc.(116, 129).  Unlike other 

glycosylases that are specific for a single lesion, TDG does not make selective contacts 

with the target, flipped base (71).  Thus, other mechanisms for substrate selectivity must 

be employed.  It was proposed that the stability of G/C pairs (i.e. the 3 hydrogen bonds) 

prevents TDG from flipping C into its active site. However, TDG can excise 5-substitued 

bases, namely 5-fluoro-uracil and –cytosine, and 5-bromo-uracil and –cytosine, which are 

bulkier and form a less stable N-glycosylic bond (14). Thus, it is not likely that C is 

excluded from the active site.  Instead, TDG displays a Bronsted-type linear free energy 

relationship with its substrates, suggesting a hydrophobic active site that increases 

specificity for its substrates by enhancing the difference in N-glycosylic bond stability for 

T vs. C (14).   The specificity is attained at the chemical step of the reaction for TDG, 

unlike other glycosylases, which have a selective active site that make specific 

interactions with one lesion and reject other bases, like UNG (90, 99).  Glycosylases 

similar to TDG with a broad range of substrates employ a similar mechanism to attain 

specificity. For instance, AlkA, like TDG, attains specificity at the chemical step by using 

the N-glycosylic bond stability (91). 
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1.4. TDG affinity for specific and non-specific DNA 

 

Specific contacts between TDG and abasic DNA revealed in the crystal structure 

were important in elucidating substrate specificity. Because of its permissive active site 

and the lack of specific contacts with its substrate bases, TDG is able to flip a broad range 

of bases into its active site, including those in undamaged DNA.  It is important to 

characterize TDG binding to substrate, product and undamaged DNA to fully understand 

how TDG recognizes and processes lesions, and how its activity is stimulated by the 

follow-on repair enzyme, APE1.   

The crystal structure of TDG revealed a second subunit of TDG bound to the 

DNA.  TDG is able to bind abasic DNA with 1:1 and 2:1 stoichiometry, as shown by 

EMSA and ITC (71).  This raised the question of the biological relevance of 2:1 binding, 

and whether the second, non-specific subunit (i.e. not bound to the abasic site) was 

productive or necessary for TDG activity.  Studies have revealed that 1:1 binding is 

sufficient for full activity on G·U mispairs (71), but weaker catalysis for G·T mispairs 

suggested that 2:1 binding may be needed in GT processing. 

A recent study reported the affinity and stoichiometry of TDG on specific and 

non-specific DNA, providing insight into how TDG finds and initiates repair.  TDG 

processes both G·U and G·T mispairs with 1:1 stoichiometry, as evidenced by the sub-

nanomolar and low nanomolar affinities (Kd = 0.6 nM and Kd=18 nM, respectively), and 

the ability of 1:1 binding to produce full G·T repair activity (85).  Also, TDG binds non-

specific DNA relatively tightly compared to the second subunit for either mispair. TDG 

has a 30-fold weaker affinity for G·T mispairs vs. G·U mispairs, likely due to the C5 
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methyl group on thymine that may reduce the lifetime of the thymine in a flipped state 

due to steric hindrance in the active site (85).  G·T mispairs are the predominant 

biological target for TDG, and its weaker affinity for them may contribute to the 

avoidance of excess A/T pairs over G·T mispairs.  This study provided additional insight 

into the specificity of TDG and substrate recognition, as the affinity for undamaged CpG 

sites was determined to be relatively tight (Kd = 63 nM), only about 4-fold weaker than a 

G·T mispair in that context (85).  Tight binding to CpG sites in addition to the ability to 

flip cytosine into the active site provides TDG with a search mechanism for lesions 

arising from deamination of 5-methylcytosine in CpG sites.   

TDG also binds to abasic DNA very tightly in a 1:1 complex (Kd = 1.4 nM), and 

the second subunit binds with a much weaker affinity (Kd = 1.9 uM) (85). Thus, the 

second subunit is not needed for tight binding of abasic DNA.  APE1 stimulated turnover 

of TDG hence involves a 1:1 complex, as limiting amounts of TDG and saturating 

amounts of substrate were used to measure the effect, and these conditions preclude 

second subunit binding.  TDG processing of shortened DNA substrates (on the 5’end of 

the lesion) also exhibited APE1 stimulated turnover, and again this would not allow for 

binding of the non-specific subunit.  APE1 stimulated turnover of TDG will be discussed 

in detail in later sections and in Chapter 2. 

Other research has reported TDG binding to G·T mispairs with low affinity and 

G·U mispairs and abasic DNA with high affinity (39), that resulted in a two state binding 

hypothesis. This hypothesis attempts to explain the difference in binding affinities and 

substrate binding modes.  An “N-terminal switch” is proposed, where the N-terminus of 

TDG mediates non-specific DNA binding and can explain the low affinity for G·T 
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mispairs (121). They propose there is one state induced by a conformational change that 

is caused by initial DNA contact involving the N-terminal domain, and this allows for 

TDG sliding along the DNA in search for a lesion.  When TDG then encounters a 

mismatched substrate, it makes specific contacts via its active site that act cooperatively 

with the non-specific contacts to bind to the substrate. After base hydrolysis, these 

contacts prevent abasic DNA release. Notably, they posture that TDG-core still has these 

active site contacts even after base hydrolysis, but the lack of N-terminal interactions 

allows for an increased dissociation of TDG from abasic DNA (121).  However, the N-

terminus remains disordered upon DNA binding when monitored by NMR chemical 

shifts, and does not seem to have the stable structure proposed by this N-terminal clamp 

theory.  The pI of residues 56-110 is 10.5, and contains 16 lysines. The positive charges 

and pI suggest the N-terminus uses electrostatic interactions with the DNA backbone to 

bind DNA, but will not necessarily form a stable structure upon binding. Also, the 

measured Kd values by our lab show the N-terminus tightens CpG site and G·U substrate 

binding by 70-fold and G·T substrate binding by 190-fold.  Thus, the N-terminal residues 

may be needed to stabilize binding to the bulkier G·T mispairs, as compared to the less 

bulky uracil and cytosine residues that do not contain a C5 methyl group.   

 

1.5.  TDG kinetic mechanism 

 

The minimal TDG kinetic mechanism, shown in Figure 1.3, begins with the 

formation of the collision complex, E·S.  The initial substrate binding event is then 

followed by the nucleotide flipping step to give a reactive Michaelis complex, E´·S´.  

Nucleotide (or base) flipping is a reversible step universal among glycosylases that 
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couples lesion recognition with base removal (25, 47).  Base flipping provides 

glycosylases with access to the N-glycosylic bond and positions the base in the active site 

in a conformation promoting cleavage.  To promote the energetically costly base flipping 

step, glycosylases utilize several approaches including interactions with the backbone 

phosphates adjacent to the lesion and DNA bending (17, 32, 47).  The TDG product 

complex reveals a 43˚ bend in the DNA helix, and it contacts 5 backbone phosphates of 

the target strand adjacent to the abasic site (71).  These interactions compose the 

“phosphate pinch”, which is observed in UDG and eMUG and thought to promote base 

flipping (10, 96, 120).  Additionally, the R275 side chain penetrates the minor groove, 

plugging the space vacated by the flipped nucleotide and contacts two adjacent 

phosphates (71).  These electrostatic interactions may promote base flipping and increase 

binding affinity by enforcing the phosphate pinch. This arginine is needed for G·T 

activity and stabilization of the flipped, bulky thymine. Mutation of this residue to 

leucine, which is the corresponding “plug” residue in eMUG (120), causes a diminished 

binding and activity for G·T substrates (70).   

 

 

Figure 1.3. Minimal kinetic mechanism of TDG.  The minimal kinetic mechanism 

includes the formation of the collision complex (E·S), base flipping, chemistry and 

product release. 
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The next step in the reaction is the chemical step, giving the ternary product 

complex E´·B·P΄. The chemical step includes N-glycosylic bond cleavage and 

nucleophile addition, and is irreversible.  Asn140 is an essential residue involved in the 

chemical step and is strictly conserved in the TDG-MUG family (10). Mutation of this 

residue abolishes enzymatic activity, but retains DNA binding affinity (39, 70). It likely 

positions the nucleophile (water) for attack at the deoxyribose C´1 upon rupture of the N-

glycosylic bond, or stabilizes the positively charged deoxyribose in the transition state 

(122).  The “phosphate pinch”, important in base flipping, may also contribute to rate 

enhancement at the chemical step by favorably positioning the phosphates relative to the 

sugar, and by stabilizing the sugar and repelling the anionic base in the transition state 

(122).    

After enzyme and DNA conformational changes, dissociation of product from the 

ternary complex occurs.  TDG has no detectable affinity for free base at concentrations 

up to 5 mM, monitored by NMR chemical shift perturbations and by steady state kinetics 

(i.e. no detectable shifts and no inhibition observed when monitoring kcat).  This indicates 

an essentially irreversible product release step.  In steady state kinetic experiments, kcat 

values differed depending on the substrate used.  A 5-fluorouracil substrate produced the 

fastest kcat, and thymine the slowest (29). From this data and the lack of TDG binding to 

free base, it was hypothesized that the base remains trapped with the abasic DNA product 

in the active site. Electrostatic interactions between the anionic base (5-fluorouracil) and 

phosphate backbone then stimulate release of abasic DNA. Based on pKa, thymine is 

likely not anionic, and its lack of electrostatic repulsion and stimulation of product 
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release partly explains the comparatively slower kcat observed for thymine reactions.   

These observations indicate an order of product release; abasic DNA is likely released 

prior to the excised base.  Subsequent stopped flow experiments have shown a faster koff
P 

in the presence of 5-fluorouracil in the ternary complex than koff
P for abasic DNA bound 

to TDG alone in a binary complex.  While the base does not rebind to TDG, abasic DNA 

does, producing an equilibrium between free TDG and abasic DNA, and TDG-bound 

abasic DNA.  Many glycosylases are limited by product release, but not all exhibit this 

inhibitory effect with product re-binding.  Tight binding of TDG to its abasic product 

limits the enzymatic turnover of TDG, particularly for G·T substrates, and thus acts as an 

inhibitor to the reaction.  Thus, slow product release and inhibition by abasic DNA limits 

G·T activity, as established by koff
P measurements that are faster than the measured kcat.  

Inhibition is relieved by APE1, by both stimulating product release (discussed below) and 

depleting abasic DNA.   

Determining the kinetic mechanism of TDG is necessary to provide insight into 

the repair of CpG sites.  Inefficient repair of CpG site lesions and the slow steady state 

kinetics of TDG may contribute to the high mutational frequency at CpG sites observed 

in cancer. Thus, providing rate constants for the individual steps of the reaction is also 

necessary to reveal the rate limiting step or steps responsible for slow G·T processing.   

 

1.6. APE1 stimulated turnover of TDG 

 

Because of the cytotoxicity of abasic DNA, the product of DNA glycosylase 

reactions, it is necessary to protect these sites in vivo.  The tight binding of DNA 
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glycosylases to their product AP sites is one such mechanism of protection, but this tight 

binding comes at a cost of limiting enzymatic turnover.  This can be overcome by the 

follow-on base excision repair enzyme, APE1, which stimulates DNA glycosylase 

dissociation from product (128).  The next enzyme in the pathway, DNA polymerase β, is 

then recruited to the subsequent APE1-DNA complex, with which a direct interaction has 

been shown (15).  XRCC1 and DNA ligase 1 can then be assembled at the damage site, 

thus forming the repair machinery (20). These direct interactions between the damage 

general enzymes provide a means of coupling the last steps of BER, but the coupling of 

these enzymes with the damage specific glycosylase has yet to be resolved.  Evidence of 

an interaction between APE1 and some DNA glycosylases (98), as well as evidence of 

APE1 stimulated turnover of DNA glycosylases (97, 128), has identified a means of 

coordination of the first two steps of the repair pathway. 

Despite the relevance of APE1 stimulated turnover of DNA glycoyslases in the 

BER pathway, the mechanism by which this occurs is unknown.  Two mechanisms are 

proposed – passive displacement and active displacement.  Passive displacement suggests 

that APE1 competes with the DNA glycosylase for free AP DNA and essentially 

sequesters AP DNA, preventing re-binding by the DNA glycosylase, and thus an increase 

in enzymatic turnover (40, 46, 97).  Active displacement suggests that APE1 interacts 

with the DNA glycosylase and/or DNA, causing the dissociation of the glycosylase from 

the AP-DNA (128).   Comparisons of AP-DNA bound UDG to AP-DNA bound APE1 

have resulted in the hypothesis of a direct hand-off mechanism, where APE1 interactions 

with the DNA minor groove would “pry” UDG off the product DNA (82, 97).  Previous 
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research is mixed and has suggested both passive and active displacement as dissociation 

mechanisms for various DNA glycosylases.   

Active displacement has been suggested for multiple glycosylases including TDG, 

UDG, MutY, and AAG (6, 97, 104, 128).  Evidence for active displacement of TDG 

includes an increased turnover of TDG in the presence of APE1 (128) and an interaction 

between TDG and APE1 in GST pull down assays (124). Also, E. coli EndoIV was 

unable to stimulate turnover of TDG (i.e. could not replace APE1) (107, 128).  APE1 and 

E.coli Endo IV are structurally unrelated but perform the same 5’ AP endonuclease 

function in their respective organisms, and thus human DNA glycosylases would not be 

expected to interact with E.coli Endo IV and E.coli DNA glycosylases would not be 

expected to interact with human APE1. Evidence for active displacement for other 

glycosylases include the interaction between human MYH and APE1 (98), and the lack 

of stimulation of MutY turnover by APE1 (i.e. could not replace E. coli AP 

endonuclease) (104).   

The structure of AP-DNA bound UDG has also provided insight into APE1 

stimulation of DNA glycosylases (97). The comparison of this structure to AP-DNA 

bound APE1 has shown similar minor-groove binding of the two enzymes to DNA.  

APE1 is also shown to enhance UDG activity, but does not interact directly with UDG 

(97).  The biochemical and structural studies have led the authors to suggest that UDG 

and APE1 compete for binding to AP sites, where the stimulation of UDG release of AP- 

DNA is promoted by competitive interactions with the DNA minor groove and the AP 

site. A “snow plow” mechanism is suggested, where the processive scanning of APE1 on 

the DNA minor groove disrupts UDG binding, thus prying it off the AP site (97).  It is 
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proposed that binding to the DNA minor groove and subsequent flipping of the abasic 

site into the enzyme’s active site may be a common damage recognition mechanism by 

DNA glycosylases.  Alterations in the DNA duplex resulting from base damage, like 

wobble mispairs and syn base conformations, are more easily detected from the minor 

groove, as it is more structurally uniform than the major groove. This mechanism 

combines damage recognition and AP site recognition, and couples the DNA glycosylase 

and APE1 to the abasic site without the necessity of a protein-protein interaction.  While 

not all glycosylases lack the ability to directly interact with APE1, the flipped nucleotide 

binding mechanism is further supported by our recent crystal structure of TDG and abasic 

DNA, where a fully flipped enzyme-DNA complex is formed through extensive minor 

groove binding (71).  

While active displacement is supported by the aforementioned studies, a passive 

displacement mechanism cannot be discounted.  Human Ogg1 was stimulated by both 

human APE1 and E.coli EndoIV, suggesting a physical interaction is not required, and 

competition between APE1 and Ogg1 for the AP-DNA product allows for Ogg1 turnover 

(46).  This implies a passive displacement mechanism in the case of Ogg1, where 

sequestration of the AP-DNA product seems to play the main role in turnover 

stimulation.  Subsequent studies on Ogg1 have found a DNA length dependence and 

positional affect of the abasic site on the degree of stimulation by APE1, as well as 

evidence of a ternary complex formation (Ogg1·AP-DNA·APE1) through EMSA and Far 

Western experiments (117).  These experiments suggest an active displacement 

mechanism for APE1 mediated turnover of Ogg1, in contrast with earlier studies. Also, 

the stimulation of Ogg1 by E.coli Endo IV was corroborated, but unlike with APE1, there 
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was not positional affect of the abasic site on stimulation, indicating a different 

mechanism for Endo IV (117).  This perhaps suggests a role for both product 

sequestration and active displacement in the turnover of some glycosylases.  It also 

underscores a need for further elucidation of displacement mechanisms with DNA 

glycosylases like TDG.   

Previously, it has been suggested that TDG is stimulated through an active 

displacement mechanism.  Used to support this hypothesis is the interaction of human 

APE1 with mouse TDG observed through affinity binding experiments (as mentioned 

above) (98, 124).  But, using NMR chemical shift perturbation experiments, our lab could 

not detect any physical interaction between the human enzymes in the absence of DNA.  

However, the lack of DNA may have precluded our ability to observe an interaction 

between APE1 and TDG, as the interaction may necessitate the presence of abasic DNA.  

APE1 has been found to bind to both single stranded and double stranded DNA, but with 

a much greater affinity for double stranded DNA (135). One possible explanation for the 

stimulated turnover of DNA glycosylases by APE1 may have to do with its interaction 

with both strands of the DNA, forcing TDG to dissociate and hence stimulating TDG 

turnover.   

The structure of APE1 bound to abasic DNA also provides clues into the 

stimulation of glycosylase turnover.  It shows that specificity of APE1 to extrahelical AP 

sites is obtained from a hydrophobic pocket that tightly packs the abasic deoxyribose and 

excludes the binding of normal DNA nucleotides (82).  This site is also specific for the α-

anomer of AP sites created as the direct product of DNA glycosylases and not for the β-

anomer formed by racemizations of AP sites in solution (82). This specificity suggests 
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the AP site may be passed to APE1 from the DNA glycosylase, preventing the release of 

toxic repair intermediates into the cell.  But, a direct handoff between the two is 

impossible as both enzymes bind to a flipped AP site. 

To determine the mechanism of stimulated turnover for TDG, accurate steady 

state kinetic values and the effect of APE1 on these values need to be evaluated.  In 

recent studies, steady state kinetics studies were performed using a variety of substrates, 

and provided valuable information about APE1 stimulation of TDG turnover (29).  In 

order to determine kcat, the severe product inhibition caused by tight binding of TDG to 

AP-DNA was overcome by coupling APE1 to TDG activity in a novel coupled enzyme 

assay (29).  This assay not only provided the first quantitative measurements of the APE1 

effect on kcat, but also provided insight into the mechanism of APE1 stimulation. When 

comparing kcat values obtained with the coupled assay and kinetic values garnered from 

burst kinetic data, there was a significant effect on TDG turnover.  There was up to a 77-

fold increase of turnover of the TDG catalytic core on a G·T substrate and a 42-fold 

increase for full length TDG in the presence of APE1 (compared to reported 2- to 4-fold 

simulation for other glycosylases (56), underscoring the importance of APE1 in the TDG 

reaction cycle.   

 

1.7. Post-translational modifications 

 

The evolutionary divergent N- and C-termini of TDG are able to be post-

translationally modified, and these modifications affect epigenetic regulation and CpG 

site maintenance by TDG.  The N-terminus contains a hydrophilic lysine-rich region that 
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is acetylated by CREB-binding protein (CBP) and p300 (22, 124), as well as 

phosphorylated by protein kinase C (PKC) (80), while the C-terminus is modified by 

covalent SUMOylation (4).  The N-terminus of TDG is implicated in non-specific DNA 

interactions, tight binding to abasic DNA, and G·T processing.  Hence, acetylation and 

phosphorylation of the N-terminal domain may influence repair processing and through 

disruption of interactions with other partners or through abrogated DNA binding (81).  

Interaction of TDG with histone modifiers also has implications in transcriptional 

regulation and coupling (22).   

In order for DNA to be accessible for transcription machinery, chromatin 

structure must be altered by chromatin modifying enzymes and remodeling complexes, 

and it is proposed that the same chromatin remodeling activity may be needed for DNA 

repair enzymes to access their substrates (76).   Because TDG is specific for CpG sites, 

repair may be coupled to transcription, as G·T mispairs arise frequently in CpG islands, 

which are often located near actively transcribed genes.  Also, while MBD4 is localized 

to transcriptionally inactive heterochromatin, TDG is absent from these regions, and thus 

may be localized to transcriptionally active regions of the genome associated with 

euchromatin (124). Further evidence for TDG coupling to transcription includes 

interactions with transcription factors like Jun and CBP/p300 (22, 125).  TDG is not only 

acetylated by CRB/p300, but also forms a ternary complex with it and DNA in vitro 

(124).  CBP/p300 act as co-activators of several transcription factors, like CREB, AP-1, 

and p53(36).   Also, CBP/p300 is also thought to activate transcription by an intrinsic 

histone acetyltransferase activity (HAT) that remodels chromatin for accessibility (9, 93), 

and interactions with various members of transcription machinery, like TBP, TFIIB, and 
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RNA pol II (36). When in association with TDG and DNA, CBP/p300 retains its HAT 

activity and TDG retains its repair activity, suggesting CBP/p300 recruitment promotes 

chromatin remodeling at repair sites.  TDG was also shown to be a potent activator of 

CBP/p300-dependent transcription (124), and SUMO binding to TDG is essential for this 

activation (81).  Tini et al. suggest a model where CBP/p300·TDG or TDG may be 

recruited to promoter regions by transcription factors to first repair regulatory regions and 

thus promote transcription.  This would make sure that transcriptionally active genes do 

not have any mispairs (and thus possible mutations) prior to transcription, and would 

effectively link TDG mediated repair to transcription.   

As mentioned above, post-translational modification of TDG at its N-terminus 

may affect repair of lesions at CpG sites through the disruption of interactions with other 

repair proteins or DNA binding.  Acetylation has not been shown to affect cleavage of 

mispaired T or U lesions, but causes the release of CBP/p300 and prevents the interaction 

between murine TDG with human APE1, as shown by pull-down assays (124).  Thus, the 

acetylation of TDG has been proposed to have a selective inhibitory effect on DNA repair 

by preventing downstream repair events (but not effecting transcription), and may act as a 

molecular switch between the repair and transcriptional functions of TDG (124).  

However, the interaction observed between TDG and APE1 via GST pull-down was 

performed using mouse TDG, and has not been repeated using the human construct.  Our 

lab has not observed a physical interaction between TDG and APE1 using 15N-labeled 

TDG and addition of unlabeled APE1 in NMR chemical shift perturbation experiments.  

Also, the region implicated in the interaction contains residues 92-121.  When observing 

TDG turnover stimulation by APE1 using our coupled molecular beacon assay, APE1 
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was effectively able to stimulate the core domain of TDG containing residues 111-308 

(29).    

The N-terminus of TDG is also phosphorylated by PKC, both in vivo and in vitro.  

In the short region S93 – S99 of TDG, there are two principal phosphorylation sites (S96 

and S99) adjacent to three acetylation residues (K94, 95 and 98) (80, 81).  TDG 

acetylation decreased subsequent phosphorylation by 10-fold, and phosphorylation 

decreased subsequent acetylation by 3-fold, presumably due to the close proximity of the 

targeted residues (80).  Replacement of phosphoacceptor serines with aspartate, which 

mimic phosphorylation, also decreased acetylation in vitro. Replacement of acetylation 

target lysines with alanine reduced phosphorylation. However, in vivo experiments 

showed that a phosphorylation mimic was acetylated, indicating TDG can be acetylated 

by another enzyme besides CBP/p300 at other lysines.  To further explore the 

significance of these modifications in relation to TDG repair functions, the ability of 

TDG to be acetylated and phosphorylated while bound to DNA was examined.  While 

bound to DNA, TDG was able to be phosphorylated but not acetylated (80).  This led tto 

a hypothesis that PKC may phosphorylate DNA-bound TDG in vivo, while acetylation by 

CBP/p300 would require TDG to dissociate from DNA.  The inability of CBP/p300 to 

acetylate TDG bound to duplex DNA could subsequently affect G·T processing, and is of 

relevance to CpG site maintenance.  Also, the hindered binding of acetylated TDG has 

implications in DNA scanning and lesion detection.  However, in contrast to these 

findings, acetylated TDG is able to process G·U mispairs in vitro (80).  This may be 

attributed to the N-terminal domains necessity in G·T processing, but not in G·U (80, 

121).   This may also be attributed to the relatively tight binding of TDG to G·U as 
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compared to G·T mispairs in a CpG context (85), and this may be further demonstrated 

when TDG is acetylated.   

In response to DNA damage, CBP/p300 and other enzymes acetylate proteins like 

p53 to regulate cellular responses like cell cycle arrest and apoptosis (112).  Thus, 

crosstalk between different signaling pathways could regulate DNA damage response, 

specifically the activity of base excision repair enzymes, in reaction to cellular stresses.  

To support this hypothesis, DNA polymerase β and Fen1 have been shown to lose repair 

related activity when acetylated by CBP/p300 (42, 43). 

Post-translational modifications play an important role in TDG product release in 

addition to DNA binding and repair activity.  SUMOylation of the C-terminus and non-

covalent interactions with SUMO cause TDG conformational changes shown to abrogate 

DNA binding and G·T processing (4, 80). SUMOylation is also proposed to increase 

abasic DNA release and stimulate product turnover, based on the effects on binding and 

an observed increase in kcat when TDG is SUMOylated (121), as discussed in the next 

section. Some of the conformational changes proposed to occur with SUMOylation 

involve the N-terminus (121). Like acetylation, SUMOylation diminishes DNA binding. 

In order for SUMOylation to have its proposed affect on TDG turnover, it must occur 

while TDG is bound to DNA. But, acetylation requires that TDG first dissociate from 

DNA, and acetylated TDG may still bind abasic DNA after G·U processing (80). 
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1.8. TDG and SUMO 

 

In addition to other post-translational modifications, TDG is SUMOylated, or 

covalently linked to the Small Ubiquitin-like Modifier SUMO at lysine 330 (4, 5). 

SUMO can be coupled post-translationally through a series of ubiquitin-like enzymatic 

reactions to target proteins via one or more of the target’s lysine residues.  Reversible 

SUMOylation starts with activation of a mature SUMO protein at its C-terminus by the 

E1 activating enzyme heterodimer AOS1-UBA2.  A SUMO-adenylate conjugate is 

formed using ATP, and this is an intermediate in the formation of a thioester bond 

between the C-terminal carboxy group of SUMO and the catalytic cysteine residue of 

UBA2 (94).  Next, SUMO is transferred to the E2 conjugating enzyme UBC9, and a 

thioester bond is formed with its catalytic cysteine and the C-terminal carboxy of SUMO 

(27).  Lastly, UBC9 transfers SUMO to its substrate and an isopeptide bond is formed 

between a C-terminal glycine and a lysine side chain on the target protein.  This occurs 

with the help of an E3 ligase, which catalyzes the transfer of SUMO from UBC9 to the 

target (111).  But, unlike ubiquitination where target proteins are marked for degradation, 

SUMOylation marks its targets for a wide variety of cellular functions, such as nuclear 

transport, subnuclear localization, transcriptional regulation, DNA repair and 

chromosomal segregation (3).   There are 4 isoforms of SUMO in mammalian cells 

(SUMO 1-4), about 10 kDa each.  SUMO-2 and 3 share a 97% amino acid identity with 

each other, while only having a 48% and 46% identity with SUMO-1, thus forming a 

distinct subgroup (3).  More than 50 SUMO target proteins have been identified, 

including RanGAP1, p53, HDACs, and TDG (35).   



25 
 

Both SUMO-1 and SUMO-2/3 have been shown to modify TDG at Lys330 (3, 4).  

Structural studies of TDG conjugated to SUMO-1 and SUMO-3 have shown a similar 

interaction between TDG and each SUMO protein, despite the lack of amino acid identity 

between SUMO-1 and 3. SUMO interacts with the C-terminal domain of TDG (residues 

301-330), while the core region of TDG remains structurally unchanged, as suggested 

when compared to the eMUG crystal structure (4).  SUMO binding motifs (SBM) were 

mapped to the C-terminus (residues 308 to 346) near the covalent conjugation site and to 

the N-terminus (residues 122 to 156) using deletion analysis (81).  Both SBMs are 

required for SUMO1 binding, and stable interactions with both the free and conjugated 

SUMO1.  The SUMOylation of TDG reduces its affinity for abasic DNA, which is likely 

due to the induction of an α-helical formation in the C-terminal domain of TDG, and this 

consequently causes a steric clash with DNA bound to TDG (3).  SUMOylation also 

reduces the affinity of TDG for substrate DNA, presumably due to conformational 

changes that prevent productive binding.  The non-covalent interactions between the C-

terminus of TDG and SUMO are also necessary for the stimulation of abasic DNA 

release by TDG.  When TDG Glu310, which hydrogen bonds with Arg54 of SUMO, is 

mutated to glutamine, abasic DNA binding was restored.  The same occurred with an 

Arg281Ala mutation (4).  Thus, residues essential for non-covalent TDG- SUMO 

binding, as shown with pull-down assays, are important for DNA binding and product 

release.    

Other literature suggests a mechanism where SUMOylation of the TDG C-

terminus causes a conformational change in the flexible N-terminal domain, which is 

involved in G·T processing and abasic DNA binding, causing a release of the product 
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(121).  This is based on experiments assessing the role of the N-terminus in substrate 

processing. These experiments compared G·U and G·T processing of the catalytic core of 

TDG (TDGcat) and an N-terminal deletion construct of TDG (TDG-∆N), to full length 

TDG (TDG-full) and a C-terminal deletion construct of TDG (TDG-∆C).  TDGcat and 

TDG-∆N processed G·U more efficiently, but had a decreased rate for G·T, indicating 

necessary N-terminal contacts in mediating interactions required for G·T processing 

(121).  When comparing the activity of these constructs as well as SUMOylated TDG on 

a G·U substrate, TDG-∆N and SUMOylated TDG produced a similar catalytic turnover 

rate (compared to a reported zero turnover rate with TDG-full and TDG-∆C)(121). No 

further turnover rate enhancement was observed with a SUMOylated TDG-∆N.  

Steinacher et al. thus propose two kinetic states of TDG. One is represented by TDG-full 

and TDG-∆C, which are abasic site inhibited and do not exhibit multiple turnover 

kinetics; and the other is represented by TDG-∆N and SUMOylated TDG, which exhibit 

multiple turnover kinetics.  Keeping with this proposal, SUMOylation would modulate 

the N-terminal domain’s role in abasic DNA release.  With additional proteolysis 

experiments, they then further hypothesize that SUMO interacts with the N-terminus to 

prevent a conformational change with DNA binding, or to reverse the conformational 

change that occurs after binding (121).   

The stimulation of turnover by SUMO conjugation is asserted as the mechanism 

for the release and transfer of abasic DNA to APE1 (3, 121).  But, this does not account 

for the stimulation of TDG by APE1 itself, and the fold stimulation of turnover by 

SUMO has not been quantitatively compared to the fold stimulation of turnover by APE1 

in the literature.  Steinacher et al. (121) have shown a kcat = 0.05 min-1 for TDG-SUMO1 
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– a rate much slower than those of TDG in the presence of APE1 as determined by our 

lab.  Because APE1 seems to more effectively stimulate the turnover of TDG and it is the 

next enzyme in the BER pathway, it seems more probable that APE1, not SUMO, acts as 

the stimulatory enzyme.  But, current literature states that SUMO is acting as the 

mechanism for TDG turnover, and the validity needs to be addressed.  Also, for 

SUMOylation to stimulate TDG turnover, it needs to occur after TDG binds its substrate, 

removes the damaged base and is bound to product. SUMOylated TDG has a drastically 

reduced affinity for DNA, and has no activity on a G·T substrate due to this reduced 

affinity for, and hence inability to bind, DNA.  Thus, to allow for TDG activity, 

SUMOylation cannot occur until after the chemical step.  This brings into question the 

kinetics and rate of SUMOylation, and also the specificity of SUMOylation machinery 

for product-bound TDG. Can SUMOylation occur on an appropriate timescale, before 

TDG naturally dissociates from product or is stimulated by APE1, in order for SUMO 

conjugation to have an effect on product release? Is SUMOylation specific for product-

bound TDG, or more generally, can SUMO even be conjugated to product-bound TDG? 

These questions need to be addressed to determine if the role of SUMOylation is for 

TDG turnover.  

SUMO binding to TDG is required for promyelocytic leukemia protein oncogenic 

domains (POD) translocation and CBP-dependent transcription (81).  PODs are nuclear 

compartments that associate with transcription and DNA repair factors, and may play an 

important role in regulating gene expression and genomic stability (64).  Mutations 

introduced in SUMO binding motifs that abrogate SUMO1 binding have been shown to 

disrupt POD targeting.  Further deletion analysis using a 157-421 TDG construct showed 
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the N-terminal SBM was not required for POD localization in vivo, perhaps due to the 

loss of the N-terminal region (1 -121)(81).  This region is implicated in non-specific 

DNA and abasic site binding, suggesting that TDG would need to dissociate from DNA 

to reveal non-covalent SUMO binding activity and promote POD translocation.  This 

would require APE1 stimulation of abasic DNA release, or conjugation of SUMO to 

TDG.   SBM site mutants defective in SUMO1 binding also cannot activate CBP-

dependent transcription.  SUMOylation however prevents CBP interactions and 

intermolecular SUMO binding, which in turn prevents POD translocation (81).   Thus, 

loss of SUMOylation favors POD translocation, and this localization may deliver TDG to 

transcriptionally active loci.  This provides more evidence for multiple regulatory roles of 

post-translational modifications, as SUMOylation is proposed to have distinct effects on 

TDG activity.  SUMOylation may be important for enzymatic turnover, but it is 

detrimental for cellular localization.  DNA-bound TDG could not have the non-covalent 

SUMO interactions required for POD targeting. Thus, TDG would need to dissociate 

from its product, or turnover via APE1 stimulation or SUMOylation, and may need to be 

further modified by CBP for localization.  But, TDG would need to be de-SUMOylated 

for necessary non-covalent SUMO contacts to be made in order for this translocation to 

occur.    

SUMOylation plays a complex role in TDG regulation, and a more detailed and 

quantitative biochemical analysis needs to be performed to elucidate the effects of SUMO 

conjugation on TDG activity and structure.  Its role in TDG activity and turnover can also 

provide insight into the role of SUMOylation of other target proteins.   
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1.9. Biomedical relevance 

 

The antimetabolite 5-fluorouracil is a chemotherapeutic, used often to treat 

colorectal cancers, and was designed to inhibit thymidylate synthase (68, 138).  Its 

cytotoxicity is attributed to DNA repair activity on its metabolites, and the main enzyme 

thought to be responsible was UNG, or replication associated uracil DNA glycosylase 

(138).  However, emerging research has in fact pointed to a more relevant role for TDG 

in DNA-mediated effects of this drug.   

In cells, 5-fluorouracil is converted to fluorodeoxyuridine monophosphate 

(FdUMP), fluorodeoxyuridine triphosphate (FdUTP), and fluorouridine triphosphate 

(FUTP) (68).  These metabolites then have multiple mechanisms of action. FUMP can be 

directly incorporated into RNA by RNA polymerase, leading to a disruption of RNA 

metabolism. FdUMP inhibits thymidylate synthase irreversibly by docking to its 

nucleotide binding site and forming a stable complex with cofactor 5,10-

methylenetetrahydrofolate (113).  This prevents TS from its de novo production of dTMP 

from dUMP, leading to an accumulation of dUMP and dUTP in the cell.  The increase in 

concentration of dUTP and decrease in dTTP favors the incorporation of uracil into DNA 

(2, 49). Lastly, FdUTP can be incorporated into DNA via DNA polymerases.  When 

dUTP and FdUTP are incorporated into DNA, repair enzymes will excise these bases.  

But this is ineffective and leads to futile repair, as DNA polymerases will continue to re-

incorporate the available pools of dUTP and FdUTP (68).  This leads to an accumulation 

of abasic sites and subsequent APE1 activity to remove them, leading to toxic double 

strand breaks.  The cytotoxicity of 5-fluorouracil was thought to be due to these double 
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strand breaks, induced by massive removal of uracil incorporated in DNA by UNG.  But, 

UNG expression status does not effect cellular resistance to 5-fluorouracil, negating the 

hypothesis that UNG removal is solely responsible for the drug’s cytotoxicity (131).   

Because FdUTP is incorporated into DNA in greater amounts than uracil, it is 

likely that FdUTP incorporation, and its removal, is the cause of 5-fluorouracil toxicity 

(2).  TDG removes 5-fluorouracil with high efficiency, and thus can mediate this DNA-

directed cytotoxicity of 5-fluorouracil.  TDG has a 1900-fold faster kcat for G·5FU vs. 

G·T, demonstrating its propensity for 5-fluorouracil repair (29).  The role of TDG in 5-

fluorouracil removal was confirmed to be essential when using TDG-deficient and –

proficient mouse embryonic fibroblasts (MEFs) and stem cells to monitor the cellular 

response of 5-fluorouracil treatment.   Inactivation of TDG in MEFs conferred resistance 

to 5-fluorouracil, and its efficacy can be restored by expression of TDG (59).  The same 

was observed in HeLa cells, where TDG over-expression increased sensitivity to 5-

fluorouracil treatment, and TDG knockdown by siRNA provided resistance (59).  Also, 

in response to 5-fluorouracil treatment, TDG is responsible for the accumulation of DNA 

strand breaks, a delay in S-phase progression and the continual activation of DNA 

damage signaling (59).  Thus, TDG plays an important role in 5-fluorouracil efficacy. In 

the future, it will be informative to determine the correlation between TDG activity and 

tumor response to 5-fluorouracil.  

Additional biochemical studies on the dynamics of 5-fluorouracil in DNA 

provided evidence for the propensity of 5-fluorouracil to be extrahelical, which may 

make it more amenable for recognition by DNA glycosylases (100).  Because of its 

structural similarity to thymine, questions about enhanced detection and activity for a 5-
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fluorouracil lesion compared to thymine by DNA glycosylases have arisen.  These 

studies have shown increased opening rates for uracil and 5-fluorouracil compared to 

thymine, which may contribute to enhanced detection (100).  The opening rate also 

contributes to imino exchange, as 5-fluorouracil destabilizes stacking interactions to 

increase the exchange contribution from the pyrimidine breathing pathway.  The 

experiments leading to these conclusions were performed in the context of T·A and 

5FU·A base pairs, but the low pKa of 5FU determined by NMR experiments indicates a 

significant portion of 5-fluorouracil is ionized under physiological conditions.  Ionized 5-

fluoroucail exists as the N3-O4 iminol tautomer, which is capable of forming 3 hydrogen 

bonds with guanine (58).  Thus, 5FU·G base pairs are likely to exist in substantial 

amounts due to DNA polymerase misincorporation, confirming the importance of TDG 

in 5-fluorouracil mediated toxicity observed in TDG-deficient cells (59)(as UNG would 

remove 5FU·A mispairs, not 5FU·G). 
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Chapter II. Coordinating the initial steps of base excision repair: 

Apurinic/apyrimidinic endonuclease 1 actively stimulates thymine DNA glycosylase 

by disrupting the product complex 

 

2.1. Introduction 

 

The nucleobases in DNA are continuously modified by processes involving 

deamination, methylation, and oxidation, generating mutagenic and cytotoxic lesions that 

are implicated in aging and diseases including cancer and neurodegeneration (65, 67). 

Such damage is handled by the highly conserved base excision repair (BER) pathway, 

initiated by a damage-specific DNA glycosylase (26, 136). These remarkable enzymes 

use a nucleotide-flipping mechanism to find lesions and cleave the N-glycosylic bond, 

releasing the damaged base and producing an abasic or apurinic/apyrimidinic (AP) site in 

the DNA (122). Many DNA glycosylases bind their AP-DNA product tightly, impeding 

enzymatic turnover. This may reflect a need to protect against the mutagenic and 

cytotoxic properties of AP sites, which impede some DNA polymerases, lack base coding 

information if replicated, and lead to single-strand breaks. Previous studies of BER in 

organisms ranging from E. coli to humans have shown that AP endonucleases stimulate 

the activity (turnover) of many product-inhibited glycosylases (46, 97, 104, 123, 128). 

These important findings suggest some degree of coordination in the initial steps of BER, 

yet the mechanism remains largely unknown. 

We address this question here for human thymine DNA glycosylase (TDG), a 

severely product-inhibited enzyme that removes T from G·T mispairs and excises many 
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additional lesions, with specificity for damaged bases that are paired with guanine and 

located in a CpG sequence context (14, 24, 84, 130, 134). A crystal structure of the TDG 

catalytic domain (TDGcat, residues 111-308) bound to abasic DNA indicates the CpG 

specificity arises from interactions that select for guanine as the pairing partner of the 

target base, and for guanine 3´ to the target base (i.e., 5´-CpG-3´/5´-XpG-3´, where X is 

the target base) (71). The specificity of TDG for damage in a CpG context suggests the 

predominant biological substrate is G·T mispairs arising from deamination of 5-

methylcytosine (m5C) to thymine (1), because DNA methylation occurs at cytosine (C5) 

of CpG dinucleotides. CpG methylation is an epigenetic modification that plays a central 

role in regulating gene expression and maintaining genomic stability. Another human 

DNA glycosylase exhibits specificity for G·T mispairs at CpG sites, methyl binding 

domain IV (MBD4) (13, 45, 78, 102), which may reflect a biological imperative to 

preserve the integrity of CpG sites. Nevertheless, CpG sites exhibit a disproportionately 

high frequency of mutations (C�T) in human cancers and genetic disease (23, 103, 118), 

and it was suggested this may be attributable in part to the slow turnover of TDG (130). 

The importance of understanding hTDG-initiated BER is further underscored by findings 

that it may participate in the active demethylation of m5CpG sites, hence transcriptional 

regulation, by processing G·T mispairs created by active deamination of m5C to T (54, 

77). This finding is consistent with a preliminary report that TDG knockout mice are 

embryonic lethal (24), the first such observation for a DNA glycosylase. We note that if 

demethylation of m5CpG sites involves active deamination, it would dramatically 

increase the burden of G·T mispairs, providing an alternative explanation for the high 

mutational frequency observed at CpG sites. 
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Previous studies have shown that TDG exhibits exceedingly slow turnover after 

converting a stoichiometric amount of G·T or G·U substrate to G·AP product (121, 128, 

129). This is attributable to very slow product release; a preliminary dissociation constant 

of koff = ~0.0016 min-1 (half-life of 7 hrs) was estimated for G·AP-DNA on the basis of 

electrophoretic mobility shift studies (128). Accordingly, TDG binds abasic DNA with 

high affinity (115), and abasic DNA is a potent inhibitor of TDG (129). In contrast, TDG 

is not inhibited by the nucleobases that it removes from DNA, including thymine or 3,N4-

ethenocytosine (εC), even at a concentrations of up to 5 mM (1), indicating they do not 

bind TDG with significant affinity. 

It has been shown that human AP endonuclease 1 (APE1, also known as Ref-1) 

stimulates the turnover of TDG for G·T, G·U, and G·εC substrates (1, 107, 128). 

However, the magnitude of the APE1 effect is unknown, because the steady-state 

turnover (kcat) of TDG, in the presence and absence of APE1, has not been reported for 

any substrate. Moreover, the mechanism of APE1 stimulation has remained elusive, 

although two basic ideas have been proposed. It has been suggested that APE1 stimulates 

TDG by depleting (endonucleolytically) the concentration of AP-DNA, involving no 

interaction between APE1 and the TDG product complex (24, 40), a mechanism that we 

will refer to as passive enhancement. On the other hand, the active displacement 

mechanism requires that APE1 interact with TDG and/or AP-DNA to disrupt the product 

complex (1, 41, 97, 107, 128), and may also involve APE1-mediated depletion of AP-

DNA. 

Here, we explore the mechanism by which APE1 stimulates TDG turnover using 

an experimental approach that has not previously been employed to address this question 
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in BER. Using pre-steady-state multiple-turnover kinetics, we determined the maximal 

turnover rate (kcat) for TDG acting upon G·T, G·U, and G·FU substrates. We developed a 

coupled-enzyme (TDG-APE1) fluorescence assay to measure the steady-state kinetic 

parameters of TDG in the presence of APE1. Together, these methods provide the first 

quantitative measure of the APE1 effect. We also examined the stimulatory effect of 

APE1 on the turnover of TDGcat, which lacks the N- and C-terminal domains of TDG 

(110 and 102 residues, respectively). Our results rule out the passive enhancement 

mechanism as the single displacement mechanism, and require that APE1 actively 

displaces AP-DNA from the TDG product complex. Our coupled-enzyme assay provides 

a new approach for studying the mechanism of TDG using steady-state kinetics.  Through 

disulfide crosslinking, an approach instrumental for obtaining structures of other 

glycoyslases bound to DNA(8, 19, 21, 33), we produced a covalent TDG·AP-DNA 

complex.  Because APE1 stimulates TDG turnover, an interaction between TDG, AP-

DNA, and APE1 has never been captured.  In conjunction with the steady state kinetics 

experiments, the disulfide cross-linked complex is used to further explore the active 

mechanism of APE1 mediated stimulation of TDG and the transient interaction between 

the enzymes and DNA. 

 

2.2  Materials and Methods 

 

Materials − DNA oligonucleotides were synthesized at the Keck Foundation 

Biotechnology Resource Laboratory of Yale University, purified by HPLC or Glen-Pak 

purification cartridges (Glen Research), and quantified by absorbance (260 nm) as 

described (14). Purity was verified by analytical anion-exchange HPLC under denaturing 
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(pH 12) conditions (14). Phosphoramidites for special nucleotides were obtained from 

Glen Research. The duplex DNA substrates (Fig. 2.1) were hybridized by rapid heating to 

80 °C followed by slow cooling to room temperature. 

 

 

 

 

 

 

 

 

 

Figure 2.1. DNA substrates used in this work. U represents 2´-deoxyuridine (dU), FU 

represents 5-fluoro-dU, AP represents the abasic site analog tetrahydrofuran (THF), I 

represents 2-fluoro-2’-deoxyinosine, a convertible nucleoside used for disulfide cross-

linking, dabT and FAMT represent dabcyl-dT and 6-carboxyfluorescein-dT, respectively, 

where dabcyl and FAM are conjugated to the thymine base (C5 carbon) of dT (see Fig. 

2.3). For each substrate, the target base (bold) is located in a CpG dinucleotide context 

(underlined). 

 

Human thymine DNA glycosylase (TDG) and the TDG catalytic core (TDGcat, 

residues 111-308 of 410) were expressed and purified as previously described (71, 84), 

quantified by absorbance (ε280 = 17.7 mM-1·cm-1 for TDGcat, ε280 = 31.5 mM-1cm-1 for 

TDG) flash frozen and stored at −80 °C. 

G·U20 
5’ dabT-TGCTCAUGTACAGAGCTGC 

3’ FAMT-ACGAGTGCATGTCTCGACG 
 

G·T20 
5’ dabT-TGCTCATGTACAGAGCTGC 

3’ FAMT-ACGAGTGCATGTCTCGACG 
 

G·FU20 
5’ dabT-TGCTCAFUGTACAGAGCTGC 

3’ FAMT-ACGAGTG CATGTCTCGACG 

 

G·AP16 
5’ TCAAPITACAGAGCTGT 

3’ AGTG CATGTCTCGACA 
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Human AP endonuclease (APE1) was expressed in BL21(DE3) cells (Novagen) 

transformed with a pET−28 expression plasmid (generously provided by Prof. Ian 

Hickson, University of Oxford). Cells were grown at 37 °C to an OD600 = ~0.7, and 

APE1 expression was induced with 0.5 mM IPTG for 4 hrs. APE1 was purified (at 4 °C) 

using essentially the same protocol as previously described for TDGcat (17), including Ni-

affinity chromatography (Qiagen), overnight thrombin cleavage of the N-terminal poly-

histidine tag (leaving six non-native N-terminal residues, GSHMAS), and anion exchange 

and size exclusion chromatography using SP sepharose and Superdex 75 columns (GE 

Healthcare). The molecular weight was confirmed by mass spectrometry. APE1 was 

quantified by absorbance (ε280 = 52.9 mM-1cm-1), flash frozen, and stored −80 °C. 

Pre-steady-state Kinetics - Transient kinetics experiments for TDG (and TDGcat) were 

conducted at room temperature (~22 °C) in HEMN.1 buffer (20 mM HEPES pH 7.5, 0.1 

M NaCl, 0.2 mM EDTA, 2.5 mM MgCl2) with 0.1 mg/ml BSA, quenched with 50% (v:v) 

0.3M NaOH, 0.03M EDTA, and heated for 15 min at 85 °C to induce cleavage of the 

DNA backbone at abasic sites. Reactions were performed manually or by using a three-

syringe rapid chemical quenched-flow instrument (RQF-3, Kintek Corp.). The extent of 

product formation was analyzed using an HPLC assay as described (14, 84). 

Single turnover experiments were collected under saturating enzyme conditions 

([E] >> [S] >> KD) to obtain rate constants that are not impacted by product release or the 

association of enzyme and substrate (14, 84). Data were fitted by non-linear regression to 

eq. 2.1 using Grafit 5 (61): 

 

[product] = A{1 − exp(−kobst)}           (Eq. 2.1) 
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where A is the amplitude, kobs is the rate constant, and t is the reaction time (min). We 

used a high enzyme concentration (5 uM), more than 100-fold higher than previously 

reported KD values (1, 114), and 0.5 uM substrate. These concentrations are sufficiently 

high to provide the maximal rate constant for product formation (i.e., kobs ≈ kmax), as 

shown in previous studies (14, 84). 

The maximal rate constant for enzymatic turnover (kcat) was determined using 

pre-steady-state multiple-turnover kinetics, conducted with a high enzyme concentration 

and excess substrate ([S] > [E] >> KD) such that kcat is not limited by the association of 

enzyme and substrate (52). Progress curves exhibited “burst” kinetics, with a rapid 

exponential phase followed by a slow linear phase, indicating the rate of product 

formation greatly exceeds that of product release (52). Data were fitted to eq. 2.2: 

 

[product] = A{1 − exp(−kobst)} + vt           (Eq. 2.2) 

 

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

steady-state velocity, and t is the reaction time (min). The steady-state rate constant (kcat) 

was obtained by dividing the steady-state velocity (v) by the amplitude (A). In all cases, 

kobs/kcat ≥ 150, indicating the rate limiting step occurs after chemistry. We used a high 

enzyme concentration (500 nM) and excess substrate (≥ 1 uM) to obtain maximal kcat 

values (52), as confirmed by repeating experiments at lower enzyme concentrations. 

Coupled-Enzyme Fluorescence Assay - We developed a coupled-enzyme(TDG-APE1) 

fluorescence assay to accurately determine the steady state kinetic parameters of TDG 
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(kcat and Km) in the presence of APE1 (Fig. 2.2A). As is typical for a coupled-enzyme 

assay (36), the product of the primary enzyme (TDG) is a substrate for the coupling 

enzyme (APE1), and the steady-state velocity of TDG is monitored by the formation of 

APE1 product.  As shown and as expected for a coupled-enzyme assay (36), the initial 

velocity (v0) directly reflects the steady-state turnover of TDG because we used a 

sufficiently high concentration of APE1 to ensure that TDG turnover was rate limiting.  It 

is important to note that the steady-state turnover of APE1 alone is at least 10,000-fold 

faster than that observed here for TDG (alone) (37).  Using the coupled-enzyme assay, 

the steady state kinetic parameters for TDG (kcat and Km) were obtained by determining 

the initial velocity (v0) as a function of substrate concentration and fitting the data to the 

Michaelis-Menten equation (Eq. 2.3) using non-linear regression with GraFit 5 (33), 

 

kobs = kcat {[S]/(Km + [S])}     (Eq. 2.3) 

 

where kobs = v0/[E]tot, and [E]tot is the total concentration of TDG (or TDGcat). The kinetic 

parameters kcat and Km directly reflect the steady-state activity of TDG because the 

experiments (v0 determinations) were collected in the presence of sufficient APE1 such 

that the TDG reaction was rate-limiting and v0 was independent of [APE1], as shown 

below. 

The DNA substrates (Fig. 2.1) contain a fluorescence quencher (dabcyl) at the 5´ 

end of the substrate strand and a fluorophore (FAM) at the 3´ end of the complementary 

strand, such that FAM fluorescence is initially quenched (Fig. 2.2A). The substrates are 

similar to those used for previous “molecular beacon” assays for APE1 (38,39) but differ 
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in one important respect as described below.  The sequential activity of TDG (creates an 

AP site) and APE1 (nicks the DNA backbone 5’ to the AP site) releases of a short 

oligonucleotide containing dabcyl, generating a large fluorescence increase (Fig. 2.2B). 

Experiments were collected in 3 mm fluorescence cells (Starna Cells) maintained at 

22 °C using a QM-4 spectrofluorometer (Photon Technology International), with 

excitation and emission wavelengths of 491 nm and 516 nm.  

     

  

Figure 2.2. Coupled-enzyme fluorescence assay for TDG activity. A) Schematic for the 

coupled-enzyme fluorescence assay. TDG removes the target base (x), creating an AP 

site, and APE1 cleaves the DNA backbone 5’ to the AP site, releasing the short dabcyl-

CCCC    DDDD    



41 
 

containing oligonucleotide and generating a fluorescence increase. B) Fluorescence 

emission spectra for the G·U20 substrate (1000 nM, lower curve) and the corresponding 

5’-incised AP product generated by the coupled TDG-APE1 reaction (upper curve). An 

18-fold fluorescence increase was observed (519 nM). C) A typical progress curve 

(black) for the steady-state activity of TDGcat (50 nM) acting upon the G·U20 substrate 

(500 nM) in the presence of APE1 (50 nM). The inset shows that the initial velocity (v0) 

is highly linear over the first 50 s (r = 0.998). The fluorescence of the G·U20 substrate is 

not altered by APE1 alone (red curve). The blue dotted line indicates the fluorescence 

after full conversion of G·U20 substrate to 5’-incised AP-DNA product. D) Initial 

velocities (v0) determined for fixed concentrations of TDGcat (50 nM) and G·U20 

substrate (1500 nM) and APE1 concentrations varying from 0 to 50 nM (●) show that v0 

does not increase for [APE1] > 50 nM. Initial velocities determined for a fixed 

concentration of APE1 (50 nM) and G·U20 (1500 nM) and varying TDGcat 

concentrations (○) show that v0 increases with [TDGcat]. 

 

The individual reactions (i.e. v0 determinations) were initiated by adding TDG or 

TDGcat (10 to 50 nM) to HEMN.1 buffer containing the DNA substrate and APE1, and 

were monitored by the change in fluorescence intensity. A typical progress curve 

obtained from the coupled-enzyme assay is shown in Fig. 2.2C.  As expected, APE1 

alone does not generate a fluorescence change for the TDG substrates, which do not 

contain an AP site (Fig. 2.2C, red data).  The initial velocities (v0) were obtained by linear 

regression of fluorescence intensity (cps) over time (s) for the first 50 s at the beginning 

of the progress curve, which is highly linear (Fig. 2.2C, inset). The v0 values were 
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converted from units of fluorescence (cps·s-1) to product concentration (nM·s-1) using a 

conversion factor obtained from a plot of total fluorescence change (∆Ftot) versus 

substrate concentration. These standard curves (∆Ftot versus [Substrate]) were determined 

for substrate concentrations below 500 nM, and were quite linear (r > 0.99). Values for 

∆Ftot were determined by bringing the coupled reaction to full completion (i.e., 5´-nicked 

AP-DNA). For the G·U20 and G·FU20 substrates, reactions were rapidly brought to 

completion by adding 25 nM human uracil DNA glycosylase (UNG) after measuring v0 

for TDG. The fluorescence cells were carefully cleaned after each experiment to 

thoroughly remove UNG. This was verified by ensuring the fluorescence of substrate 

with APE1 did not change over time (~5 min) prior to adding TDG. The presence of 

residual UNG would be clearly indicated by a fluorescence increase due to the sequential 

activity of UNG and APE1. 

Control experiments were routinely preformed to confirm the APE1 concentration 

was high enough such that v0 was independent of [APE1], and reflects the steady-state 

turnover of TDG, i.e. that TDG turnover is rate-limiting. For example, a series of v0 

determinations collected with 50 nM TDGcat, 1500 nM G·U20 substrate, and varying 

APE1 concentrations (Fig. 2D) shows that v0 is independent of APE1 concentration for 

[APE1] ≥ 50 nM.  As expected, v0 increases linearly with TDGcat concentration (for 12-

150 nM TDGcat) in the presence of a fixed (50 nM) concentration of APE1 (and 1500 nM 

substrate).  A similar approach was used for G·T and G·FU substrates to ensure the v0 

values are independent of [APE1] and reflect the steady-state turnover of TDG. 

Oligonucleotide Design: APE1 Removes FAM and Dabcyl Linked to the 5´- or 3´ 

Terminal Oxygen of DNA - Our coupled enzyme assay differs from previous molecular 
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beacon assays involving APE1 (69, 72), for which the fluorophore (FAM) and quencher 

(dabcyl) were linked by phosphodiester bond to the 5´- or 3´-terminal oxygen of the DNA 

(Fig. 2.3). We prepared a G·U substrate using this approach and found that APE1 alone 

generates a rapid fluorescence increase, even though the DNA contained no AP site. In 

contrast, APE1 did not change the fluorescence of a G·U duplex with FAM and dabcyl 

linked to the thymine base of a terminal dT nucleotide, which involves no phosphodiester 

bond (Fig. 2.3). Control experiments with four (non-AP) duplexes in which one group 

(either FAM or dabcyl) was linked (phosphodiester bond) to the 3´- or 5´-terminal 

oxygen and the other group was dT-linked revealed a fluorescence increase for hAPE1 

alone in all cases (i.e., for 3´- or 5´-linked FAM and for 3´- or 5´-linked dabcyl). We 

conclude that APE1 removes FAM or dabcyl linked to either the 3´- or 5´-terminal 

oxygen of DNA, presumably by hydrolyzing the phosphodiester bond. This activity is 

significant, up to 13% of the AP endonuclease activity (not shown). Accordingly, FAM-

dT and dabcyl-dT were used for our coupled assay (Fig. 2.1). 

 

Figure 2.3. FAM and dabcyl labeling of DNA. A) For the DNA substrates used here, the 

dabcyl (quencher) and FAM (fluorophore) are linked to the thymine base (C5) of a 

terminal dT nucleotide. B) The previously described molecular beacon assays for APE1 
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used DNA in which dabcyl and FAM are linked by phosphodiester bond to the 3´ or 5´ 

terminal oxygen. Our control experiments indicate APE1 can remove dabcyl or FAM 

linked to either the 3´- or 5´-terminal oxygen (see text). 

 

Disulfide Cross-linking of TDG to AP-DNA - To create a stable TDG/abasic DNA 

complex, we aimed to crosslink the two using an intermolecular disulfide cross-linking 

technique previously used for other DNA glycosylases (8) . This method utilizes 

oligonucleotides containing thiol-modified nucleotides placed at strategic positions in the 

DNA duplex.  When in contact with the target protein, the thiol must be in close 

proximity to a cysteine residue to allow for a disulfide crosslink between the two.  Using 

our crystal structure of TDG bound to DNA, we identified several candidate cross-linking 

positions. The most advantageous is one utilizing the natural cysteine residue at position 

276, which contacts the guanine 3’ to the abasic site at its N2 position.  The DNA 

construct used for cross-linking is shown in Fig. 2.1, with 2-F-dI adjacent 3’ to the THF 

(synthetic abasic site) on the target strand.  The oligonucleotide was synthesized by 

standard phoshoramadite chemistry and contained a convertible nucleoside, 2-F-dI, 

which was then converted to a 2-substituted dG derivative by reaction with cystamine 

that displaced the fluorine atom.  Briefly, 200 uL of 0.5 M neutralized cystamine in 

DMSO was incubated with the Trityl-On DNA (containing the convertible nucleoside) 

for 3 days. This reaction creates the thiol-tether to which the sulfhydryl group of the 

cysteine is linked.  Next, 06 deprotection was achieved by washing the support 2 times 

with 1 mL DMSO, 3 times with 1 mL acetonitrile and dried roughly with nitrogen gas.  

The support was washed two times with 1 mL of 1 M DBU in acetonitrile for one hour 



45 
 

each time.  This was then rinsed with two times with 1 mL of methanol and 3 times with 

1 mL of acetonitrile.    The phosphoramadite was deprotected with ammonium hydroxide 

and purified as usual. Duplex was hybridized by rapid heating to 85˚C, and then slowly 

cooling the N2 modified dG derivative with a complementary oligonucleotide.  The 

duplex was then incubated with TDG in a 4:1 protein to DNA ratio at 4˚C for 12 hours in 

low salt (50 mM), non-reducing conditions.  This ratio of protein to DNA was found to 

give the highest yield of cross-linked complex.    The unreacted thiol groups were then 

capped with 20 mM S-methyl methanethiosulfonate and the complex was run over a Q 

column for purification.  There were four peaks that eluted off the Q column; the third 

contained the cross-linked complex, the first two contained higher molecular weight 

protein complexes, and the last contained un-reacted DNA (verified by gel).  The cross-

linking reaction is reversible, as the addition of a reducing agent such as DTT or 2-

mercaptoethanol and subsequent analysis by native gel electrophoresis reveals only one 

band of free protein and not the higher molecular weight band seen after the cross-linking 

reaction.  This cross-linking strategy was successful using both full length TDG and the 

catalytic core, and about a 25% cross-linking efficiency was obtained for each.  

NMR TROSY Experiment Using the TDG
cat

·AP-DNA Complex – NMR spectroscopy is 

commonly used to detect protein-protein and protein-DNA interactions, and we sought to 

use it to observe an interaction between APE1 and the TDG·AP-DNA cross-linked 

complex. Our lab has already assigned the backbone chemical shifts of ∆38-APE1 (free 

and DNA- bound), making the backbone amide (1H-15N) resonances of ∆38-APE1 

advantageous to monitor upon addition of the cross-linked complex. The truncated APE1 
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complex lacks the disordered N-terminal, which is not necessary for APE1 stimulation of 

TDG turnover (unpublished data).   

A purified TDGcat·AP-DNA complex was dialyzed into non-reducing, NMR 

buffer (20 mM phosphate buffer, pH 6.5, 100 mM NaCl, and 0.5 mM EDTA).  15N-∆38-

APE1 was also dialyzed into the same buffer.  As a control, 15N-∆38-APE1 resonances 

were monitored using 15N-TROSY experiments at 20˚C for 4 hours.  This was necessary 

because the published backbone amide resonances were obtained with 15N-∆38-APE1 in 

reducing conditions (1 mM DTT).  Next, a 300 uL sample containing TDGcat·AP-DNA 

and 15N-∆38-APE1 (100 uM final concentration of each) with 10 % (volume) D20 was 

prepared.  The backbone amide resonances were monitored using 15N-TROSY 

experiments at 20˚C for 10 hours.  Chemical shift perturbations were detected by 

comparing the control to the experimental peaks.    

 

2.3.  Results and Discussion 

 

Kinetics of TDG Alone - To advance our understanding of how APE1 stimulates the 

turnover of TDG, it was necessary to first determine the kinetic parameters for TDG in 

the absence of APE1. Fig. 2.4 shows a minimal kinetic mechanism for the TDG reaction 

(not including and AP DNA binding to TDG step, which will be discussed in detail in 

Chapter 3).  Briefly, after DNA binding, nucleotide flipping brings the target base into 

the active site, and cleavage of the N-glycosylic bond gives the ternary enzyme-product 

complex.  Two possible pathways for product release are shown, where AP-DNA can be 

released before or after the excised base, and our results provide insight into this step.  
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The parameters of interest are kmax, which reflects the maximal rate of product formation 

and is not influenced by product release, and kcat, which reflects the maximal turnover 

rate and is impacted by product release (Fig. 2.4). While kmax is readily determined from 

single turnover kinetics (1, 14, 84, 129), kcat is difficult to obtain using conventional 

steady-state kinetics due to exceedingly slow product release. Accordingly, we 

determined kcat using pre-steady-state multiple-turnover (or “burst”) kinetics (52), an 

approach that has not been used previously for TDG, but has been employed for other 

glycosylases (75, 106, 117). For enzymes exhibiting rate-limiting product dissociation 

(i.e., kmax >> kcat), burst kinetics experiments exhibit an exponential burst phase, 

reflecting rapid formation of enzyme-bound product, followed by a slow steady-state 

phase that provides the maximal turnover rate (kcat) and reflects the rate of product 

release (52). 

 

 

Figure 2.4. Kinetic mechanism for TDG. The minimal kinetic mechanism is shown, 

including the steps that contribute to kmax, which reflects the maximal rate of product 

formation, and kcat, which reflects the maximal turnover rate. The association of enzyme 

and DNA substrate gives the collision complex (E·D) and nucleotide flipping gives the 

reactive enzyme-substrate complex (E·BD). The chemical step (kchem) involves cleavage 

of the base-sugar (N-glycosidic) bond and the addition of water (nucleophile) giving the 
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product complex (E·B·apD; B is the excised base, apD is AP-DNA). Two potential 

pathways for product release are shown. Our finding that the excised base influences the 

dissociation rate of AP-DNA suggests AP-DNA is released before the base (upper 

pathway). 

Fig. 2.5A shows a typical result from the burst kinetics experiments collected for 

TDG (500 nM) acting upon the G·U20 substrate (1000 nM), which gives rate constants of 

kobs = 1.4 ± 0.1 min−1 for the exponential burst phase and kcat = 0.005 ± 0.001 min−1 for 

the steady-state phase (Table 1). Identical kcat values (within experimental error) were 

obtained for a lower TDG concentration of 100 nM (not shown), indicating that our 

conditions provide the maximal turnover rate for TDG (alone). We used single turnover 

kinetics to more accurately determine the maximal rate of (enzyme-bound) AP-DNA 

product formation, obtaining kmax = 1.9 ± 0.3 min−1 (Fig. 5B). This is consistent with the 

exponential burst rate above and all of our previous results from single turnover 

experiments for similar G·U substrates (14, 37, 71, 84). As a control, the kinetics 

experiments were repeated with the G·U19 substrate, which is identical to G·U20 but 

does not contain the terminal FAM-dT or dabcyl-dT groups (which are needed for the 

coupled enzyme assay).  The results are essentially the same, kmax = 2.6 ± 0.3 min-1 and 

kcat = 0.007 ± 0.001 min-1 (not shown), indicating FAM-dT and dabcyl-dT do not perturb 

TDG activity.   

We also collected the burst kinetics and single turnover experiments for a G·T 

substrate, finding the steady-state turnover is exceedingly slow, kcat = 0.00034 ± 0.00007 

min−1 (Fig. 2.5C), much slower than the maximal rate of product formation, kmax = 0.09 ± 

0.01 min−1 (Fig. 2.5D). Our results provide the first direct comparison of kmax and kcat for 
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TDG acting upon any substrate. The observation that kmax exceeds kcat by 440- and 270-

fold for G·U and G·T substrates, respectively, demonstrates kcat is limited by a step 

following chemistry, perhaps AP-DNA product release (i.e., kcat ≈ koff,AP).  

 

 

 

Figure 2.5. Pre-steady-state single and multiple turnover kinetics for TDG alone. A) 

Representative data from pre-steady-state multiple turnover (burst) kinetics experiments 

for hTDG (500 nM) and G·U20 (1000 nM). B) Representative data from single turnover 

kinetics experiments collected for hTDG (5 µM) and G·U20 substrate (500 nM). C) Burst 

kinetics data collected for hTDG (500 nM) and G·T20 (1500 nM). D) Single turnover 

kinetics data collected for hTDG (5 µM) and G·T20 (500 nM). 
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Kinetics for TDG Catalytic Domain - We were also interested in examining the potential 

for APE1 to stimulate the turnover of TDGcat, which contains the region of high 

similarity (32% identical) to E. coli mismatch specific uracil glycosylase (MUG) (4, 34, 

71, 121). Previous studies (37, 121) and our findings here (Table 2.1) show that TDGcat 

has nearly the same catalytic activity as TDG for most substrates, even though it lacks the 

N- and C-terminal domains (110 and 102 residues, respectively). We find the steady-state 

turnover of TDGcat for the G·U substrate (1000 nM) is quite slow, kcat = 0.006 ± 0.002 

min−1 (Table 2.1), and is identical to that observed for full length enzyme. Identical kcat 

values (within error) were obtained for a lower TDGcat concentration (100 nM).  Using 

single turnover experiments, we find the maximal rate of AP product formation for 

TDGcat is much (150-fold) faster, kmax = 0.9 ± 0.1 min−1, for same G·U20 substrate. 

Control experiments using the G·U substrate which lacks the FAM and dabcyl groups 

(G·U19) gave the same result, kmax = 1.2 ± 0.1 min-1 and kcat = 0.005 ± 0.001 min-1, 

indicating that TDGcat activity is not altered by FAM-dT or dabcyl-dT. These 

experiments were not collected for G·T20, because the G·T activity (kmax) of TDGcat is 

significantly lower than that of TDG. 

 

substrate  Enzyme kmax  

(min−1) 

kcat  

(min−1) 

kmax/kcat kcat
+APE1 

(min−1) 

APE1 effect  

(kcat
+APE1/kcat) 

G·U20 hTDG 1.9 ± 0.3 0.005 ± 0.001 380 0.133 ± 0.006 26 

G·U20 hTDGcat 0.9 ± 0.1 0.006 ± 0.002 150 0.46 ± 0.02 77 

G·T20 hTDG 0.092 ± 0.013 0.00034 ± 0.00007 272 0.014 ± 0.001 42 

G·FU20 hTDG 278 ± 35 0.63 ± 0.17 440  0.54 ± 0.06 0.9 

G·FU20 hTDGcat 111 ± 14 0.58 ± 0.12 191 5.9 ± 0.2 10 

 

Table 2.1. Kinetic parameters for TDG 
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APE1 does not Affect TDG Reaction Steps Before Product Release - Having established 

the baseline kinetic parameters kmax and kcat for TDG alone, we sought to establish which 

step(s) of the TDG reaction is enhanced by APE1 and to quantify the magnitude of the 

stimulatory effect. Previous studies suggested that APE1 stimulates TDG product release 

(7,17), but it was not established whether APE1 may also influence earlier steps of the 

TDG reaction (i.e. nucleotide flipping or chemistry).  To directly address this question, 

we repeated the single turnover experiments for TDG and the G·U20 substrate in the 

presence of APE1 (500 nM). We found the maximal rate of AP product formation is 

essentially unchanged in the presence of APE1, kmax = 2.0 ± 0.2 min-1.  Similarly, APE1 

(500 nM) did not increase kmax for TDGcat acting upon the G·U20 substrate.  Thus, APE1 

did not influence steps of the TDG reaction before product release, indicating the 

stimulation of TDG turnover by APE1 involves product release (and/or a conformational 

change in TDG and/or AP-DNA required for product release).  We note that the 500 nM 

APE1 concentration used for these single turnover experiments is high, about 10-fold 

higher than that needed to realize the maximal APE1 affect on TDG turnover, as shown 

below. 

We also repeated the burst kinetics experiments for TDG (200 nM) and the G·U20 

substrate (2000 nM), this time in the presence of APE1, with concentrations ranging from 

0 to 50 nM (Fig. 2.6).  We found that APE1 does not significantly alter the rate or 

amplitude of the exponential burst phase, consistent with the conclusion from single 

turnover experiments that APE1 does not affect steps of the TDG reaction before product 

release.  However, a significant increase was observed for the steady-state phase, 
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indicating that APE1 increases the turnover of TDG by increasing the rate of product 

release. 

 

Figure 2.6. APE1 increases the steady-state turnover of TDG. Pre-steady-state multiple 

turnover (burst) kinetics experiments for TDG (200 nM) and G·U20 substrate (2000 nM) 

collected with no APE1 (○) or with APE1 concentrations of 5 nM (●), 10 nM (□), 25 nM 

(■), or 50 nM (   ).  

 

APE1 Dramatically Increases TDG Turnover – To rigorously quantify the effect of 

APE1 on the steady-state turnover of TDG (i.e. its effect on kcat), we developed a 

coupled-enzyme (TDG-APE1) fluorescence assay (Fig. 2.2).  The DNA substrates were 

designed with the molecular beacon approach (38, 39), where the sequential activity of 

TDG and APE1 generates a large fluorescence increase, and the coupled reaction is 

monitored in real time. As expected for a properly executed coupled-enzyme assay (36), 

the rate constant obtained from the TDG-APE1 assay reflects the steady-state turnover of 

the primary enzyme, TDG, and is independent of the coupling enzyme, APE1, because 

we use as sufficiently high concentration of APE1 to ensure that TDG turnover is rate-



53 
 

limiting. Importantly, the steady-state activity of APE1 alone, kcat > 60 min-1 (37), is at 

least 10,000-fold greater than that reported here for TDG alone (Table 2.1).  

Nevertheless, because the rate-limiting step of the coupled-enzyme reaction is likely to be 

APE1-stimulated dissociation of the TDG product complex, it was necessary to 

determine the amount of APE1 required to obtain the maximal stimulatory effect such 

that the observed rate constants are independent of APE1 concentration (Fig. 2.2D).   

The utility of our coupled-enzyme assay for determining the steady-state kinetic 

parameters of the TDG reaction, as stimulated by APE1, is illustrated by our results for 

TDGcat acting upon the G·U20 substrate (Fig. 2.7).   

 

 

Figure 2.7. Saturation curve for steady-state kinetics of TDG
cat

 as stimulated by APE1. 

Steady-state rate constants (kobs = v0/[E]tot) obtained from the coupled-enzyme assay are 

plotted as a function of substrate (G·U20) concentration. The data were fitted to the 

Michaelis-Menten equation, giving kcat
+APE1 = 0.46 ± 0.02 min−1, and Km = 162 ± 17 nM. 

 

Using the coupled-enzyme assay, we determined the steady-state rate constant as 

a function of G·U20 substrate concentration (Fig. 2.7) and fitted these data to the 
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Michaelis-Menten equation (Equation 2.3), yielding kcat
+APE1 = 0.46 ± 0.02 min−1 and Km 

= 162 ± 17 nM (where kcat
+APE1 denotes kcat for hTDG in the presence of hAPE1). A 

comparison of kcat and kcat
+APE1 reveals that APE1 enhances the turnover of TDGcat for 

G·U20 by a striking 77-fold (Table 2.1). In fact, the APE1-effect on product release is so 

large that kcat
+APE1 approximates the maximal rate of product formation, kmax = 0.9 ± 0.1 

min−1. Thus, in the presence of APE1, product release is no longer fully rate limiting for 

TDGcat acting upon the G·U substrate.  

We also used the coupled-enzyme assay to examine the effect of APE1 on the 

turnover of full-length TDG for the G·U20 substrate. The APE1-stimulated turnover (kobs 

= v0/[E]tot) is lower for TDG relative to TDGcat, which was somewhat unexpected given 

that kmax is 2-fold greater for TDG versus TDGcat (Table 2.1). This precluded accurate 

measurements of kobs for low concentrations of G·U20 substrate (i.e., below 50 nM). 

Nevertheless, the data provide an accurate value for the maximal APE1-stimulated 

turnover of TDG, kcat
+APE1 = 0.13 ± 0.01 min-1, and an estimated Michaelis constant of 

Km = ~10 nM (not shown). A comparison of kcat and kcat
+APE1 reveals that APE1 enhances 

TDG turnover by a remarkable 26-fold for the G·U substrate. Although this hAPE1-effect 

is large, the observation that kmax exceeds kcat
+APE1 by 14-fold indicates product release is 

still rate-limiting for TDG processing of G·U substrates, even in the presence of APE1. 

We also examined the APE1-stimulated turnover of TDG for the G·T substrate 

using the coupled-enzyme assay. The coupled reaction was slow, precluding rate 

measurements at low substrate concentrations. Nevertheless, rate constants were 

determined for substrate concentrations of 750, 1000, and 1500 nM and were found to be 

essentially the same, indicating saturating substrate conditions. Accordingly, the average 
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value for kobs obtained at these substrate concentrations reflects the maximal rate of TDG 

turnover, kcat
+APE1 = 0.014 ± 0.001 min−1 (Table 2.1). Thus, APE1 increases TDG 

turnover by 42-fold for the G·T substrate. The observation that kcat
+APE1 is merely 6-fold 

lower than kmax indicates product release is much less rate-limiting in the presence of 

APE1 for TDG processing of the G·T substrate. Notably, we find that 100 nM APE1 

provides the maximal stimulatory effect on TDG for the G·T substrate. 

We note that the stimulatory effects of APE1 observed here are much larger than 

those reported previously for other DNA glycosylases. APE1 increases the turnover of 

human uracil DNA glycosylase (UNG) by 2- to 4-fold (55, 97), and has a 4-fold effect on 

the turnover of human 8-oxoguanine DNA glycosylase (hOGG1) (46). 

Kinetics for a G·FU Substrate - Given the much higher kmax observed previously for 

G·FU relative to G·U substrates (14), it was of interest to examine the enzymatic turnover 

(kcat) of TDG for a G·FU substrate, and the potential stimulatory effect of APE1. For 

TDG alone and the G·FU20 substrate, the maximal rate of product formation, kmax = 278 

± 35 min−1, is 440-fold greater than turnover, kcat = 0.63 ± 0.17 min−1 (Fig. 2.8A, Table 

2.1), indicating kcat is limited by product release. Using our coupled-enzyme assay we 

obtain kcat
+APE1 = 0.54 ± 0.03 min−1 and Km = 39 ± 8 nM (Fig. 2.8B). Thus, APE1 does 

not enhance TDG turnover for the G·FU substrate. Given that kcat is already fast for 

G·FU20 (~100-fold faster than G·U20), this may reflect an upper limit for the effect of 

APE1 on the dissociation of AP-DNA from TDG (i.e., koff,AP
+APE1 < 0.54 min−1). 

For TDGcat and the G·FU20 substrate, we find kmax = 111 ± 14 min−1 (not shown) 

and kcat = 0.58 ± 0.12 min−1 (Fig. 8C). The observation that kmax exceeds kcat by 191-fold 

again indicates rate-limiting product release. Using the coupled enzyme assay we find 
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kcat
+APE1 = 5.9 ± 0.2 min−1 and Km = 59 ± 7 nM (Fig. 2.8D). Thus, APE1 increases the 

turnover of TDGcat by 10-fold for the G·FU substrate, a smaller effect than observed for 

the G·U substrate (77-fold). This may be explained in part by the fact that turnover of 

TDGcat alone is ~100-fold faster for G·FU relative to G·U (Table 2.1). The faster turnover 

observed for G·FU relative to G·U substrates has implications for the mechanism of 

TDG, as discussed below. 

 

 

Figure 2.8. Effect of APE1 on TDG and TDG
cat

 activity for a G·FU substrate. A) Burst 

kinetics data collected for TDG (500 nM) and the G·FU20 substrate (1000 nM). B) 

Saturation curve for steady-state activity of TDG and the G·FU20 substrate, collected in 

the presence of APE1 using the coupled-enzyme assay. C) Burst kinetics data collected 

for TDGcat (500 nM) and G·FU20 (1000 nM). D) Saturation curve for steady-state 
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activity of TDGcat and G·FU20, obtained in the presence of APE1 using the coupled-

enzyme assay. 

 

Preliminary Results using the Cross-linked TDG·AP-DNA Complex – To further 

explore the mechanism of displacement employed by APE1 to stimulate the turnover of 

TDG, we sought to detect evidence of a physical interaction between APE1, TDG and 

AP-DNA.  The steady state kinetic data indicates an active displacement mechanism (as 

discussed below), which requires an APE1 interaction with TDG and/or AP-DNA.  Our 

lab has been unable to observe a physical interaction between human TDG and APE1, 

reported previously for murine TDG and APE1 (124), and thus hypothesized the 

formation of a ternary complex between TDG, AP-DNA, and APE1.  Because APE1 

increases AP-DNA release from TDG, this transient interaction is difficult to capture 

using standard structural studies.  By covalently cross-linking TDG to AP-DNA to 

prevent dissociation, we can circumvent this impediment.  The Verdine cross-linking 

method utilizes oligonucleotides containing thiol modified nucleotides placed at various 

positions in the DNA duplex. When in contact with the target protein, the thiol must be in 

close proximity to a Cys residue in order for the desired disulfide crosslink reaction to 

occur.  The protein of interest may require a site-directed mutation in order to incorporate 

a Cys residue for use in the cross-link.  However, our crystal structure of TDGcat showed 

a native Cys residue contacting the 3’ guanine (71), making it an ideal residue to cross-

link with the convertible dG nucleoside. 

Trapping dynamic states of protein-DNA interactions is of particular interest in 

base excision repair.  Our cross-linked TDG·AP-DNA complex is the first such reported 
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for TDG and may be instrumental in providing insight into the coordination of the initial 

steps of base excision repair.  Other glycosylases have been covalently linked to substrate 

and undamaged DNA using this disulfide cross-linking method, and subsequent structure 

determinations have provided invaluable information about their interactions with DNA.  

The structures of the glycosylases interrogating DNA and recognizing damage present 

novel insight into DNA glycosylase mechanisms for lesion detection and catalysis (8, 21, 

31, 33, 63).  Using NMR spectroscopy, we used the TDG·AP-DNA cross-linked complex 

to attempt to detect an interaction with APE1 (Figure 2.9). 

 

 

Figure 2.9. 
15

N-∆38-APE1 spectra.  The 1H-15N backbone shifts were recorded for 15N-

∆38-APE1 alone (black) and with the cross-linked TDGcat·AP-DNA complex (orange). 
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In attempts to detect an interaction using NMR spectroscopy, we monitored 

chemical shift perturbations of 15N-∆38-APE1 with the addition of the TDGcat·AP-DNA 

complex.  We observed some perturbations, weakening of peak intensity and 

disappearance of some peaks, suggesting a transient interaction of a large complex 

(Figure 2.9).  However, more NMR experiments need to be performed to map these 

perturbations and identify residues involved.  Biochemical studies using the cross-linked 

complex will also be useful in fully characterizing this interaction. 

Implications for the Mechanism of TDG – The pre-steady-state kinetics experiments 

collected here for TDG (and TDGcat) provide important new insight into its catalytic 

mechanism. TDG is widely regarded as a “single turnover” enzyme, because in many 

previous studies the reaction plateaus as the [product]/[enzyme] ratio approaches unity 

for G·U and G·T substrates (24, 129). Nevertheless, steady-state turnover (kcat) can be 

measured using pre-steady-state multiple turnover (burst kinetics) experiments, collected 

with a high enzyme concentration and excess substrate (Fig. 2.5, A and C). We find TDG 

turnover is very slow for the G·U substrate, kcat = 0.005 ± 0.001 min−1, and strikingly 

slow for the G·T substrate, kcat = 0.00034 ± 0.00007 min−1, corresponding to a half-life of 

34 hrs for dissociation of the product complex if the assumption that kcat approximates 

koff
P is correct for TDG. 

Our results provide the first comparison of single turnover (kmax) and steady-state 

(kcat) activity of TDG reported for any substrate. In all cases (G·T, G·U, and G·FU 

substrates), we find kmax >> kcat, with kmax/kcat ranging from 150 to 440 (Table 2.1). The 

very large difference in these rate constants confirms the rate limiting step(s) of the TDG 

reaction occurs after the chemical step (52), i.e., product release, which includes 
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dissociation of AP-DNA and the excised base, and may require a conformational change 

for TDG and/or AP-DNA (Fig. 4). 

Previous studies and our unpublished observations indicate that release of AP-

DNA, rather than the excised base, is the rate limiting step of product release. AP-DNA 

binds tightly to TDG (115), dissociates very slowly from the binary TDG·AP-DNA 

complex (128) and is a potent inhibitor of TDG (115, 128, 129). In contrast, we and 

others find TDG is not inhibited by the nucleobases that it removes from DNA (including 

uracil, thymine, FU, and εC), even at concentrations of up to 5 mM (1), indicating they 

do not bind TDG with significant affinity. 

While these results indicate AP-DNA dissociation is rate-limiting, they do not 

indicate the order of product release, i.e., whether the base dissociates before or after AP-

DNA (Fig. 2.4). For MutY, which excises adenine mispaired with 8-oxoguanine, adenine 

dissociates rapidly, koff > 5 min−1, much faster than AP-DNA, koff,AP ≈ 0.005 min−1 (75, 

89, 106). For eMUG, the E. coli ortholog of TDG that also exhibits rate-limiting product 

release (92), an “escape route” for release of uracil prior to AP-DNA was suggested by a 

crystal structure (11), although this has not been confirmed. Our findings suggest a 

different mechanism for TDG. 

The burst kinetics experiments collected here indicate the excised base influences 

the dissociation rate of AP-DNA from the TDG product complex. Our finding that kcat for 

G·FU20 is 126- and 1850-fold faster than kcat for G·U20 and G·T20 (Table 2.1) indicates 

a similarly large difference in the rate-limiting dissociation of AP-DNA (because koff,AP ≈ 

kcat). These striking differences were not expected, given that the AP-DNA product is 

identical, and they suggest the excised base remains trapped in the product complex by 
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AP-DNA. Consistent with this idea, our recent crystal structure of TDGcat bound to 

abasic DNA reveals no obvious pathway for release of the excised base prior to AP-DNA 

departure, absent a significant enzyme conformational change (71). 

One explanation for the large differences in koff,AP for the G·T, G·U, and G·FU 

reactions is that the ionization state of the excised base may differ when bound in the 

product complex. Our previous studies indicate the TDG reaction is highly dissociative 

and that the departing base is negatively charged, indicating the active site stabilizes the 

anionic base to some extent (14). The pKa (N1 nitrogen) is much lower for FU (pKa
N1 = 

8.43) relative to U (pKa
N1 = 9.76) and T (pKa

N1 = 10.19), thus FU is more likely than U 

(and U more likely than T) to be anionic in the product complex. The anionic base may 

promote the dissociation of AP-DNA by repulsive interactions with the DNA phosphates. 

This idea could be examined by determining the ionization state of FU, U, and T in the 

ternary product complex using NMR spectroscopy (28). Such experiments unexpectedly 

revealed that uracil is anionic when bound in the product complex of uracil DNA 

glycosylase at neutral pH (28). 

Mechanism for APE1 Stimulation of TDG –Previous studies of BER for organisms 

ranging from E. coli to humans have shown that AP endonucleases enhance the turnover 

of DNA glycosylases (46, 74, 97, 104, 123, 127, 128). A consistent observation is that the 

AP endonuclease affects product release rather than the chemical step of the glycosylase 

reaction. Although the detailed molecular mechanism has remained unknown, two basic 

ideas have emerged. For the passive enhancement mechanism, the AP endonuclease 

stimulates glycosylase turnover by simply depleting the concentration of AP-DNA, 

converting it to 5´-nicked AP-DNA which should be less inhibitory to the glycosylase 
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(123). The active displacement mechanism requires that the AP endonuclease interact 

with the glycosylase and/or AP-DNA to disrupt the product complex (97), and may also 

involve endonucleolytic depletion of AP-DNA. A passive mechanism was proposed for 

APE1 stimulation of hOGG1 (46, 127), although a recent study suggests active 

displacement may contribute (117). An active mechanism was proposed for APE1 

stimulation of UNG (97), and APE1 stimulation of human MutY homolog appears to 

involve protein-protein interactions (98, 139). Active displacement is indicated for AP 

endonuclease (Exo III and Endo IV) stimulation of MutY in E. coli (104). For the APE1 

stimulation of TDG, both passive (24, 40) and active (1, 41, 97, 107, 128) mechanisms 

have been proposed. 

Our findings demonstrate that APE1 stimulates TDG turnover by active 

displacement of AP-DNA, as illustrated by our results for the G·U substrate. The burst 

kinetics experiments provide an estimate for the spontaneous AP-DNA dissociation rate 

for the G·U reaction, where koff,AP ≈ kcat = 0.005 min−1 (true because kmax >> kcat). 

Meanwhile, the coupled-enzyme assay provides a lower limit for the hAPE1-stimulated 

dissociation rate of AP-DNA from the TDG product complex (koff,AP
+APE1 

≥ kcat
+APE1 = 

0.13 min−1). This is true because, by definition, no individual step of the coupled-enzyme 

reaction can be slower than the observed steady-state rate constant (kcat
+APE1). Our results 

exclude the passive displacement mechanism as the sole mechanism for stimulation, 

because the spontaneous AP-DNA dissociation rate (koff,AP ≈ 0.005 min-1) is not 

kinetically competent with the APE1-stimulated turnover rate (kcat
+APE1 = 0.13 min−1) in 

this study. The same argument applies to TDG acting upon the G·T substrate (koff,AP ≈ 

0.00034 min−1, and kcat
+APE1 = 0.014 min−1), and TDGcat processing the G·U substrate 
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(koff,AP ≈ 0.006 min−1, and kcat
+APE1 = 0.46 min−1). However, the koff,AP and other individual 

rate constants need to be determined directly to confirm this, as the rates may be different 

than expected and provide evidence for a passive displacement contribution as well.   

Other evidence supports an active displacement mechanism. The observation that 

kcat (hence koff,AP) is identical for TDGcat and TDG (Table 2.1) while the APE1-effect is 

greater for TDGcat (Table 2.1) indicates active displacement, because one would expect 

the same APE1-effect for a passive displacement mechanism (i.e., if APE1 does not alter 

koff,AP). Active displacement is also consistent with the previous observation that Endo 

IV, an E. coli AP endonuclease that is structurally unrelated to APE1, does not stimulate 

TDG for G·T or G·εC substrates (107, 128). If a passive mechanism prevailed, i.e. 

depletion of spontaneously released AP-DNA, one would expect Endo IV (or any AP 

endonuclease) to stimulate TDG turnover. Active displacement is required, because 

APE1 increases the dissociation rate of AP-DNA, presumably by contacting TDG and/or 

AP-DNA to disrupt the product complex. 

APE1 Effect Depends on AP-DNA Release Rate - Previous studies and our findings 

suggest that when the spontaneous dissociation rate of AP-DNA (koff,AP) is increased (i.e., 

due to enzyme or substrate modifications), a lower concentration of APE1 provides the 

maximal stimulatory effect. For example, AP-DNA dissociates more rapidly from 

SUMO-modified TDG than from TDG, and a 5 nM concentration of APE1 increased the 

turnover of SUMO-TDG but had no effect on turnover of unmodified TDG (for a G·U 

substrate) (41). Similarly, koff,AP is faster for C·AP-DNA versus G·AP-DNA, and the 

stimulatory effect of 10 nM APE1 on TDG turnover is much greater for C·U versus G·U 

substrates (128). We find that kcat is much faster for G·FU relative to G·U substrates 
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(indicating faster koff,AP for the G·FU reaction), and the concentration of APE1 required 

for maximal enhancement is lower for G·FU (25 nM) versus G·U (50 nM). Similarly, a 

100 nM concentration of APE1 provides maximal enhancement of TDG turnover for the 

G·T substrate, and kcat is lower for G·T relative to G·U. These observations suggest APE1 

interacts with the TDG product complex to disrupt it (i.e., active displacement), and that 

the interaction is more likely to be productive if the inherent AP-DNA release rate 

(koff,AP) is faster. They are not consistent with passive enhancement, because more rather 

than less APE1 should be required when koff,AP is faster. Further studies are needed to 

uncover the mechanistic underpinnings of these intriguing observations. 

Nature of the Stimulatory Interaction - Our finding that APE1 enhances TDGcat turnover 

by 77-fold (for G·U20) reveals that any stimulatory interactions with APE1 do not require 

the N- or C-terminal domains of TDG (residues 1-110 or 309-410). Indeed, the smaller 

APE1-effect for TDG versus TDGcat (Table 2.1) indicates the N- and/or C-terminal 

regions tend to diminish the stimulatory effect of APE1. 

Previous studies using yeast two-hybrid and electrophoretic mobility shift 

(EMSA) experiments found no evidence for a stable bimolecular interaction for TDG and 

APE1 (107, 128). Attempts to visualize a stable complex of TDG, AP-DNA, and APE1 

using EMSA and surface plasmon resonance were also unsuccessful (107, 128). This is 

perhaps not surprising, because APE1 displaces TDG and rapidly converts AP-DNA to 

5´-nicked AP-DNA. The stimulatory interactions of APE1 with TDG and/or AP-DNA are 

probably transient and weak, and may involve selective recognition of the TDG product 

complex rather than free TDG (128). Indeed, a stable complex seems incompatible with 

the robust stimulation of TDG (and TDGcat) observed here.  The NMR TROSY 
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experiments with APE1 and the TDGcat·AP-DNA complex suggest a transient interaction 

between the two, evidenced by the weakening of peak intensity and chemical shift 

perturbations (Fig. 2.9). Thus, this further supports active displacement as the mechanism 

for APE1 stimulation of TDG turnover.   

Nevertheless, a stable interaction was reported for murine TDG and APE1 (using 

GST pull-down assays), involving residues 92-121 of mTDG (124). This region of 

mTDG is acetylated (Lys residues) by the transcriptional co-activator CBP/p300, and 

acetylation of mTDG disrupted its bimolecular interaction with mAPE1 (124). The 

corresponding (nearly identical) acetylation domain of TDG, residues 81-110, is absent 

for TDGcat. Yet, we find that TDGcat is strongly stimulated by APE1, 77-fold for the G·U 

substrate. Clearly, the acetylation domain of TDG is not required for stimulatory 

interactions with APE1, a finding that conflicts with the previous suggestion that 

acetylation of TDG regulates the recruitment of APE1, hence the second step of BER 

(124). Our results indicate that any TDG-APE1 interaction mediated by the acetylation 

domain, if adopted in vivo, may be important for some function other than promoting 

TDG turnover. Additional experiments are warranted to determine the effect of 

acetylation on the turnover of TDG, in the presence and absence of APE1. 

How Might APE1 Actively Stimulate TDG? - Our finding that APE1 actively disrupts 

the TDG product complex raises the question of exactly how this occurs. It was proposed 

that APE1, which forms extensive minor groove interactions, stimulates the turnover of 

uracil DNA glycosylase (UNG) by binding the minor groove and moving processively 

towards UNG to “pry” it from the AP site (82, 97). Such a mechanism seems consistent 

with our findings, given some limitations. The 19 bp DNA substrates used here (Fig. 2.1) 
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are not much longer than the overall footprint (~12 bp) for one TDGcat subunit, which 

binds the minor groove and occupies less than half of the total circumference of the helix 

(71). Thus, APE1, with a footprint of about 8 bp (82, 88), could bind the minor groove 

immediately adjacent to TDG and on 3´ side of the AP site (Fig. 9). This would position 

APE1 to initially contact the “insertion loop” of TDG, which plays key roles in substrate 

recognition and nucleotide flipping and accounts for most of the DNA contacts formed 

by TDG (71), and may disrupt the DNA phosphate contacts involving K246 and K248 

(Fig. 9). Disruption of the insertion loop and/or the K246/K248 interactions could 

conceivably promote dissociation of the product complex. APE1 binding to the 5´ side of 

the AP site may be precluded by the other (nonspecific) TDG subunit, if the product 

complex involves 2:1 (protein:DNA) binding (Fig. 2.10) as indicated by our recent 

structural studies (71). However, recent biochemical studies have shown the second 

subunit binds very weakly to an AP-site containing DNA (85).  Thus, 2:1 binding is not 

needed for tight binding to AP sites, and not likely to occur in cells where there is 

limiting TDG and excess non-specific DNA.  But, other evidence suggests APE1 binding 

3’ to the AP site.  Specifically, APE1 binding 5´ to the AP site is not consistent with our 

observation of the same APE1-effect for G·U20 and G·U17 substrates (not shown). 

G·U17 is identical to G·U20 (Fig. 2.1) but has just three base pairs located 5´ to the AP 

site, providing no foothold for binding of APE1 5´ to the AP site. 

Of course, other active displacement mechanisms are possible. A direct handoff 

of AP-DNA from TDG to the active site of APE1 seems unlikely, because both enzymes 

flip the abasic deoxyribose deep into their active site and contact the same five 

phosphates flanking the AP site (71, 82). APE1 could potentially contact TDG alone to 
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promote dissociation of the product complex, and compete with TDG to bind freely 

released AP-DNA, converting it to 5´-incised AP-DNA. Our cross-linked TDG-AP DNA 

complex suggests a physical interaction, but with our current data we cannot determine if 

those include contacts with TDG alone or with both TDG and DNA. Additional 

biochemical and structural studies are needed to fully elucidate the mechanism by which 

APE1 disrupts the TDG product complex and to map the residues involved. 

 

Figure 2.10. Structure of TDG
cat

 bound to AP-DNA. The recent crystal structure of 

TDGcat bound to AP-DNA (16), showing a length of DNA corresponding to the substrates 

used here. The TDGcat subunit bound at the AP site (product complex) is rendered in 

semitransparent surface mode and colored gray, and the nonspecific subunit is white (a 

protein dimer is seen in crystal structure). For the AP-bound TDGcat subunit, the 

“insertion loop” residues (270-280) are colored cyan, and K246 and K248 are blue. The 

AP strand is colored orange with the 3´ and 5´ ends labeled. One model for active 
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disruption of the TDG product complex is that hAPE1 binds the minor groove adjacent to 

TDGcat and 3´ to the AP site, such that it might contact the insertion loop and/or 

K246/K248 to disrupt the product complex. 

 

Implications for SUMO Modification of TDG - TDG binds to and is covalently modified 

by SUMO-1 and SUMO-2/3, which decreases its DNA binding affinity, apparently by 

stabilizing an α-helix (residues 317-329) that clashes with DNA (4, 41). For G·U 

substrates, kcat is higher for SUMO-TDG versus TDG, due likely to faster AP-DNA 

product release, and the stimulatory effect of APE1 is greater for SUMO-TDG (41). 

Consistent with weaker substrate binding, a 5 nM concentration of SUMO-TDG 

exhibited no G·T activity, but it was not reported whether G·T activity could be recovered 

at higher enzyme concentrations. It was suggested that product-bound TDG is 

SUMOylated to increase the dissociation rate of AP-DNA, and that the SUMO group is 

subsequently removed (41). Our studies provide the first measure of APE1-stimulated 

turnover of TDG for a G·T substrate, kcat
+APE1 = 0.014 min−1, which corresponds to a half-

life of ~50 min for dissociation of the product complex. Assuming a similar rate in vivo, 

our finding suggests ample time and a potential need for SUMOylation of TDG to further 

enhance the effect of APE1 on product release for processing G·T mispair. However, 

SUMOylation would need to be specific for DNA-bound TDG, since SUMOylated TDG 

cannot bind DNA.  SUMOylation of TDG seems less important for G·U processing, 

because the APE1-stimulated turnover is relatively fast (kcat
+APE1 = 0.13 min−1). 

Additional studies are needed to quantitatively establish the effect of TDG SUMOylation 

on product release, in the presence and absence of APE1.  The rate of SUMOylation and 
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specificity of SUMO conjugation to TDG when product bound needs to be resolved in 

order to determine the necessity and likelihood of SUMOylation occurring during the 

TDG reaction cycle. 

Use of the Cross-linked TDG·DNA Complex – We have successfully produced a 

disulfide-linked complex of TDGcat and AP-DNA, which will be instrumental in 

characterizing APE1 stimulation of TDG dissociation from its AP-DNA product.  This 

complex will also be used in additional NMR and biochemical studies to identify the 

residues involved and the nature of the interaction.  It will also be instrumental in 

stabilizing an otherwise weak complex of TDG bound to an undamaged CpG site for 

crystallographic studies. 

Studying TDG Using Steady-State Kinetics - In addition to illuminating the mechanism 

for APE1 stimulation of TDG, our coupled enzyme assay provides, for the first time, a 

method for monitoring steady-state kinetics of TDG in real time. This assay could 

potentially be useful for screening and evaluating TDG inhibitors, determining the 

damaging effect of removing specific side chains of TDG by site-directed mutagenesis, 

and structure-activity correlations using modified substrates. Such studies may be most 

productive by using TDGcat and the G·FU20 substrate, which provide the highest turnover 

(kcat
+APE1 = 6 min−1), hence the largest dynamic range for determining the effect of 

enzyme or substrate modifications. 
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Chapter III. Abasic DNA is a potent inhibitor of thymine DNA glycosylase 

 

3.1.  Introduction 

 

DNA glycosylases initiate the base excision repair (BER) pathway by removing 

damaged bases, producing an abasic (AP) site in the DNA (26, 136).  AP endonuclease I 

(APE1) then nicks the phosphodiester backbone, and the correct nucleotide is restored by 

other BER enzymes.  Thymine DNA glycosylase (TDG) is one of the vertebrate enzymes 

that recognizes and initiates repair of G·T and G·U mismatches, as well as other lesions, 

with a preference for CpG sites (14, 24, 130, 134).  Specificity for damage in a CpG 

context suggests the biological substrate is G·T mispairs arising from 5-methylcytosine 

deamination (1).  Cytosines can be methylated at CpG sites to mark for transcriptional 

silencing, and subsequent deamination events introduce damage and disrupt genomic 

regulation, which highlights the importance of CpG site maintenance. However, the 

maximal rate constant for catalytic turnover (kcat) for G·T mispairs is very slow (29, 128, 

129), reducing TDG repair capabilities.  Like other glycosylases, TDG binds tightly to 

AP-DNA, limiting its enzymatic turnover.  APE1 stimulates the turnover of TDG, as it 

does for other DNA glycosylases (46, 97, 104, 128).  Using burst kinetic and steady-state 

kinetic experiments, we have confirmed that AP-DNA product release is highly rate-

limiting and that APE1 dramatically stimulates TDG turnover (29). We and others have 

shown that APE1 actively disrupts the TDG product complex as opposed to simply 

depleting the concentration of AP-DNA. To further elucidate this mechanism, we have 
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used stopped flow kinetics to resolve rate constants of the TDG kinetic mechanism.  We 

find AP-DNA as a potent inhibitor of TDG, providing insight into slow G·T processing.     

The slow rate of turnover, kcat, observed for TDG can be attributed to rate-limiting 

release of abasic DNA product and/or to rebinding of this abasic DNA product (Figure 

3.1).  Product-inhibited enzymes are exemplified by high kmax/kcat values, and their slow 

turnover is attributed to a slow product dissociation rate constant (kcat = koff
P) (52).  For 

TDG, kcat differed for various substrates, with the slowest rate observed for thymine 

reactions (29).  With abasic product being the same, the assumption that kcat approximates 

koff
P for TDG needs to be evaluated. Thus, product release and product inhibition (i.e. 

rebinding of abasic DNA) must be quantified to resolve slow G·T processing. The high 

frequency of mutations in CpG sites in human cancers (23, 103) suggests that the repair 

capacity is not sufficient to remove the deaminated product.  The slow turnover of TDG 

may partly contribute to the poor repair at CpG sites (130). Determining rate limiting 

steps of the reaction, which may help to explain the diminished TDG activity on G·T 

mispairs, is important in understanding why C to T mutations go unrepaired.  These 

measurements will also provide insight into the mechanism for APE1 stimulation of TDG 

activity, which was previously examined with steady state kinetics experiments (29).  

APE1 can affect turnover through direct stimulation of koff
P and through depletion of 

product to prevent rebinding. Though we have determined that the affect of APE1 is not 

simply due to depletion of AP-DNA (29), we cannot discount its contribution.  

Specifically, the affinity for AP-DNA and koff
P need to be directly determined for an 

understanding of active vs. passive stimulation by APE1.  Thus, determining individual 
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rate constants of the reaction mechanism will not only provide insight into slow G·T 

processing, but also the role of APE1 stimulation in TDG repair processes.   

 

Figure 3.1. Minimal Kinetic Mechanism of TDG.  The scheme shown represents the 

minimal kinetic mechanism of TDG, where the first step forms the collision complex 

(E·S). The target nucleotide is then flipped in to the active site, forming E΄·S΄, where the 

glycosylic bond is hydrolytically cleaved (kchem) to form the initial product complex 

(E΄·B·P΄). Both abasic DNA (P) and free base (B) then dissociate from TDG in an 

essentially irreversible step, as free base will not rebind to TDG. However, abasic DNA 

can rebind to TDG, giving rise to an E + P � E·P equilibrium.  The two product koff 

values (i.e. koff following kchem and koff for the AP-DNA equilibrium binding) can differ 

depending on the substrate, due to affects of the base remaining in the active site. 

Therefore, * is used to denote the difference. 

 

Tight binding to AP-DNA has been reported to limit enzymatic turnover, but its 

rebinding mechanism and properties as an inhibitor have been not been addressed fully 

for all product inhibited glycosylases.  For AAG, inhibition studies using AP-DNA have 

resulted in low Ki/KM values, revealing modest product inhibition (6). Furthermore, 

equilibrium product binding correlates to the kcat values, indicating product release is the 

main mechanism of limiting the turnover of AAG.  For TDG, the contribution of 
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equilibrium product binding in limiting turnover is greater than for AAG. Determination 

of koff
P and equilibrium product binding will provide much needed information on the 

role of AP-DNA as an inhibitor of the TDG reaction.   

To validate AP-DNA inhibition and establish its role in limiting TDG turnover, 

we have determine the dissociation rate constant of TDG for AP-DNA (koff
P) and various 

substrates using stopped flow anisotropy, and the binding affinity of TDG for AP-DNA 

using steady state anisotropy. We also performed steady state kinetics experiments to 

further characterize the reaction mechanism of TDG and elucidate the role of AP-DNA as 

an inhibitor of the TDG reaction. However, analysis is complicated by the fact that AP-

DNA is a product of the TDG reaction as well as an inhibitor. Thus, as substrate is being 

depleted, inhibitor concentration is increasing.  There are multiple substrates of TDG that 

significantly differ in single-turnover and steady-state rates, and these have helped us in 

exploring the effects of AP-DNA inhibition on TDG.  Using the aforementioned 

experimental approaches, we provide evidence that AP-DNA is in fact a slow, tight-

binding inhibitor of DNA, and this inhibition is observed as slow kcat values in reactions 

where the forward commitment to catalysis is low. 

 

3.2.  Materials and Methods 

 

Materials - TDG was expressed and purified as previously described (71, 84), quantified 

by absorbance (ε280 = 31.5 mM-1cm-1), flash-frozen and stored at -80˚C.  

Texas Red labeled DNA oligonucleotides were synthesized at the Midland Certified 

Reagent Co. (Midland, Texas) and quantified by absorbance (260 nm). Unlabeled DNA 
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oligonucleotides were synthesized at the Keck Foundation Biotechnology Resource 

Laboratory of Yale University, purified by Glen-Pak purification cartridges (Glen 

Research), and quantified by absorbance (260 nm).  Purity of all oligonucleotides was 

verified by analytical anion-exchange HPLC under denaturing (pH 12) conditions.  The 

duplex DNA substrates were hybridized by rapid heating to 80˚C and then slow cooling 

to room temperature.  The duplex DNA substrates used are shown in Fig. 3.2.   

 

5’ TCA GTACAGAGCTGX

3’ AGTGCATGTCTCGAC - TR

5’ GTGTCACCACCGCTCA GTACAGAGCTGX

3’ CACAGTGGTGGCGAGTGCATGTCTCGAC - TR

5’ CTCA GTACAGAGCTGT
3’ GAGTGCATGTCTCGAC - TR

Labeled DNA for anisotropy

Trap DNA

DNA used for lag experiments

16U11

4T11

16X11

3X11

5’ GTGTCACCACCGCTCA GTACAGAGCTGU

3’ CACAGTGGTGGCGAGTGCATGTCTCGAC

5’ CTCA GTACAGAGCTGCFU

3’ GAGTG CATGTCTCGACG

5’ GTGTCACCACCGCTCA_GTACAGAGCTG

3’ CACAGTGGTGGCGAGTGCATGTCTCGAC  

Figure 3.2. DNA substrates. TR represents Texas Red, U represents 2’-deoxyuridine 

(dU), FU represents 5-fluoro-dU, and _  represents an abasic site. X denotes the presence 

of a target base/site, and in these studies X was thymine (T), 5-fluoro-dU, or an abasic 
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site.  The typical constructs used were as shown, however for thymine the 4T11 construct 

replaced the 3X11, as an extra base at the 5’ end of the duplex is necessary for binding. 

 

Creation of a Natural Abasic (AP) Site – Instead of using a synthetic AP site like 

tetrahydrofuran (THF), we created natural AP site-containing DNA to simulate actual 

reaction conditions.  THF lacks the C΄1 hydroxyl group present on the sugar of a natural 

AP site.  This stabilizes THF and prevents its degradation over time.  However, the 

hydroxyl group may be important in TDG binding, and TDG may have a different 

binding affinity for THF vs. a natural AP site.  Using 2 nM hUNG and a 2 uM of a uracil-

containing DNA duplex (16U11 or 3U11), complete conversion to abasic DNA was 

achieved in 20 min. TDG was also used to create natural AP DNA by incubation of 2 uM 

TDG and 2 uM of a uracil containing DNA duplex for 30 min.. We verified the 

completion of reaction and formation of product using analytical anion-exchange HPLC 

under denaturing (pH 12) conditions. 

Stopped Flow Measurements – Experiments were collected on a Kintek 2004-SF 

stopped-flow at room temperature. To monitor dissociation rate studies using 

fluorescence anisotropy, the stopped-flow was outfitted with a horizontal polarizer on one 

PMT and a vertical polarizer on the other.  The excitation wavelength was set for 577 nm, 

and two 624 nm bandpass filters were used to monitor emission optimal for Texas Red.  

Briefly, the kick- off reactions performed for each koff
 study employed an equimolar TDG 

– DNA complex (the DNA labeled with Texas Red for monitoring) that was rapidly 

mixed with an excess of unlabeled, trap DNA, and monitored for a specified period of 

time during which 1000 time points were taken.  Each experiment was repeated 4-10 
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times, and the traces were then averaged and analyzed to determine rate constants. The 

data was fit by non-linear regression to single and double exponential equations 

(Equations 1 and 2) and compared with an F test to determine best fit using GraFit5 and 

Prism, 

Y = A0*exp-kt + offset            (Eq.1) 

Y = A0(1)*exp-k(1)t + A0(2)*exp-k(2)t + offset            (Eq.2) 

where A is the amplitude, k is the rate constant, t is the reaction time (s), and the offset is 

the starting anisotropy value. 

Fully bound, or saturated, DNA is needed to obtain accurate koff measurements.  

Thus, concentrations used are at least 100-fold higher than the Kd.  To verify saturating 

concentrations, koff was measured for varied concentrations of TDG. Also, trap DNA 

must be at a high enough concentration to fully displace TDG and to prevent its rebinding 

to labeled DNA.  To ensure complete displacement, the concentration of trap was 

increased an additional 2-fold for each set of reactions, resulting in the same koff.  Hence, 

the appropriate conditions were established. 

Product Dissociation Rate Constant Determination –The TDG-AP DNA complex of 

400 nM TDG and 400 nM 3AP11TR or 16AP11TR, diluted from the TDG reaction used 

to create natural AP-DNA, in HEMN.1 buffer (20 mM HEPES pH 7.5, 0.1 M NaCl, 0.2 

mM EDTA, 2.5 mM MgCl2) was rapidly mixed with an 100-fold excess (40 uM) of 

unlabeled, trap DNA in the stopped-flow.  This resulted in final concentrations of 200 nM 

TDG, 200 nM 3AP11TR or 16AP11TR, and 20 uM trap.    

In addition to measuring koff
P of a natural AP-site containing DNA, koff

P for a THF 

containing DNA was also measured (results not shown). The koff
P for THF was 
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significantly faster than koff
P for the natural AP-DNA, confirming the need to use a 

natural AP-DNA in subsequent experiments. 

Substrate Dissociation Rate Constant Determination - The substrate analogs 2’-fluoro-

dU (Uf) and 2’-fluoro-dT (Tf) were used for uracil and thymine measurements, 

respectively.   A TDG- substrate complex was formed by incubating 400 nM TDG with 

400 nM substrate containing DNA in HEMN.1 for 10 min. at room temperature.  This 

complex was then rapidly mixed with 100-fold excess (40 uM) unlabeled, trap DNA in 

the stopped flow, producing final concentrations of 200 nM TDG, 200 nM substrate 

containing DNA, and 20 uM trap.   

To validate the results obtained using substrate analogs, the double mixing 

function of the stopped flow was utilized to measure natural substrate dissociation rates. 

Double mixing allows two reactants to be mixed and age in the delay line, with a third 

reactant added after a variable reaction time.  The three syringe set-up is as shown in 

Figure 3.3, and there is a final 1:1:1 ratio of reactants during monitoring in the flow cell.  

Briefly, for a thymine reaction, 1.5 uM 16T11TR from syringe A is mixed with 1.5 uM 

TDG from syringe B, allowed to react for 30 s in the delay line, and then the aged 

solution is mixed with 100-fold excess (150 uM) trap DNA, resulting in final 

concentrations of 500 nM TDG, 500 nM 16T11TR and 50 uM trap.  This set-up allows 

for a TDG-substrate complex to form and reach equilibrium, with minimal (4.5%, or 69 

nM) product formation (as determined by kobs from single turnover reactions). This 

complex is then reacted with excess trap to irreversibly displace TDG for the dissociation 

rate constant determination of the natural, hydrolysable substrate (koff
S).  Each reaction 

was monitored for 1 sec and repeated 4 times.  
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Figure 3.3. Stopped flow set-up. Three syringes, labeled A, B and C, are employed in 

double mixing, while only two of the syringes are used for single mixing, A and C.  After 

the first push in double mixing, reactants from syringes A and B are aged in the delay line 

for a specific period of time, until the second push, where the reactant from syringe C is 

mixed with the aged sample in the observation cell.  For single mixing, reactants from 

syringes A and C are rapidly mixed and monitored in the observation cell. 

 

Fluorescence Anisotropy Experiments and Data Fitting - Using fluorescence 

anisotropy, the equilibrium binding constant (Kd) of TDG for a natural AP-DNA was 

determined.  First, the anisotropy of free DNA was recorded for 0.5 nM natural AP-DNA 

labeled with Texas Red (see Figure xx) in HEMN.1 with 0.1 mg/mL bovine serum 

albumin (BSA) in a quartz cuvette.  The natural AP-DNA was made using hUNG and 

16U11TR (or 3U11TR) as described above.  Then, TDG was incrementally added to the 

AP-DNA solution in concentrations ranging from 0.1 nM to 20 uM, recording the 
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anisotropy for each concentration. Experiments were collected in 3-mm fluorescence 

cells (Starna Cells) maintained at 22˚C using a QM-4 spectrofluorimeter (Photon 

Technology International), with excitation and emission wavelengths of 595 and 615 nm. 

The data was fit by DynaFit to a 2-step equilibrium using a non-analytical equation (85). 

Steady State Kinetics Experiments to Determine Inhibition of TDG by AP-DNA- To 

directly observe an inhibition on TDG by AP-DNA, steady state kinetic experiments with 

TDG and TDG pre-incubated with AP-DNA were compared.  If TDG dissociates slowly 

from AP-DNA, an initial lack of product formation is predicted when a TDG·AP-DNA 

complex is diluted into a fast-turnover substrate like 4FU12, as TDG must first dissociate 

from AP-DNA in order to react with 4FU12.  Furthermore, if AP-DNA release is very 

slow, a steady state rate difference will also be observed. Control reactions were initiated 

by adding 50 nM TDG to 1500 nM 4FU12 in HEMN.1 with 0.1 mg/mL BSA.  At various 

time points, 100 uL of the reactions were manually quenched with 50 uL quench buffer 

(50% v/v 300 mM NaOH, 30 mM EDTA) and heated for 15 min. at 85˚C to induce 

cleavage of the DNA backbone at abasic sites.  For pre-incubation reactions, 2 uM TDG 

was first reacted with 2.2 uM 16U11 for 30 min. to allow for complete product formation.  

This TDG·AP DNA complex was then diluted 40-fold into 1.5 uM 4FU12 substrate in 

HEMN.1 with 0.1 mg/mL BSA to initiate the reaction.  The final concentrations were 50 

nM TDG, 55 nM AP-DNA, and 1500 nM 4FU12.  At various time points, 100 uL 

samples were taken and quenched with 50 uL quench buffer and heated for 15 min. at 

85˚C.  The product formation was monitored using anion-exchange HPLC as described 

(14, 84).  The conditions of excess and saturating substrate ([S] > [E] >> Kd) allow kcat 

values to be obtained by fitting data to a linear equation.   
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Koff
P
 Determination of Product from the Ternary TDG·AP DNA·Base Complex – To 

assess any affects on koff
P caused by the free base in the ternary product complex, TDG 

was reacted with a 5-fluoro-dU substrate until completion and then rapidly mixed with an 

excess of DNA trap to measure koff
P of TDG from AP-DNA in the presence of free base.  

The double mixing method was employed, where 600 nM 16FU11TR from syringe A 

was mixed with 660 nM TDG from syringe B, allowed to age in the delay line for 1.5 s 

for complete product formation (as seen in single turnover experiments), and then rapidly 

mixed with excess (60 uM) trap DNA from syringe C (Figure 3.3). The final 

concentrations of the reactants were 220 nM TDG, 200 nM 16FU11TR, and 20 uM trap.   

To further dissect the effect of the base on koff
P, steady state kinetics experiments 

using a preformed TDG and 16FU11 complex and were performed. Similar to the 

experiments with AP-DNA described above, 3FU11 was used as the substrate because of 

its fast turnover from TDG. The rate in the presence of the free base can be compared to 

the rate observed when TDG was pre-incubated with AP-DNA not in the ternary 

complex. If the base plays a role in AP- DNA release, then a rate difference between 

reactions with TDG pre-incubated with AP- DNA in a ternary complex and TDG pre-

incubated with AP-DNA not in a ternary complex will be observed.   Control reactions 

were initiated by adding 50 nM TDG to 1500 nM 3UF11 in HEMN.1 with 0.1 mg/mL 

BSA.  For pre-incubation reactions, 2 uM TDG was first mixed with 2.2 uM 16FU11 as 

quickly as possible (about 5 sec) to allow for complete product formation while still 

retaining some ternary complex.  This TDG-AP DNA complex was then diluted 40-fold 

into 1.5 uM 3FU11 substrate in HEMN.1 with 0.1 mg/mL BSA to initiate the reaction.  

The final concentrations were 50 nM TDG, 55 nM AP DNA with 5FU, and 1500 nM 
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3FU11.  At various time points, 100 uL of the reactions were quenched with 50 uL 

quench buffer and heated for 15 min. at 85˚C.  The product formation was monitored 

using anion-exchange HPLC.  The conditions of excess substrate ([S] > [E] >> Kd) allow 

kcat values to be obtained by fitting data to a linear equation.   

Simulation using Kintek Global Explorer- Data from our stopped flow analyses and 

steady state kinetics experiments were first fit conventionally, and served to guide the 

creation of a more comprehensive model.  The model for the minimal kinetic mechanism 

(Figure 3.1) was used for refined data fitting based on rates derived using Kintek Global 

Explorer (51, 53).  Simultaneous fitting of all our data provides a more thorough 

assessment of the model and a more accurate estimation of kinetic parameters.  In 

deriving the final global fit, parameters were used which reproduced the rates obtained 

from conventional fitting.  To fit data for a G·T reaction, rates from dissociation rate 

studies were used for k-1, k-2, and koff
P. The kon for initial substrate binding (k1) was 

calculated from the Kd and koff of non-specific DNA (unpublished data).  The forward 

isomerization rate (k2) used in global fitting was also calculated using the Kd for a G·T 

mispair and koff
S for 16T11.  Reported single turnover rates were used for kchem values. 

Finally, the kon
P rate was calculated from the Kd for AP-DNA and koff

P.   

 

2.3.  Results and Discussion 

 

DNA Constructs – In the dissociation rate and equilibrium binding experiments 

described below, we used oligonucleotides of varying length.  The longer16X11 

construct (X = target nucleotide, Figure 3.2) can accommodate 2:1 binding, as observed 
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in the TDG AP-DNA crystal structure (71), while the shorter 3X11 construct lacks the 

non-specific binding site.  Subsequent experiments revealed that 2:1 binding is not 

required for specific binding of TDG to a G·T mispair, G·U mispair or an abasic site (85).  

TDG forms a tight 1:1 complex with G·T and G·U mispairs and with AP sites, and the 

second non-specific subunit binds with a much weaker affinity.  Single turnover and burst 

kinetics show that 2:1 binding is not required for activity on G·T or G·U lesions (85).  

Also, we have observed APE1 stimulation of TDG activity for a short DNA that cannot 

accommodate a second subunit, indicating 2:1 binding is not required for this APE1 

affect (29). In addition, the limiting concentrations of TDG used preclude 2:1 binding 

based on Kd for the second binding event.  The concentrations used in our stopped flow 

dissociation rate studies will also preclude 2:1 binding for both DNA constructs, and thus 

will only report koff for the specific TDG subunit.  However, determining koff for the 

3X11 and 16X11 DNA constructs will provide useful information about the affect of 

non-specific interactions with DNA 3’ to the lesion/abasic site on binding. 

Product Dissociation  –  Having previously established the kinetic parameters kcat and 

kmax for TDG (29), we wanted to determine the extent to which slow G·T processing is 

due to dissociation (koff
P) of abasic DNA.  TDG exhibits exceedingly slow turnover due 

to its tight binding to AP-DNA, the extent of which is demonstrated by its slow kcat value 

(0.00034 min-1) (29).  A careful examination of each step of the kinetic mechanism is 

required to determine the contribution of the microscopic rate constants to the observed 

kcat values. 

The minimal kinetic mechanism for TDG is shown in Figure 3.1.  The kinetic 

parameter obtained from single turnover kinetics, kmax, reflects the maximal rate of 



83 
 

product formation and is determined by steps after initial DNA binding (including Kflip 

and kchem) and before product release.  In contrast, the kinetic parameter obtained from 

steady state kinetics, kcat, reflects the maximal steady-state turnover and is determined by 

the all steps after initial DNA binding, including nucleotide flipping (Kflip), the chemical 

step (kchem), and product release (koff
P).  Hence, when comparing the two rates, a 

difference is often thought to reveal a rate-limiting product release. As expected, a 

comparison between kmax and kcat for TDG revealed a large difference between the two, 

which was attributed to rate limiting steps after the chemical step. Because TDG exhibits 

no significant affinity for the free base, abasic DNA release was assumed to be rate-

limiting.  However, this was based on the assumption that for product inhibited enzymes 

exhibiting slow turnover, kcat approximates koff
P (52).   To determine if product release is 

in fact the rate limiting step for kcat, a direct measurement of the koff
P was necessary.     

We directly determined koff
P using a kick-off assay, where TDG bound to Texas 

Red-labeled AP-DNA is rapidly mixed with an excess of unlabeled DNA that effectively 

traps TDG to prevent rebinding of the labeled DNA.  Our abasic DNA is created by 

reaction with TDG (or hUNG) and a uracil substrate, because a 15 base pair THF-

containing DNA was found to have a 2-fold faster koff (25 ± 0.3 min-1) than a DNA 

containing a natural abasic site.  koff
P for a natural AP site in a 15 base pair duplex is 11.5 

± 0.12 min-1 (Figure 3.4.A).  koff
P for a natural AP site in a 28 base pair duplex is 0.03 ± 

0.0006 min-1, as seen in Figure 3.4.B, which is faster than the kcat values measured for 

both thymine and uracil substrates in the burst kinetic experiments (29).  koff
P for a 28 

base pair DNA is 6-fold faster than kcat for a uracil substrate (kcat = 0.005 min-1), and 88-

fold faster than kcat for a thymine substrate (kcat = 0.00034 min-1).  Because kcat is 
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significantly slower than koff
P , product release cannot solely reduce enzymatic turnover.  

This indicates product release is not rate limiting and kcat does not approximate koff
P; 

rather some other step after chemistry is limiting kcat.   
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Figure 3.4. koff
P
 determined by a kick-off experiment.  Using fluorescence anisotropy 

stopped flow, a pre-formed TDG-AP DNA complex was rapidly mixed with excess 

unlabeled, trap DNA.  A) An average of 10 traces where 200 nM TDG and 200 nM 

3AP11TR is kicked-off with 20 uM 16U11 and observed for 60 sec (30 sec shown). B) 

An average of 4 traces, where 200 nM TDG and 200 nM 16AP11TR is kicked-off with 

20 uM 16U11 and observed for 9000 sec.  Data were fitted with GraFit 5 using a single 

exponential equation. 

 

Steady-state Kinetics Experiments using 5-fluoro-dU to Detect Inhibition by AP-DNA - 

Given our stopped flow experiments, we know that koff
P is not rate limiting in all cases.  

We thus need to address steps in the kinetic mechanism after kchem that contribute to the 

slow turnover rates (kcat).  Product inhibition (i.e. rebinding of AP-DNA to TDG), as 
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opposed to abasic DNA release after catalysis, may cause a potent inhibition of the TDG 

reaction.  TDG binds very tightly to abasic DNA (114, 128), and the formation of an 

inhibitory E·P complex may prevent efficient processing of substrate when AP-DNA is 

present.  To elucidate the role of AP- DNA as an inhibitor of TDG, we performed steady 

state kinetic experiments where TDG was pre-incubated with a slight excess of 16AP11 

product DNA.  The pre-incubated complex was then diluted into a 5-fluoro-dU substrate 

(4FU12) at concentrations suitable for steady-state kinetics and at least 5-fold higher than 

KM ([4FU12] =1500 nM).  The 17 base pair, 4FU12 substrate was used because of its fast 

single turnover and steady state kinetic rates, as well as our ability to resolve this DNA 

from the 28 base pair DNA (16AP11) on the HPLC.  Also, TDG dissociates faster from a 

shorter length AP-DNA than a longer one. Thus, when 16AP11 is pre-incubated with 

TDG, we would predict an initial lack of product formation, or lack of a burst, when 

added to the shorter substrate, 4FU12.  This is due to the requirement that TDG first 

dissociate from 16AP11 before catalyzing the reaction with the 4FU12 substrate.  The 

slow dissociation from AP-DNA, demonstrated by koff
P studies, precludes an immediate 

reaction (burst phase) by TDG. Appropriate controls varying the concentration of 

16AP11 pre-incubated with TDG were performed. A 50% excess of 16AP11 over TDG 

when pre-incubated resulted in the same steady state rate observed with 10% excess 

16AP11, which is much slower than control.  

This type of reaction is often performed to detect slow-binding inhibitors, and 

pre-incubation leads to the equilibrium 

I + E  ↔ EI 

Addition of substrate then causes a new equilibrium, 
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I + ES ↔ S + E + I ↔ EI + S 

that necessitates  dissociation from the inhibitor before substrate binding.  Thus, the rate 

of the observed steady state reaction depends on the dissociation rate of the inhibitor 

(koff
I), which in this case is AP-DNA (koff

P). 

Inhibition was observed in this experiment, which was evidenced by the 

elimination of the burst, i.e. negligible product formation at the first time point (see 

Figure 3.5). In contrast, TDG not incubated with AP-DNA exhibits a starting product 

concentration close to the enzyme concentration (50 nM).  This verifies the release of 

16AP11 must be limiting the steady state reaction and the release of 4AP12, or the 

product of the TDG reaction with 4FU12, must be as fast as or faster than the release of 

the 28 base pair product. There was also a slow turnover rate of the pre-incubated TDG 

as compared to free TDG.  kcat for the control is 0.74 + 0.18 min-1 and kcat for the reaction 

with pre-incubated TDG is 0.093 + 0.008 min-1 (Figure 3.5).  This indicates further 

inhibition by the added AP-DNA.  Product accumulation over the course of the reaction 

prevents the maximal kcat from being attained. This slower steady state rate corresponds 

nicely to the measured koff of 16X11 (0.03 min-1), showing we are measuring the 

dissociation of AP-DNA at the initial time points.  Also, it is of note that over 1 hour, the 

steady state rate of the control reaction (i.e. TDG that was not pre-incubated with AP-

DNA) reduces to the slower rate observed for the pre-incubated TDG due to AP-DNA 

accumulation.  

 This inhibition experiment nicely demonstrates the slow release of AP-DNA 

from TDG and its inhibitory effect on steady state turnover.  The results also show AP-

DNA is a slow, tight-binding inhibitor of TDG.  Slow binding inhibitors need to be in 
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great excess of the enzyme in order to observe inhibition. But in the case of slow, tight-

binding inhibitors, the concentration of inhibitor can be varied over a range comparable 

to that of the enzyme, and the Ki
app approaches enzyme concentration in the assay (87).  

This is the case here, as the [16AP11] does not need to be in significant excess over 

[TDG] to observe its inhibitory affects. 
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Figure 3.5.  Pre-incubation with AP-DNA eliminates the burst.  Filled circles – Control 

reaction, where 50 nM TDG was added to 1.5 uM 4FU12 and sampled for product 

formation at various time points. Open circles – Pre-incubation reaction, where a 

complex of 50 nM TDG and 55 nM 16AP11 was added to 1.5 uM 4FU12. Both reactions 

were performed in triplicate. 

 

Binding Affinity of TDG for Abasic DNA - To further characterize AP-DNA as an 

inhibitor of TDG, it was important to determine the binding affinity of TDG for its 

product.  Tight binding of TDG and other DNA glycosylases to AP-DNA has been 

reported in the literature (114, 128), and the following measurements provide a 

quantitative value using a fluorescence anisotropy assay (85).  Because koff for THF-
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containing DNA and a natural AP-DNA differ, it was important to use a natural AP-DNA 

in Kd experiments.  For the 16AP11 DNA, 2 non-equivalent binding events were 

observed and fit by DynaFit. The Kd for the first site was measured as 1.4 + 0.4 nM.  The 

Kd for the second site was much weaker, about 2000 nM (Kd2 = 1926 + 762 nM) (Figure 

3.6.A).   Anisotropy data for TDG binding to the shorter oligomer, 3AP11, revealed a 

tight binding affinity for the abasic site, Kd1 = 6.2 + 1.3 nM.  There is also very weak 

binding of a second subunit, which forms an alternate 2:1 complex, Kd2 = 3480 + 1173 

nM (Figure 3.6.B).  

 

 

Figure 3.6. Kd for AP-DNA. A) 16AP11. Fit of 2 titrations. 0.01 to 20,000 nM TDG was 

incubated with 0.5 nM 16AP11 for 1.5 hours. The anisotropy of each sample (at a 

different TDG concentration) was measured and plotted. Data was fit with DynaFit 4 

using a non-analytical equation (85), which allowed the Kd for 2 sites to be measured.  B) 

3AP11. Fit of 2 titrations. 0.01 to 20,000 nM TDG was incubated with 0.5 nM 3AP11 for 

1.5 hours. Like with 16AP11, the anisotropy of each sample was measured, and the data 

was fit with DynaFit 4. 
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The tight binding of TDG to AP-DNA supports its role as an inhibitor and the 

hypothesis that TDG is likely to re-bind AP DNA with high affinity during the course of 

a reaction.  Furthermore, we conclude that AP-DNA is a slow, tight-binding inhibitor of 

TDG, based on its high affinity for AP-DNA (Kd = 1.4 nM) and slow dissociation rate 

(koff
P
 = 0.03 min-1 or 0.0005 s-1).  AP-DNA binds TDG tightly, and is released slowly, 

effectively trapping TDG.  In addition, the accumulation of AP-DNA during the course 

of a reaction increases the apparent inhibitor concentration, resulting in potent product 

inhibition during steady state kinetics reactions (29). Taking into account the much 

weaker (13-fold) Kd for a G·T mispair compared to a G·AP site, TDG would more likely 

re-bind its product than a G·T lesion during a multiple-turnover reaction, inhibiting and 

slowing the catalytic turnover, resulting in a slow kcat.   

The Role of Substrate Dissociation in Observed kcat Values- TDG is limited by steps 

after chemistry, including product inhibition.  This contributes to slow processing of G·T 

substrates, but it is important to assess the role of substrate binding kinetics, specifically 

koff relative to kchem, in the slow catalytic turnover of TDG.  Interestingly, we observed a 

difference in kcat between substrates in our burst kinetics experiments (29).  If abasic 

DNA release is the same for all reactions, why is there such a difference?  Furthermore, 

the affinity for AP-DNA remains the same, so why would product inhibition vary for 

different substrates?   To answer these questions, rate constants for other steps in the 

reaction must be measured to fully elucidate their affect on kcat and the differences 

between substrates.  Binding affinity measurements for uracil and thymine substrates 

reveal that TDG binds much tighter to a G·U mispair than a G·T mispair (85).  The 

inverse correlation between Kd and kcat suggests substrate binding may play a role in the 



90 
 

slow turnover rate observed for G·T reactions, and the relatively faster kcat for G·FU and 

G·U reactions.  Thus, we need to resolve the rates determining Kd for substrate to fully 

explain slow G·T processing.  In particular, we need to consider the rate of product 

release from the inhibitory product complex relative to that of the E·S complex.   

First, substrate dissociation rate constants were determined using substrate 

analog-containing oligonucleotides in our stopped-flow anisotropy experiments.  The 

substrate analogs 2’-fluoro-dU (Uf) and 2’-fluoro-dT (Tf), analogs for dU and dT 

respectively, were used, because they can bind TDG to form a catalytically competent 

enzyme-substrate complex without base excision (70, 114).  They are excellent mimics of 

dU and dT, and do not perturb B-type DNA structure (11, 16, 114).  They differ from dU 

and dT by only a fluorine atom in the place of the 2’ hydrogen, which renders the N-

glycosylic bond highly resistant to spontaneous and enzymatic cleavage. Previous studies 

show the 2’-fluoroarabino substitution promotes an O4΄-endo sugar pucker (as opposed 

to a C2΄-endo pucker), which is still compatible with B-DNA geometry (16, 18, 62).  The 

O4΄-endo pucker could potentially alter the binding of TDG, specifically the dissociation 

of TDG from substrate-analog containing DNA.  Previous studies indicate the effect is 

small for TDG binding (70), but it was important to determine if there are any effects on 

dissociation rates.  The kick-off experiments performed were similar to product 

dissociation experiments. Briefly, the substrate analog containing DNA was incubated 

with TDG, then rapidly mixed with an excess of trap DNA by stopped flow.   

Interestingly, the koff
S for uracil- and thymine-containing DNA differ 

dramatically, about 100-fold.   The koff
S for the uracil substrate (16Uf11) is k1 = 2.088 ± 

0.12 min-1, k2 = 0.51 ± 0.01 min-1 (k= 0.73 ± 0.004 min-1) while the koff
S for the thymine 
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substrate (16Tf11) is k1 = 1454.4 ± 340 min-1, k2 = 409.8 ± 78.1 min-1 (k = 700 ± 20 min-1) 

(see Figure 3.7).  koff
S for both substrates were also determined for a shorter length 

duplex; the thymine substrate was determined for a 16 base pair oligomer (4T11) and the 

uracil substrate was determined for a 15 base pair oligomer (3U11) (data not shown).  

Previous studies have shown a DNA length dependence on rate and binding affinity (84, 

85).   Accordingly, the shorter DNA substrate had a faster koff
S than the longer DNA 

substrate.   For the substrate dissociation measurements, a biphasic curve was observed. 

The amplitude change corresponding to each rate differed depending on protein 

concentration.  When increasing protein concentration but keeping the DNA 

concentration constant, the amplitude for the faster rate became dominant, while at lower 

protein concentrations the slower rate was dominant (data not shown).  One explanation 

is that there are two bound states of TDG, corresponding to different conformational 

states. There is likely a conformational change upon substrate binding that may result in 

the observance of two “states” of TDG binding; an initial binding conformation upon 

collision, and a second conformation which poises TDG for chemistry. The weak binding 

of the non-specific subunit (observed in the crystal structure) and the concentrations of 

TDG and substrate used in these experiments preventing 2:1 binding rule out subunit 

dissociation as the reason for biphasic koff
S. Appropriate controls were performed that rule 

out artifacts from buffer or trap DNA addition to TDG, the TDG-substrate DNA 

complex, or substrate DNA.  

Because of the slow removal of thymine (kchem = 0.2 min-1), it is possible to 

measure the natural substrate koff
S of TDG for a thymine-containing DNA using stopped 

flow double mixing.  For 16T11, the koff
S observed was k = 1952.4 ± 349 min-1 (fit to a 
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double exponential: k1 = 13224 ± 2928 min-1, k2 = 1410 ± 516 min-1) (results not shown). 

This rate is about 2.5-times faster than the dissociation rate for the base analog.  As Tf has 

not been thoroughly characterized, this experiment was important to gain insight into the 

stability and similarities of Tf to the natural thymine base incorporated into a DNA 

duplex in relation to binding to TDG.  This is not possible for G·U substrates due to rapid 

kchem (≈ 2.4 min-1) relative to koff
S (0.73 min-1). 
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Figure 3.7. Substrate dissociation rate measurements. A) koff
S for a Uf-containing DNA. 

TDG and 16Uf11 were pre-incubated for 10 min to allow for complex formation to occur, 

and then loaded into the stopped flow where the complex was rapidly mixed with 100-

fold excess trap DNA (16U11).  The resulting reaction was observed for 600 s, repeated 

10 times, and averaged. The final concentrations were 200 nM TDG, 200 nM 16Uf11 and 

20 uM trap.  B) koff
S for a Tf-containing DNA. TDG and 16Tf11 were pre-incubated for 

10 min to allow for complex formation to occur, and then loaded into the stopped flow 

where the complex was rapidly mixed with 100-fold excess trap DNA.   The resulting 
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reaction was observed for 1 s, repeated 10 times and averaged. The final concentrations 

were 200 nM TDG, 200 nM 16Tf11 and 20 uM trap. 

 

These koff measurements provide important insight into slow G·T processing and 

its relation to substrate dissociation.   The fast koff
S and slow kcat for a thymine substrate 

indicate that there is a relatively low commitment to catalysis for the thymine substrate. 

Commitment to catalysis is the fraction of the substrate in the Michaelis complex that 

partitions forward to product (kchem) as opposed to dissociation to free substrate and 

enzyme (koff ) (133). More specifically, TDG quickly dissociates from a G·T mispair, and 

then binds tightly to AP-DNA.  Product release from the inhibitory E·P complex is very 

slow relative to thymine dissociation from the E·S complex, which prevents efficient 

processing of the G·T substrate.  In contrast, G·U and G·FU substrates dissociate slowly 

from TDG relative to their catalytic rate.  So, once bound to TDG, these substrates are 

more likely to be converted to product than dissociate from TDG. Thus, TDG has a high 

commitment to catalysis for uracil and 5-fluorouracil substrates.  The differences in 

commitment to catalysis, as well as the tight binding of TDG to AP-DNA, causes the 

disparity between observed kcat values for the different substrates (kcat for 5FU>U>T 

(29)). TDG is more likely to re-bind AP- DNA product than bind to and catalyze thymine 

removal during pre-steady state and steady state reactions, contributing to inefficient G·T 

processing.  In contrast, TDG is more likely to stay bound to and catalyze uracil and 5-

fluorouracil removal than it is to bind AP-DNA, and this contributes to the relatively 

more efficient processing of these substrates.   
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Effect of Excised Base on AP-DNA Dissociation – While commitment to catalysis and 

inhibition by AP-DNA can explain slow G·T processing and relatively fast G·U and 

G·FU processing, our kcat for G·FU suggests a role for the excised base in stimulating AP-

DNA product release.  The kcat for a 5FU reaction is 0.63 min-1 (29), which is 10-fold 

faster than the AP-DNA dissociation rate (koff
P = 0.06 min-1).  Thus, koff

P
 must be faster 

for a ternary TDG·AP-DNA·5FU product complex.  By just observing the trend in kcat 

(5FU>U>T), it was proposed that the excised base can affect AP-DNA release.  In fact, 

there is an inverse correlation between kcat (5FU>U>T) and pKa values for the substrates 

(T>U>5FU). 5-fluorouracil is more likely than uracil and thymine to be anionic in the 

product complex.  The anionic base may then promote dissociation of AP-DNA by 

electrostatic repulsive interactions with the negatively charged phosphate backbone. This 

is contingent on AP-DNA being released before the excised base, hence providing an 

order of product release for the TDG kinetic mechanism, i.e. at least some fraction of 

base remains trapped by AP-DNA.  In contrast to our finding, other glycosylases, like 

MutY, have been shown to release the excised base first (75, 106).  

To determine if the excised base affects AP-DNA release, a ternary product 

complex containing TDG, abasic DNA and excised base was formed by a reaction with 

TDG and 5-fluorouracil (16FU11TR) using stopped flow.  TDG was then rapidly mixed 

with an excess of unlabeled DNA (16U11), which traps TDG and prevents rebinding to 

its product.  This was done with stopped flow double mixing, where TDG and 

16FU11TR are mixed and aged in the delay line for 1.5 s to allow for product formation 

with negligible dissociation (based on kobs and kcat). This allows for the formation of a 

ternary product complex.  koff
P of the ternary complex is then measured with the rapid 
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mixing of trap DNA. The koff
P in the presence of free base (i.e. dissociation of AP-DNA 

in the ternary complex, TDG·FU·AP-DNA) was comparatively faster than koff
P without 

free base present, or in the binary complex (TDG·AP-DNA) (Figure 3.8.A).  Because the 

5-fluorouracil reaction is so fast, the rate observed is a mixture between koff
P from the 

ternary complex and koff
P from the binary complex and can only be reported qualitatively.  

To confirm this faster rate, a steady state kinetics experiment using a 3FU11 substrate 

and TDG pre-mixed with 16FU11 was performed.  TDG dissociates faster from 3AP11 

than 16AP11.  For TDG to react with 3FU11 in this experiment, it must first react with 

16FU11 and then dissociate from the resulting ternary complex containing 16AP11. This 

should produce a slower steady state rate for pre-incubated TDG vs. TDG alone when 

reacting with 3FU11.  When TDG is pre-incubated with 16FU11, it will form the ternary 

TDG·FU·AP-DNA complex, and must dissociate from that to initiate a reaction with 

3FU11.  However, because the excised 5-fluorouracil stimulates AP-DNA release, we 

should still observe a burst, unlike when TDG is incubated with pre-formed AP-DNA 

(i.e. 5-fluorouracil is not present).  We do in fact observe a 5-fold lower steady state rate 

compared to the control, and the burst is retained (Figure 3.8.B).  When TDG was pre-

incubated with 16AP11 (as opposed to 16FU11), the burst was eliminated and the 

turnover rate was significantly reduced, as it was dependent on koff
P of the binary complex 

(Figure 3.5).  When reacted with 16FU11, the koff
P is faster because TDG is in the ternary 

complex, and this is demonstrated by a faster steady state rate when compared to TDG in 

the binary complex (i.e. pre-incubated with 16AP11) and retention of the burst.  Thus, in 

the case of 5-fluoruracil, the faster kcat is partly due to a faster koff
P in the ternary complex, 
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caused by the repulsive interactions between the anionic base and AP-DNA in the active 

site. These results indicate the excised base does have a limited effect on koff
P. 
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Figure 3.8. AP-DNA release in the ternary complex. A) koff
P of a binary complex vs. 

ternary complex containing 5FU. 2 uM TDG and 2 uM 16FU11TR were allowed to react 

for an hour at room temperature to allow for complete product formation and equilibrium 

binding of TDG to AP-DNA. This binary complex was then diluted and loaded into the 

stopped flow, where it was rapidly mixed with 100-fold excess unlabeled, trap DNA and 

observed over 8000 s, with final concentrations of 200 nM TDG, 200 nM CAXG28 and 

20 uM trap.  The trace shown is an average of 4 repetitions.  The inset is the koff
P from the 

ternary complex, where 200 nM TDG was mixed with 200 nM 16FU11TR for 1.5 s, then 

rapidly mixed with 20 uM trap and observed for 20 sec. The trace shown is an average of 

4 repetitions.  B) Steady state kinetics of a 3FU11 reaction.  kcat was measured with TDG 

or with TDG pre-incubated with 16FU11.  Filled circles – Control reaction with 1.5 uM 

3FU11 and 50 nM TDG; Open circles – Pre-mixed 50 nM TDG and 55 nM 16FU11 
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(about 2 s to allow for base excision but not dissociation of the ternary product complex) 

added to 1.5 uM 3FU11. 

 

Global  Fitting by Kintek Explorer - The kinetic data defining chemistry and product 

release of TDG were fit globally to two-step binding mechanism, shown in Fig 3.1.  The 

stopped flow koff data, burst kinetic data and single turnover data for a thymine reaction 

were simultaneously fit.  Along with the Kd value to constrain parameters, the data was fit 

to the minimal model shown in Figure 3.1.   This model is minimal in that it does not 

include a conformational change steps after the chemistry step. Thus, this model could be 

expanded to include this isomerization step that might account for the biphasic koff 

observed in our stopped-flow data. For a thymine reaction, the burst amplitude of a pre-

steady state kinetics experiment is often about 60% of the starting TDG concentration 

(data not shown).  To fit this accurately to our minimal kinetic mechanism without 

changing kchem or the [TDG], kon
S needs to be decreased or kon

P needs to to be increased.  

This would not be in agreement with our measured Kd values for substrate and product 

(85).  However, these values were measured at equilibrium, and include the initial 

binding and conformational change steps.  Additional experiments are required to 

separate these two events.  Thus, more data is needed to accurately fit our measured rates 

to the kinetic mechanism. It is important to note that another explanation for a decreased 

burst amplitude is a reduced active enzyme concentration. The same stock of TDG was 

used for pre-steady state burst kinetics experiments using uracil and 5-fluorouracil 

substrates, and the burst amplitudes demonstrated 100% active enzyme.  Thus, this 

cannot fully explain a reduced amplitude for thymine reactions. However, it might be 
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possible that some fraction lacks G·T activity while retaining G·U and G·FU activity.  A 

reduced active enzyme concentration for thymine reactions can be modeled by TDG 

sequestration by an E·S complex. This is not compatible with observation that there is 

negligible binding of the E·S complex to free TDG (data not shown). 

DNA Binding by the N-terminal Domain- Both product and substrate dissociation rates 

were faster for the shorter DNA constructs.  For the uracil substrate, there was a 4.5-fold 

increase in koff
S for the 3Uf11 contruct vs. the 16Uf11 construct. For abasic DNA, there 

was a 72-fold increase in koff
P for the 3AP11 substrate vs. the 16AP11 substrate. 

Interactions of the N-terminal domain with non-specific DNA seem to play an important 

role in binding, as release is faster when these interactions are not present.  In addition, 

these effects can occur with just the addition of one base on the 5’ end. There is only a 

12-fold increase in koff
P for 4AP11 vs. 16AP11. This further emphasizes the importance 

of non-specific DNA interactions mediated by the N-terminal domain.  This is consistent 

with other results in our laboratory from binding and kinetics experiments (86).  

Commitment to Catalysis and Slow G·T Processing- With the substrate and product 

dissociation rate measurements, Kd determination, and lag inhibition experiments, we 

have shown that AP-DNA is an inhibitor of TDG. To relate this inhibition to the 

differences in catalytic rates, we must compare the koff, kon and kcat values for our 

different substrates (see Table 3.1).  

There is a inverse correlation between koff
S and kcat values, and AP-DNA 

inhibitory affects are greatest for those reactions with fast koff
S.  Thus, in thymine 

reactions where koff
S is fast and kmax is slow, a slow kcat and increased inhibition by AP-

DNA is observed. In 5-fluorouracil reactions where koff
S

 is slow (based on obervations for 
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uracil) and kmax is fast, a fast kcat and insignificant inhibition is observed. This can be 

related to strong commitment to catalysis, as the fast koff
S for thymine results in a greater 

probability of TDG binding to product than binding to substrate and reacting, resulting in 

slow enzymatic turnover (kcat).   Thus, kcat is limited by product inhibition in addition to 

slow product release, with the greatest affect observed in G·T reactions where 

commitment to catalysis is low.  

 

Substrate 

(16X11) 

kmax (min
-

1
)* 

kcat (min
-1

)* koff (min
-1

) Kd (nM)** kon (uM
-1

 

min
-1

) 

calculated 

T 0.093 + 
0.013 

0.00034 + 
0.00007 

1952 ± 349 18 + 3 1.1 x 105 

U 2.2 + 0.3 0.005 + 
0.001 

0.73 ± 0.004 0.63 + 0.16 1.2 x 103 

5-fluoro-dU 278 + 35 0.63 + 0.17 - - - 

 

Table 3.1. Rate constants for the TDG reaction. * Refer to (29), ** Refer to (85).  When 

calculating kon for 5-fluoro-dU, we use the Kd and koff of uracil to approximate 5-fluoro-

dU’s  Kd and koff because of its similarity in size and structure to uracil . 

 

The slow turnover rate results in inefficient processing of G·T mispairs by TDG.  

Additionally, low detection of G·T lesions in the vast expanse of undamaged DNA may 

contribute to G·T lesions going unrepaired.  A recent study determined rates of base 

opening for various bases paired with A, and a trend emerged where A·5FU > A·U > A·T. 

Compared to a A·5FU base pair, A·T base pairs have reduced opening rates, making them 

less likely to exist in an extrahelical, or flipped, conformation.  A similar trend may apply 

to G·5FU vs. G·U vs. G·T, but more experiments need to be done to determine this is the 
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case.  Assuming the dynamic properties are similar, the properties of thymine (less 

dynamic compared to other bases) may reduce detection by a glycosylase. It is important 

to note that the equilibrium constants for spontaneous base pair opening yield a low 

equilibrium population (about 1 in 105) of extrahelical T, U and 5-FU, and the 

extrahelical lifetimes are very short. Random diffusion would not allow for TDG to bind 

DNA and catch a base in a flipped state on this timescale.  Thus, to trap an extrahelical 

base, TDG would need to already be bound to the lesion site, allowing it to sample 

opening events that occur during its lifetime on the site.  TDG binds very weakly to G·T 

mispairs when compared to G·U, and this difference is likely because TDG cannot hold 

on to dT after it flips, while it can hold dU.  Furthermore, for G·T mispairs, this may be 

explained by steric hinderance of the C5 methyl group in the active site, which may 

further reduce the lifetime of the flipped thymine base.  This is reflected in the fast 

dissociation of a G·T substrate (1950 min-1), where the short lifetime of TDG on the 

lesion may not allow for catalysis, as TDG is unable to capture and retain thymine in its 

active site when flipped.   

In conclusion, inefficient G·T processing is due to a low comittment to catalysis, 

which allows for potent product inhibition and a slow kcat. The reduced life-time of a 

flipped thymine may also contribute to diminished lesion detection and removal. G·T 

mispairs are the predominant biological substrate for TDG, and inefficient processing of 

these lesions has implications in CpG site mutability.  However, the weak affinity for and 

short lifetime on G·T mispairs may reflect the need for TDG to avoid removing thymine 

from the excess of A·T base pairs. 
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5-fluorouracil Removal and Biomedical Relevance – In contrast to thymine, TDG 

processes 5-fluorouracil very efficiently. 5-fluorouracil is a chemotherapeutic that 

inhibits thymidylate synthase and leads to an increase of dUTP and 5-F-dUTP levels in 

cells (68, 138).  5-F-dU can then be incorportated into DNA via DNA polymerases, 

leading to G·5FU mispairs.  The toxicity of 5-fluorouracil is attributed to DNA repair 

activity on the G·5FU mispairs by TDG. Hence, elucidating the mechanism of TDG 

repair of G·5FU mispairs and determining why activity is so efficient for these lesions is 

extremely important.   

 TDG exhibits a fast turnover rate for a 5-fluorouracil substrate (kcat = 0.63 min-1), 

about 1850-fold faster than the turnover rate for a thymine substrate (kcat = 0.00034 min-1) 

(29).  One explanation for these differences is that the ionization state of the excised base 

may differ in the product complex, with 5-fluorouracil being the most likely to be anionic 

based on pKa of the N1 nitrogen.  The anionic excised base remains trapped in the active 

site by AP-DNA, and stimulates its dissociation via repulsive interactions with the 

backbone phosphates.  This hypothesis is strongly supported by the dissociation rate 

measurements for AP-DNA.  The koff
P is 0.003 min-1, a rate significanlty slower than kcat 

for a 5-fluorouracil substrate.  When 5-fluorouracil is present in the ternary complex 

(TDG·5FU·AP-DNA), the observed koff
P was significantly faster (see Figure 3.8), 

confirming that the excised base stimulates AP-DNA release.  To further support this 

hypothesis, the pKa of 5-fluorouracil in a DNA oligomer was recently reported as 8.1, 

which is 1.5 log units lower than thymine (100).  Also, in duplex DNA, 5-fluorouracil is 

more dynamic than thymine, and adopts an extrahelical conformation more frequently 

due to an increased opening rate in comparison to thymine (100).  The dynamic 
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properties of 5-fluorouracil causing it to frequently adopt an extrahelical state is 

suggested to increase detection by TDG compared to a thymine lesion.   In summary, 5-

fluorouracil repair by TDG may be enhanced by increased detection of  5-fluorouracil 

lesions in addition to an increased AP-DNA release rate and higher commitment to 

catalysis during a 5-fluorouracil reactions.    

AP-DNA is a Slow, Tight Binding Inhibitor of TDG – Our finding indicate where 

comittment to catalysis is low, TDG preferentially binds to AP-DNA over substrate, thus 

limiting activity and contributing to the slow catalytic turnover rate.  Because TDG binds 

with such high affinity to AP-DNA (Kd = 1.4 nM) and releases it slowly (koff
P = 0.003 

min-1), we can describe AP-DNA as a slow, tight-binding inhibitor.  The affinity of AP-

DNA for TDG is very tight, and inhibition occurs in conditions where the concentration 

of AP-DNA is comparable to that of TDG (87), as observed in our steady state kinetics 

reactions with AP-DNA bound TDG (Figure 3.5).  This is another indication that AP-

DNA is a slow, tight-binding inhibitor of TDG.  Slow binding inhibitors are classified as 

such based on their effect on steady state kinetics reactions.  Reactions in the presence of 

slow-binding inhibitors often demonstrate a fast initial rate (or burst) followed by a 

decrease to to lower steady-state level (87).  TDG exhibits this type of behaviour in the 

presence of AP-DNA, but analysis becomes complex because the inhibitor concentration 

is always increasing during the course of the reaction.  In general, over the course of a 

steady state reaction, the steady state rate declines over time. In experiments where TDG 

is pre-incubated with AP-DNA, a typical burst does not occur due to the very slow 

dissociation of AP-DNA, but the steady state rate does decrease over time (observed in 

experiments shown in Figure 3.5, but longer time points are not shown). Other DNA 
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glycosylases are product inhibited, but AP-DNA has not been reported as a slow, tight-

binding inhibitor for another glycosylase.  It is possible that the mechanism of product 

inhibition is applied to other DNA glycosylases.  To our knowledge, there is no previous 

kinetic characterization of an enzyme for which product is a slow, tight-binding inhibitor.    

Global fitting of pre-steady state kinetics and single turnover kinetics using koff 

values measured in this study and Kd values measured in our lab was only successful 

when decreasing kon
S, thus decreasing the affinity, or when increasing kon

P, thus 

increasing the affinity for AP-DNA.  While we are confident in our Kd measurements, it 

is possible that the Kd for AP-DNA may be tighter than our measured value. The 

measured Kd accounts for initial binding as well as a conformational step.  A 

conformational step likely occurs, as initial kon
P measurements for AP-DNA (not shown) 

reveal fast, diffusion limited initial binding (109 M-1s-1) not compatible with a calculated 

kon from Kd and koff
P.  Also, a two-step binding mechanism for a slow, tight binding 

inhibitor can be distinguised from a one-step binding mechanism by measuring the 

dependence of kobs on inhibitor concentration (60).  Pre-steady state kinetics experiments 

performed in the presence on increasing [AP-DNA] show a hyperbolic dependence of the 

burst rate on [AP-DNA] (see Appendix), indicating a two-step binding mechanism 

involving a conformational change.  Thus, it is reasonable that our kinetic mechanism 

needs to include a conformational change step for product binding in order to fit our data. 

This would require more precise and in-depth analysis of kinetic parameters of steps 

involved in the conformational change of TDG.  The rates we have currently can be used 

in the minimal model (not including the conformational change step) to fit our data by 

increasing kon for product binding.  
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Mechanisms for Stimulation of TDG Turnover by APE1 and SUMO – Previous results 

indicate an active displacement mechanism for APE1 stimulated turnover of TDG. 

However, the contribution of AP-DNA depletion in facilitating TDG turnover could not 

be discounted.  Our finding that product inhibition plays a significant role in limiting kcat 

in addition to product release indicates that relief of product inhibition by APE1 

contributes to its stimulatory affect. Depletion of AP-DNA would provide a significant 

relief of inhibition, especially in reactions where comittment to catalysis is low.  An 

active displacement mechanism is still supported by our results, as APE1 has a greater 

stimulatory affect on TDGcat(29). If passive displacement was the only mechanism 

responsible for stimulation, one would expect the same effect for both TDG and TDGcat.  

Also, active displacement is consistent with the observation that E. coli Endo IV does not 

stimulate TDG turnover (128).  To quantitatively assess both mechanisms, it is necessary 

to measure koff
P in the presence of APE1 to determine if it directly stimulates product 

dissociation. Also, a passive displacement mechanism needs to be explored with 

experiments using inactive APE1 (i.e. so it cannot deplete AP-DNA).   

 It was also suggested that product bound TDG is SUMOylated to increase AP-

DNA release (41). This was based on initial estimates of koff
P being on the order of 1-2 

days, providing ample time and need for SUMOylation.  Our product dissociation studies 

provide a measurement of 0.003 min-1 for AP-DNA dissociation. This is a half-life of 

about 230 min..  This koff
P slow, but is on the order of hours and not days.  Also, this koff

P  

does not take into account a potential effect of the excised thymine on koff
P .  Like for 

substrate, the methyl group may increase koff
P.  This may not provide enough time for 

SUMOylation to occur, and koff
P in the presence of APE1 may be even faster.  Thus, the 
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kinetics of SUMO conjugation need to be resolved and compared to koff
P in the presence 

of APE1 to determine the probability of SUMOylation occuring on a timescale 

compatible with these measurements. 

Implications for Lesion Recognition and CpG Site Repair – CpG site maintenance is 

imperative in the preservation of methylation patterns and in genomic regulation.  CpG 

sites exhibit a disproportionately high frequency of mutations in cancer, due in part to to 

deficits in TDG repair.  The observed mutations are C to T, arising from deaminated 5-

methylcytosines.  G·T mispairs are the main biological substrates of TDG, and its weak 

repair activity on these lesions is unexpected.   The slow enzymatic turnover exhibited by 

TDG due in part to product inhibition, especially in G·T reactions, limits its repair 

capacity for CpG site mutations.  Thus, determining the kinetic parameters governing 

recognition, excision and turnover for G·T mispairs is important.   

The substrate and product dissociation rates measured here add to our knowledge 

of damage recognition and repair of CpG sites.  As discussed above, the dynamic 

properties of thymine indicate a reduced lifetime in an extrahelical state as compared to 

uracil and 5-fluorouracil.  TDG binds very weakly to G·T mispairs when compared to 

G·U, indicating TDG has reduced ability to retain dT in its flipped state.  The fast koff
S 

observed for a G·T substrate (1950 min-1) may then reduce the probability for catalysis by 

TDG, as its short lifetime on the lesion may not allow TDG to hold the flipped dT.  Thus, 

the modest recognition of G·T lesions may partly limit repair of CpG sites.  Additionally, 

the fast koff
S for thymine adds provides information about TDG activity on G·T lesions.  

There is a low commitment to catalysis in G·T reactions due to the fast substrate 

dissociation and slow excision of thymine.  Severe inhibition by AP-DNA is exhibited by 
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TDG in reactions where there is a low commitment to catalysis, as TDG rapidly 

dissociates from substrate before base excision can occur and then binds tightly to its 

product.  Thus, our findings suggest weak binding to G·T lesions, slow turnover and 

product inhibition contribute to limitations in CpG site repair, and thus play a role in CpG 

site mutability.  

   Lesion recognition and the involvement of DNA scanning by the glycosylase is 

relevant to the DNA repair biology field.  Two mechanisms for diffusion along DNA are 

proposed: sliding and hopping (38). Sliding involves continuous contact between the 

protein and DNA backbone, and translocation occurs over relatively short distances.  In 

hopping, a bound protein microscopically dissociates from a bound site and reassociates 

to the same or nearby site.  Hopping over long distances with local sliding has been 

demonstrated to be the mechanism for diffusion for E. coli uracil DNA glycosylase and 

alkyladenine DNA glycosylase (AAG) (44, 105).  The predominance of hopping allows 

the glycosylase to escape repetitive scanning and access new sites.  Short range sliding is 

also important in lesion recognition because it allows for a rapid association with DNA.  

The extrahelical lifetimes for spontaneous flipped bases is very short and random 

diffusion does not provide enough time to bring the glycosylase and DNA together.  So, 

the glycosylase must be already bound to the site in order for it to capture an extrahelical 

base during an opening event (30).  Short range sliding bypasses kinetic limitations of 3D 

diffusion (105), and this allows the glycosylase to trap the short-lived flipped base. 

Because TDG dissociates quickly from G·T mispairs, it may need to rely on both hopping 

and short range sliding, as with other glycosylases. It may use hopping to rebind DNA 

and subsequent short range sliding to return to the G·T mispair in order to capture the 
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extrahelical thymine.  The relatively high affinity for non-specific DNA and undamaged 

CpG sites (85) would allow for TDG to rapidly rebind DNA once it dissociates from a 

damaged site, and also may be indicitive of the need for TDG to closely inspect 

undamaged sites in addition to damaged sites so as not to remove A·T base pairs.  Sliding 

to a specific site from a CpG site or undamaged DNA would then provide an efficient 

search mechanism for damaged bases.  More studies are needed to determine the 

mechanism of diffusion involved in lesion recogntion for TDG.   
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Chapter IV. Conclusions and future directions 

 

The mechanism for coordinating the transfer of toxic intermediates between 

enzymes in base excision repair is not completely characterized.  Glycosylases bind their 

product, AP-DNA, very tightly, which limits their turnover and prevents processing of 

more substrate.  APE1, the next enzyme in the BER pathway, has been shown to 

stimulate their turnover and relieve this inhibition.  The exact mechanism for 

displacement was unknown for TDG, but our recent studies on the effect of APE1 on kcat 

and measurements of individual rate constants have provided much needed insight into 

this mechanism.  TDG activity is dramatically increased 42-fold for G·T substrates in the 

presence of APE1.   The steady state activity of TDG is limited by slow product release 

as well as inhibition by abasic DNA, with the greatest affect observed in reactions where 

commitment to catalysis is low (i.e. G·T reactions).  Substrate dissociation rate constants, 

inhibition experiments, and steady state kinetics all provided evidence for this 

phenomenon.  Because both product release and product inhibition contribute to the slow 

steady state rate of TDG, APE1 acts in two ways to increase the turnover rate.  It 

passively displaces TDG by depleting abasic DNA, thus decreasing the concentration of 

inhibitor, and allowing for TDG activity.  In addition to our studies, it has been reported 

that Endo IV has no effect on TDG turnover, suggesting that APE1 also increases the 

product release rate (koff
P) in an active displacement mechanism (128). We still need to 

determine the contribution of each mechanism, and how APE1 directly increases product 

dissociation.  Elucidating the roles of each displacement mechanism will reveal the 



109 
 

means by which APE1 regulates TDG and would present the first detailed 

characterization of the coordination of the first two steps of BER.   

To directly determine the effect of APE1 on the AP-DNA release rate (koff
P), 

product koff studies (see Chapter 3), where a pre-formed TDG·AP-DNA (labeled with 

Texas Red) complex is rapidly mixed with an excess of unlabeled uracil-containing 

DNA, with and without APE1, need to be performed.  To separate the effects of APE1 

catalytic affinity, catalytically inactive APE1 that still binds to abasic DNA (obtained by 

chelating Mg2+ with EDTA) should be tested.  The effect of E. coli Endo IV on koff
P
 

(using stopped flow anisotropy) will be determined in order to confirm that it does not 

stimulate TDG, as previously reported (128). Using stopped flow anisotropy, there is a 

risk of the anisotropy of APE1-bound AP-DNA being indistinguishable from TDG-bound 

AP-DNA. To overcome this, a low concentration of APE1 can be used so the observed 

anisotropy will be of mainly free AP-DNA.  Also, the use of active APE1 may be 

advantageous, as its cleavage of the DNA backbone would release the labeled DNA, 

again giving a low anisotropy value similar to free AP-DNA.   

Additionally, the contribution of APE1 mediated abasic DNA depletion on TDG 

stimulation needs to be investigated.  The role of APE1 catalytic activity can be 

determined by performing steady state kinetic experiments with inactive APE1, and 

comparing it to those with active APE1 (29).  This will also provide insight into whether 

inactive APE1 can then stimulate TDG by simply binding and sequestering AP-DNA.  If 

just APE1 activity is necessary, then any AP endonuclease should have a stimulatory 

effect, and thus the conclusion that Endo IV does not have an effect on TDG activity will 

need to be re-examined.   
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The evidence for active displacement by APE1 led to a proposed interaction site 

for APE1 with abasic DNA bound to TDG (29).  Based on the crystal structure of TDG 

bound to abasic DNA and the length of DNA used in the coupled enzyme assay, it is 

proposed that APE1 binds the minor groove 3’ to the abasic site and perturbs contacts 

made by the “insertion loop” of TDG.  Testing this hypothesis has proven difficult as this 

ternary complex is transient in nature.  APE1 stimulates the TDG dissociation from 

abasic DNA, making it unlikely that TDG would be present in any “captured” complex 

by structural methods (crystallography or NMR).  Use of our covalent complex of TDG 

and AP-DNA using disulfide crosslinking (as discussed in Chapter 2) can circumvent this 

issue.  It can be used in EMSA, ITC and fluorescence anisotropy experiments to 

characterize the binding of APE1 to the TDG·AP-DNA complex.  To determine which 

residues are involved in the interaction, the chemical shift perturbations of 15N-labeled 

APE1 can be mapped with the addition of the cross-linked TDG·AP-DNA complex.  The 

backbone chemical shifts of APE1 are assigned for both free and DNA-bound APE1 (73), 

making APE1 residues ideal to map first.    If this ternary complex is too large for 

optimal NMR signal, APE1 can be deuterated to increase signal and allow for 

perturbations to be observed.   

 In addition to fully characterizing APE1 stimulation of TDG, the effect of 

SUMOylation on G·T processing and abasic DNA release must be assessed.  

SUMOylated TDG has been produced by our lab using an in vivo technique, where TDG 

(in pET-28c(+)) was co-transformed with a plasmid containing SUMO1, and conjugating 

enzymes E1 and E2.  This produces SUMO1-TDG, which is then over-expressed in 

E.coli and purified (see Appendix).  SUMO1-TDG was shown to have a greatly reduced 



111 
 

affinity for substrate and abasic DNA using fluorescence anisotropy binding experiments, 

as was previously reported (121).  There was also no detectable activity for a G·T 

substrate, and reduced activity for a G·U substrate (Fig. 4.1) using single turnover 

kinetics.  Thus, the affect of SUMOylation needs to be investigated using a more relevant 

approach, where the kinetics of SUMO conjugation are explored.  The main questions 

that need to be addressed are: is SUMOylation specific for product-bound TDG and can 

SUMOylation occur on a timescale compatible with TDG dissociation from abasic DNA 

(i.e. is it fast enough to occur before dissociation)?  These questions can be answered by 

monitoring the kinetics of in vitro SUMOylation.  This type of analysis is possible, as 

evidenced by reports of the kinetic parameters for in vitro SUMOylation of p53 and 

RanGP1 (132, 140).  We have expressed and purified human SUMO1 and the E2 

conjugating enzyme, Ubc9 (see Appendix).  We have also expressed the conjugating 

enzymes Aos1/Uba2 and RanBP2 (E1 and E3), and will purify them as described (132).  

Using the purified SUMOylation components, the kinetic parameters for the in vitro 

SUMOylation can be determined for free and product bound TDG (using a saturating 

amount of AP-DNA), where modified protein formation is monitored by SDS-PAGE 

(132, 140).  The results of these experiments will provide the first quantitative analysis of 

SUMOylation kinetics. When comparing these rates to the abasic DNA dissociation rates 

(koff
P) with and without APE1, it can be determined if SUMOylation is fast enough to 

regulate product release and TDG turnover.  The results will also reveal whether 

SUMOylation is specific for product-bound DNA, which is necessary for SUMOylation 

to have its intended affect in the proposed model. 
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Figure 4.1.  Single turnover experiment using TDG-SUMO1 and a 16U11 substrate. 

Progress curve and fitted data from single-turnover kinetics for TDG-SUMO1 (2.5 uM) 

acting on 16U11 (250 nM). kobs = 0.015 min-1; this is 200-fold slower than TDG acting 

16U11 (kobs = 2.9 min-1). 

 

While characterizing the product release step of the TDG reaction provides 

valuable insight into slow G·T processing,  the rate constants for each step of the kinetic 

mechanism need to be determined in order to assess their contribution to TDG repair 

activity.  Like with product and substrate koff measurements, the stopped flow can be used 

to monitor the association of enzyme and DNA.  First, a direct measurement of kon for 

product needs to be determined.  When using Texas Red-labeled abasic DNA to monitor 

the association between TDG and product with fluorescence anisotropy, we obtained kon 

measurements that reported on the affects of binding on DNA, and are independent of 

conformational changes (see Appendix A.5).  We have measured rates on the order of 109  

M-1s -1, which approximates diffusion limited binding (see Figure 4.2). But, because these 

measurements only report on initial binding, the rate of conformational change still needs 

to be determined.  
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Figure 4.2.  kon
P
 experiment using stopped flow anisotropy.  Using stopped flow 

anisotropy, we monitored the association of TDG (varying concentrations from 100 – 400 

nM) and Texas Red-labeled abasic DNA 16AP11TR (20 nM) under pseudo-first order 

conditions ([E]/[DNA] ≥ 4).The kinetic traces collected were fit to an exponential 

function to obtain the observed rate constant (kobs), and kobs was plotted against [TDG]. 

  

To measure enzyme conformational change, changes in Trp fluorescence can be 

monitored. Using the fluorimeter, a change in Trp fluorescence when TDG binds DNA 

has been observed, making it probable a change can be observed using stopped flow for 

rate determination.  kon for substrate can also be determined using the same methods used 

for product.   Using Texas red-labeled substrate and monitoring by fluorescence 

anisotropy, kon can be determined by measuring the effects on DNA, like with product.  

By fitting the observed kon
S to a two step binding mechanism, a second-order association 

rate constant, kon
S, the nucleotide flipping rate constant, Kflip, and the dissociation rate 

constant, koff
Scan be determined.  This measurement would report on DNA binding 

independent of nucleotide flipping, making additional experiments necessary.  Using Trp 
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fluorescence to monitor substrate binding will reveal whether enzyme isomerization 

occurs with or follows nucleotide flipping. It is important to note that with our measured 

koff values for substrate and product DNA, as well as their Kd values, we can approximate 

kon.  But, these measurements include both initial binding and nucleotide flipping, and 

rates for each of these steps need to be determined to accurately describe the kinetic 

mechanism.  This is demonstrated by our current simulation studies using global fitting 

analysis of our observed kinetic data, constrained my the measured rate constants and 

equilibrium binding constants, which cannot be accurately fit to our proposed kinetic 

mechanism without additional constraints (that we will obtain from the proposed rate 

constant measurements).    

Lastly, the disulfide cross-linked TDG·DNA complex may be used in contexts 

other than for characterizing the ternary APE1·TDG·AP-DNA complex.  Cross-linking 

has been an important tool for obtaining structures of other DNA glycosylases bound to 

undamaged or substrate analog DNA (7, 8, 19).  How DNA glycosylases distinguish 

between relatively rare sites of damage and normal bases within the huge excess of 

undamaged DNA is poorly understood, making the structures of glycosylases with 

undamaged DNA particularly useful (7, 8).  With human Ogg1, distinct structural states 

have been captured using disulfide cross-linking, including one where Ogg1 is sampling 

an undamaged G·C base pair, that have provided insight into lesion recognition and 

discrimination.  TDG is especially interesting, because it is specific for bases paired with 

G and in a CpG site, but has no activity towards a cytosine in the same context.  The 

specificity arises not from contacts with the target base, but based on N-glycosylic bond 

stability.  Thus, TDG has a permissive active site that likely allows cytosine to be flipped 
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into its active site, but does not have the catalytic power to cleave the stable glycosylic 

bond (14).  To determine if cytosine is in fact flipped into the active site, a structure of 

TDG bound to a CpG site is needed.  This will provide information about TDG 

interrogation of undamaged DNA, like the contacts that are made that contribute to the 

tight binding observed for binding to these sites (85).  Because DNA binding proteins 

often do not form homogenous complexes with DNA lacking lesions, it is difficult to 

capture DNA glycosylases bound to undamaged DNA.  This necessitates using a 

covalent, cross-linked complex, like the one produced in our lab and like those that have 

been used in other studies.  Thus, we will use the disulfide cross-linking method 

discussed in Chapter 2 to covalently trap the TDG·CpG-DNA complex.  This complex 

will then be used in crystallization trials for structural determination.  The interactions 

shown to be important in lesion recognition can then be mutated. Subsequent kinetics and 

binding experiments on these mutants will then reveal the energetic role played by these 

interactions in binding and catalysis.     
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Appendix 

 

A.1. In vivo SUMOylation of TDG 

 

We utilized an in vivo SUMOylation technique where the protein of interest, in 

this case full length TDG in pET-28c(+), is co-transformed with a plasmid encoding 

SUMO1 and the E1 and E2 enzymes needed for conjugation, pET-E1E2S1 (provided by 

M. Shirakawa)(4).   This produces the SUMOylated TDG, which is overexpressed in E. 

coli and then purified by standard protocol. Briefly, SUMOylated TDG is expressed in 

BL21(DE3) cells, plated, and grown in LB media until an OD600 of 0.6 is reached, when 

it is then induced with 0.4 mM IPTG at 16˚C for 18 hours.  It is purified using a Ni-NTA 

column, where the His bound protein is eluted off using increased concentrations of 

imidazole in the normal TDG elution buffer. The protein is further purified by the Q 

sepharose cation exchange column and the SP sepharose anion exchange column, as with 

TDG purification (84).  The yield was about 5 mg/L.  

 

A.2.  Single turnover kinetics using SUMO1-TDG 

 

Single turnover kinetics experiments were performed as described (14, 84), but 

using in vivo SUMOylated TDG.  Briefly, the single turnover experiments were collected 

under saturating enzyme ([SUMO1-TDG] >> [DNA] >> Kd) to obtain rate constants that 

are not impacted by product release of the association of enzyme and substrate.  Data 

were fitted by non-linear regression to Equation A.1 using GraFit 5 (61) 
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[Product] = A{1 – exp( - kobst)}                   (Eq. A.1) 

 

where A is the amplitude, kobs is the rate constant, and t is the reaction time (min).  We 

used a 2.5 uM SUMO1-TDG and 0.25 uM uracil substrate (16U11).  The reactions were 

conducted at room temperature in HEMN.1 buffer (20 mM HEPES pH 7.5, 100 mM 

NaCl, 0.2 mM EDTA, 2.5 mM MgCl2) with 0.1 mg/mL bovine serum albumin.  Each 

time point was quenched with 50% (v:v) 0.3 M NaOH, 0.03 M EDTA, and heated for 15 

min at 85˚C to induce cleavage of the backbone at abasic sites.  Reactions were 

performed manually, and the extent of product formation was analyzed using anionic 

exchange HPLC as described (14, 84).   

 

A.3.  SUMO1 purification 

 

A plasmid containing SUMO1 (pET11a-SUMO1, provided by F. Melchior) was 

transformed into BL21(DE3), and grown overnight on a LB plate with 100 µg/mL 

ampicillan (Amp) at 37˚C.  About 20 colonies were picked and grown in 100 mL LB 

media containing 100 µg/mL Amp, 1 mM MgCl2, and 0.1% glucose at 37˚C.  Once the 

OD600 reached 0.6, the 100 mL was transferred equally over 2 L fresh media, and grown 

at 37˚C until the OD600 reached 0.6.  Protein expression was then induced with 1 mM 

IPTG, and the cells continued growing for 4 hours at 37˚C.  Cells were harvested by 

centrifugation at 5,000 x g for 20 min.  The pellet was resuspended in 40 mL SUMO lysis 

buffer (50 mM Tris-HCl, pH 8.0, 50 mM NaCl, 1 mM DTT, and 2 protease inhibitor 

tablets), frozen, and stored at -80˚C overnight.  The suspension was thawed and lysed 
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using our standard methods (14).  After centrifugation at of the lysed cells at 28,000 x g 

for 30 min, the supernatant was incubated with Q-Sepharose slurry (that was pre-

equilibrated with SUMO lysis buffer) for 1 hour at 4˚C.  The protein solution is then 

collected as the flow through after placing the SUMO bound sepharose in a column.  The 

sample was then concentrated to 5 mL by centrifugation and loaded onto a S75 gel 

filtration column equilibrated in TB buffer (20 mM HEPES, pH 7.3, 110 mM potassium 

acetate, 2 mM magnesium acetate, 1 mM EGTA and 1 mM DTT).  The column was run 

at 1 mL/min, and 5 mL fractions were collected.  Fractions were analyzed on a 15% SDS-

PAGE gel, and those containing SUMO (which runs with an apparent molecular weight 

between 15-20 kDa) were pooled.  A Hi Trap-Q column was then run with those fractions 

to obtain pure SUMO1 protein.  Aliquots were flash frozen and stored at -80˚C. 

 

A.4. Ubc9 purification 

 

The pET23a-Ubc9 plasmid was transformed in BL21(DE3), and colonies were 

grown on a LB/Amp plate overnight at 37˚C.  A starter culture using approximately 20 

colonies in LB media with 100 ug/mL Amp was grown at 37˚C until the OD600 reached 

0.6.  The cells were grown at 37˚C to an OD600 of 0.6 after transfer to 2 L LB media 

containing 100 ug/mL Amp, 1 mM MgCl2, and 0.1% glucose.  Protein expression was 

then induced with 1 mM IPTG for 4 hours at 37˚C.  Cells were centrifuged and the pellet 

was resuspended in 60 mL Ubc9 buffer (50 mM sodium phosphate, pH 6.5, 50 mM 

NaCl, 1 mM DTT, 3 protease tablets). The suspension was flash frozen, thawed and 

lysed.  Supernatant of the centrifuged lysate was then applied to a Hi Trap-SP column 
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(GE Healthcare) and eluted with 30 mL Ubc9 elution buffer (50 mM sodium phosphate, 

pH 6.5, 300 mM NaCl, 1 mM DTT).  Ubc9 containing fractions were concentrated and 

loaded onto a S75 size exclusion column equilibrated in TB buffer.  Fractions were 

analyzed with 15% SDS-PAGE gels.  Those containing pure proteins were pooled, flash 

frozen, and stored at -80˚C.  Because of the lack of affinity tag, the identity of the 

purified sample was confirmed to be Ubc9 with mass spectrometry.   

 

A.5. Product kon determination using stopped flow anisotropy 

 

Stopped flow anisotropy (as described in Chapter 3) was used to determine the 

association rate constant for AP-DNA product.  We monitored the association of TDG 

(varying concentrations from 100 – 400 nM) and Texas Red-labeled abasic DNA (20 

nM) under pseudo-first order conditions ([E]/[DNA] ≥ 4).The kinetic traces collected 

were fit to an exponential function to obtain the observed rate constant (kobs).   

 

 Y = A0*exp-kt + offset            (Equation A.2) 

 

The kobs values were then plotted against [TDG], and fit linearly to obtain kon
P.   
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A.6. Equilibrium inhibition experiments: Varying [AP-DNA] with substrate in pre-

steady state burst kinetics 

 

To observe the relative affinity of TDG for substrate and product, we mixed 

different ratios of AP-DNA and substrate DNA (16T11) and measuring the initial rates of 

product formation under pre-steady state burst kinetics conditions.  Previous reports have 

used this method to determine the KM/Ki for AP-DNA (6). We found it useful in 

providing information about the binding mechanism for product (one step vs. two steps).    

Briefly, we conducted these experiments at room temperature (~22 °C) in 

HEMN.1 buffer (20 mM HEPES pH 7.5, 0.1 M NaCl, 0.2 mM EDTA, 2.5 mM MgCl2) 

with 0.1 mg/ml BSA, quenched with 50% (v:v) 0.3M NaOH, 0.03M EDTA, and heated 

for 15 min at 85 °C to induce cleavage of the DNA backbone at abasic sites. Reactions 

were performed manually. The extent of product formation was analyzed using an HPLC 

assay as described (14, 84).  To obtain the burst and steady state rate for our reactions, we 

used conditions were [S] > [E] >> Kd.  For reactions containing AP-DNA, we kept the 

total enzyme concentration the same (1500 nM), but varied the percentage of substrate 

(16T11) and inhibitor (AP-DNA).  The inhibitor concentration varied from 0 – 300 nM 

(0-20% [DNA]T), thus varying the substrate concentration from 1500 – 1200 nM (100 – 

80%), respectively. AP-DNA was created by reacting hUNG (2 nM) with a uracil-

containing DNA (16U11, 2000 nM) for 30 min (as described in Chapter 3).  Reactions 

were initiated with 100 nM TDG.  Progress curves exhibited “burst” kinetics, with a rapid 

exponential phase followed by a slow linear phase, indicating the rate of product 

formation greatly exceeds that of product release (52). Data were fitted to eq. A.3: 
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[product] = A{1 − exp(−kobst)} + vt           (Equation A.3) 

 

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

steady-state velocity, and t is the reaction time (min).  The burst amplitude and rate 

decreased with increasing amount of AP-DNA, but the steady state phase remained the 

same (Figure A.1).  Plotting kobs (obtained from the burst phase) vs. [AP-DNA] gives a 

hyperbolic fit, as opposed to a linear fit, suggesting a two step binding mechanism that 

includes a conformational change after initial binding of TDG to AP-DNA (60).   

 

 

Figure A.1. Burst kinetics with varying [AP-DNA].  A) Burst kinetics data was collected 

for TDG on 16T11 with varying amounts of AP-DNA/16T11. Natural AP-DNA 

(16AP11) was created by reaction with UNG (Chapter 3). TDG (100 nM) was added to 

1500 nM 16T11 with no AP-DNA (○), 1425 nM 16T11 and 75 nM AP-DNA (●), 1350 

nM 16T11 and 150 nM AP-DNA (□), 1275 nM 16T11 and 225 nM AP-DNA (■), and 

1200 nM 16T11 and 300 nM AP-DNA (∆).  B) The burst rates from A plotted against 

[AP-DNA], and were fit to an exponential curve.   
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