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weakens DNA binding but does not regulate enzymatic turnover
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Thymine DNA glycosylase (TDG) performs essential functions in maintaining genetic
integrity and epigenetic regulation. Initiating base excision repair (BER), TDG removes
thymine from mutagenic G·T mispairs caused by 5-methylcytosine (5mC) deamination,
and other lesions including uracil. In DNA demethylation, TDG excises 5-formylcytosine
(5fC) and 5-carboxylcytosine (5caC), generated from mC by Tet (ten–eleven
translocation) enzymes. TDG is also modified at a single lysine residue (K330) by small
ubiquitin-like modifier (SUMO) proteins, which modify target proteins to perform and
regulate a diverse array of functions. Sumoylation does not regulate enzymatic turnover
for any other target proteins, but it has been proposed to perform this function for TDG,
allowing efficient handoff during BER. Our initial studies examined the specificity of the
modification reaction itself, determining that TDG sumoylation occurs efficiently but
demonstrates no selectivity for TDG bound in an enzyme-product complex. This
specificity would be central to the idea that sumoylation regulates TDG turnover, and yet
our in vitro studies do not indicate that TDG bound to abasic DNA is preferentially

modified. Moreover, our studies demonstrated that TDG~SUMO-1 still possesses high
affinity for abasic DNA, indicating that modified TDG can bind efficiently to product.
Further studies indicated that, while sumoylation weakens DNA binding, both
TDG~SUMO-1 and TDG~SUMO-2 can bind its known substrates, including DNA
duplexes containing thymine (T), uracil (U), 5fC, or 5caC paired with guanine (G). In
contrast to prior findings with TDG~SUMO, our studies also demonstrate that modified
TDG excises its target base from each of these substrates. Excision of T, however, is
weak and appears to be inhibited by the presence of magnesium, while excision of other
bases is unaffected by the divalent cation. That TDG~SUMO is capable of not only
binding to both substrate and product but also possesses activity on its canonical
substrates strongly suggests that the function of TDG sumoylation in vivo is not to
regulate efficient release of TDG from product. Additional studies need to be performed
to uncover the function of TDG sumoylation.
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Chapter I – Introduction

1.1 – Overview

The genome of all organisms is subject to a variety of DNA stresses and damage,
from sources that can be endogenous and exogenous. Three evolutionarily-conserved
pathways have arisen to deal with particular types of DNA damage: i) nucleotide excision
repair (NER), which repairs bulky lesions that distort the DNA helix; ii) mismatch repair
(MMR), which repairs mismatches, insertions, deletions, microsatellites, and other
lesions that may arise during DNA replication; and iii) base excision repair (BER), which
contributes to genome integrity by processing mutagenic lesions that occur on the
nucleobase of a single deoxynucleotide and typically do not dramatically alter the overall
shape of DNA (Figure 1) (1). Thymine DNA glycosylase (TDG) initiates BER via
removal of thymine from G·T mispairs (2-6), which can originate from deamination of 5methylcytosine (5mC) (7-10). In mammalian cells, 5mC is found predominantly in a CpG
context (11), where this common epigenetic modification contributes to transcriptional
silencing (12). Indeed, TDG shows a strong preference for repairing lesions found within
a CpG context, indicating the importance of repairing such G·T mispairs (13-15).
When TDG encounters T mispaired with G (or any other nucleobase upon which
it can act), it flips the base in question into its active site and cleaves the N-glycosidic
(sugar-base) bond, resulting in an apurinic/apyrimidinic (AP) site (15). TDG likely
remains bound at the AP site until the next enzyme in the BER pathway, AP
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endonuclease 1 (APE1), stimulates TDG release from the AP site, allowing repair to
proceed (16). After “handoff”, APE1 and the other follow-on BER proteins replace the
AP site with the correct nucleotide to restore genomic integrity (17).

Figure 1. DNA repair pathways conserved in evolution.
A brief overview of the three DNA repair pathways conserved among all kingdoms of
life. BER acts upon various lesions arising from damage to a single nucleobase. NER
removes lesions which physically distort the DNA on a single strand by excising on
either side of the distortion and re-synthesizing DNA. MMR can repair mismatches, short
insertions and deletions, or excise long (>1000 nt) stretches during replication.

TDG has also been shown to participate in a multistep pathway for active DNA
demethylation, which had not been fully demonstrated to occur in vivo until recently (1821). In short, the ten-eleven translocation (TET) dioxygenases oxidize 5mC iteratively,
oxidizing 5mC first to 5-hydroxymethylcytosine (5hmC) and then to 5-formylcytosine
(5fC) and 5-carboxylcytosine (5caC) (Figure 2). It is these latter two oxidized bases
which are substrates for TDG’s glycosylase activity; after their removal, BER resumes as
normal to restore cytosine. This process is essential for early embryonic development, as
demonstrated by embryonic lethality of Tdg-/- mouse embryos, as well as the lethality of
Tdg-/- mouse embryos expressing catalytically inactive TDG (20,21).
2

Figure 2. Diagram of cytosine and 5-methylcytosine derivatives.
Cytosine (C) can be methylated by the DNA methyltransferase (DNMT) class of
enzymes to generate 5-methylcytosine (5mC). If 5mC is then deaminated, thymine (T) is
generated. However, if 5mC is oxidized by the TET dioxygenases, it proceeds iteratively
through 5-hydroxymethylcytosine (5hmC) to 5-formylcytosine (5fC) and finally to 5carboxylcytosine (5caC). T, 5fC, and 5caC (indicated with dotted red arrows) are
substrates for TDG.
However, the mechanism by which TDG dissociates from product – i.e., how it
releases from the AP site and allows the follow-on enzymes to continue repair – is still
not well-understood. While several studies have demonstrated that APE1 stimulates TDG
release from product (16,22,23), there has been only one study to date to report a direct
physical interaction between the two enzymes, a finding that has not been verified (24).
Therefore, the mechanism by which TDG interacts with subsequent BER enzymes after
initiating BER is yet to be fully explained.
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1.2 – Physiological roles of TDG
1.2.1 – Enzymatic functions of TDG
BER is a pathway which functions to locate and repair structural modifications
and damage to the nucleobases of DNA. Such modifications can occur when reactive or
labile groups of a nucleobase encounter reactive oxygen species (ROS) or ultraviolet
radiation. Modifications can also occur via oxidation, alkylation, or even enzymatic
activity within the cell. As a result, bases can be modified, resulting in mutagenic or
cytotoxic lesions. These lesions include 7,8-dihydro-8-oxoguanine (the most common
form of DNA damage repaired by BER) (25), 7-methylguanine, 3-methyladenine, and
other non-canonical bases. Such lesions are initially processed by a DNA glycosylase,
which recognize a subset of the potential modified bases and removes the base by
cleaving the N-glycosidic bond (in the case of a monofunctional glycosylase) or by
cleaving the N-glycosidic bond and nicking the phosphodiester backbone on the 3’ side
of the DNA strand containing the lesion (in the case of bifunctional glycosylases). APE1
then follows the glycosylase by nicking the 5’ side of the lesion, as well as by removing
any 3’-α,β-unsaturated aldehydes left by bifunctional glycosylases, to yield a 3’-hydroxyl
group necessary for further repair (Figure 3). DNA polymerase β then incorporates the
correct, undamaged nucleotide and removes the remaining 5’-AP site via its
deoxyribophosphatase (dRPase) activity. The remaining nick in the DNA backbone is
then sealed via DNA ligase 3α to complete short-patch (or single-nucleotide) BER
(SP/SN-BER). If the dRPase activity of DNA polymerase β is insufficient to remove the
5’-AP site, long-patch BER (LP-BER) is then initiated, using DNA polymerase δ or ε to
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displace the 5’-AP site and restore the correct base(s), followed by cleavage of the
displaced sequence via flap endonuclease I and ligation via DNA ligase 1 (Figure 4) (26).

Figure 3. Initial steps of short-patch BER.
BER is initiated via recognition of a potentially mutagenic lesion by a DNA glycosylase
(B→C, TDG shown here). The base is flipped into the glycosylase active site and the Nglycosidic bond is cleaved, leaving an AP site (C→D). APE1 then binds the AP site,
nicks the 5’ side of the DNA, and generates a 3’-OH group to allow for follow-on
enzymes to complete repair (see Figure 4).
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Figure 4. Completion of BER by short- and long-patch methods.
DNA polymerase β binds to the AP site, further processes the remaining 5’ AP site
(E→F), re-inserts the correct nucleobase (F→G), and then is relieved by DNA ligase 3α
and XRCC1, which reanneal the strand (G→H). If DNA polymerase β is unable to
prepare the AP site for base insertion (F→g), either DNA polymerase δ or ε relieves
polymerase β. These polymerases insert the correct nucleotide and synthesize a new
section, displacing the old section to be excised by flap endonuclease 1 (g→h). Strand
resealing is completed by DNA ligase 1 (h→i).
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Importantly, BER utilizes the undamaged DNA strand to direct insertion of the
correct base(s); therefore, BER is only a suitable DNA repair pathway for G·T lesions
outside of S phase. If BER were to function on G·T mispairs during S phase, it would be
unable to distinguish between template and nascent strands. Under circumstances where
T exists on the template strand and G is misincorporated by the DNA replication
machinery, any attempt to repair this T·G mispair via BER would result in a T:A → C:G
transition mutation, rather than preventing a mutation. Therefore, during S phase, the
MMR pathway is tasked with recognizing and repairing lesions arising from replication
errors (27).
TDG is a monofunctional glycosylase, performing its duties within the SP-BER
pathway. It recognizes and removes T from G·T mispairs, possessing a preference for
G·T mispairs found in a CpG context (14,15,28). Methylation of cytosine occurs most
frequently at CpG dinucleotides in mammals, and this epigenetic mark often contributes
to promoter silencing (29). Given that 5mC can be deaminated (either actively or
spontaneously) to yield thymine, it can be inferred that TDG’s activity on G·T mispairs
preserves methylation sites and prevents C:G → T:A mutations.
In addition to removal of thymine from G·T mispairs, TDG also possesses
significant activity on uracil bases. Unlike G·T activity, which requires contacts or
interactions with N-terminal residues for efficient processing (6,30), activity on G·U can
be largely attributed to the catalytic core of TDG (amino acids 111-301) (Figure 5). The
G·U activity of TDG extends to C5-halogenated uracils, including 5-fluorouracil (5FU), a
commonly-used anti-cancer therapeutic. Some studies have indicated that TDG
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contributes to the cytotoxicity of 5FU as a chemotherapeutic, but this has not been
demonstrated clearly (14,31-36).

Figure 5. Schematic of human TDG.
Representation of domains, key residues, and modification sites within TDG. Mutation of
N140 leads to a dramatic reduction in catalytic activity. Mutation of N191 leads to loss of
enzymatic function on G·caC substrates (37). R275 is a conserved residue among
thymine-DNA glycosylases which may be required for recognition of the opposing
guanine within G·T mispairs (38,39).
Repair of G·T and G·U mispairs can be initiated by other mammalian BER
enzymes, as well – methyl-binding domain protein 4 (MBD4) is capable of processing
both lesions, and MBD4 knockdown leads to increased C→T transitions in cells (40-44).
However, in vitro G·T repair is lost altogether in nuclear extracts of Tdg-/- mouse
embryonic fibroblasts (MEFs), suggesting MBD4 is not sufficient to replace the G·T
function of TDG in MEFs (20,21). Mammalian cells also contain three known structural
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families of uracil DNA glycosylases (UDGs), which can remove uracil from G·U
mispairs (45). However, neither MBD4 nor the several types of UDGs display the same
degree of product inhibition as TDG (23,46,47), nor do they possess the ability to excise
5fC or 5caC. MBD4 interacts with activation-induced cytidine deaminases (AIDs) and
could potentially function in active DNA demethylation via a 5mC→T deamination,
followed by G·T repair (48,49). However, deamination is not always a controlled
reaction – i.e., it may occur enzymatically via the AIDs, but it can also occur
spontaneously within cells. Therefore, the primary active DNA demethylation pathway in
mammalian cells appears to involve iterative oxidation of 5mC via the TET proteins,
followed by excision of either 5fC or 5caC by TDG and subsequent BER. Remethylation
of cytosine is carried out by one of the five DNMTs in human cells (50-54).
The role of the TET/TDG pathway in active DNA demethylation is strongly
supported by the lethality of TDG ablation in mouse embryos, which results directly from
loss of glycosylase function via mutation of the N151 residue in murine TDG (N140 in
human TDG) – as well as the successful in vitro reconstitution of the TET/TDG BER
pathway (18-21,55,56). TDG’s embryonic lethality in mice has been demonstrated to
occur between two discrete stages of development, named Theiler stages (or TSx, where
x is the stage number) (57,58); more specifically, mouse embryos appear viable up to day
10 (E10.5, or TS17), but are no longer viable past day 12 (E12.5, or TS21) (20,21). This
loss of viability correlates with the migration of primordial germ cells (PGCs), the cells
responsible for gonadal development. These cells migrate from the embryonic ectoderm
and proliferate among the genital ridges, while simultaneously undergoing a widespread
active DNA demethylation process (59-61). These observations would implicate the
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TET/TDG pathway in active DNA demethylation of PGCs, and that failure to correctly
demethylate PGCs correctly may be a signal that results in embryonic death; however, no
lines of evidence have been developed to date that demonstrate such a connection.
1.2.2 – TDG functions as a transcriptional regulator
In addition to its enzymatic roles, TDG interacts with and regulates the functions
of a number of proteins outside of the BER pathway (Table 1). One of the bestcharacterized interactions of TDG is with the CREB binding protein (CBP)/p300
complex. Murine TDG (mTDG), which possesses an additional 11 N-terminal amino
acids when compared to human TDG (hTDG), was shown to stimulate CBP/p300
transcriptional activity and was also an acetylation substrate for the complex (24). Tini
and co-workers demonstrated that TDG interacts with the CBP/p300 complex through
two separate regions – first, the N-terminus of mTDG (residues 32-91) interacts with the
histone acetyltransferase (HAT) domain of CBP, while the C-terminal region of TDG
interacts with a section of the cysteine-histidine (CH)-rich domain of CBP. Interestingly,
catalytically inactive TDG was fully capable of interaction and transcriptional
stimulation, demonstrating that TDG’s enzymatic functions were not necessary for its
role as a transcriptional coactivator.
Transcriptional regulation of and by TDG also demonstrates a reciprocal
relationship with p53, a master regulator that is perhaps the most well-studied protein in
human cancers (62). TDG and p53 were shown to pull down one another via
immunoprecipitation both in vitro and in cells. TDG was also demonstrated to interact
with not only p53 but other p53 family members such as p63 and p73α, via yeast twohybrid screens and quantitative β-galactosidase assays. This interaction was demonstrated
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to take place at least in part via an oligomerization domain present in all three p53 family
members; however, all three p53 members also interacted strongly with TDG via their Ctermini – in some cases more strongly than via the oligomerization domain, suggesting
either alternate or additional binding sites for TDG within the p53 family (63). TDG
stimulated p53 induction of the p21WAF1 promoter, and overexpressed TDG was found
to associate with the endogenous promoter via chromatin immunoprecipitation (ChIP)
assay (63).
Table 1. Partial list of proteins that interact with TDG.
Interacting
Partner
p53
TTF-1
ERα

CBP/p300

Nature of Interaction
Transcriptional
coactivator
Transcriptional
corepressor
Ligand-dependent
transcriptional
coactivator
Transcriptional
coactivator

SUMO-1
SUMO-2/3

Transcriptional
coactivator
Transcriptional
coactivator
Transcriptional
coactivator
Localization
Localization

PML

Localization

SRC1
RAR
RXR

TDG
region/residues

Motif/Domain

C-terminus

ND

C-terminus

ND

36-335 (47-346
mouse)

Nuclear receptorlike (LXXLL)

N-terminus (HAT
domain); Cterminus (CH
domain)

ND

C-terminus

Y-X-X-X-Y

111-335 (122-346
mouse)
111-335 (122-346
mouse)
308-311
308-311
C-terminus (via
SUMO)

ND
ND
VQEV
VQEV
SIM?

Abbreviations - TTF-1: thyroid transcription factor 1; ERα: estrogen receptor α; CBP:
CREB binding protein; SRC1: steroid receptor coactivator; RAR: retinoic acid receptor
α; RXR: retinoid X receptor α; SUMO: small ubiquitin-like modifier; PML:
promyelocytic leukemia protein; HAT: histone acetyltransferase; CH: cysteine-histidinerich. Where mTDG residues are listed, studies were performed with mTDG and hTDG
residues are inferred from sequence similarity.
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TDG expression is also itself induced by p53; using an esophageal squamous cell
carcinoma line (TE-1) that contains a temperature-sensitive p53 mutant, da Costa and
colleagues demonstrated that TDG transcription was strongly p53-dependent (64). This
transcriptional upregulation also occurred in a p53-dependent manner upon introduction
of methyl methanesulfonate (MMS) as a DNA damaging agent. It is unclear whether the
transcriptional stimulation of p53 by TDG and vice versa triggers a feedback loop, or if it
is more commonly initiated by one protein than the other. However, supporting evidence
suggests p53 plays a broader role in the BER pathway via interactions with other BER
enzymes such as APE1, DNA polymerase β, and glycosylases besides TDG (65,66).
TDG also serves as a coactivator for several nuclear receptors, including steroid
receptor coactivator SRC1, estrogen receptors (ER) α and β, retinoic acid receptor α
(RAR), and retinoid X receptor α (RXR) (67-70). In the case of SRC1 and ERα/β,
mutational analyses demonstrated that interaction with TDG occurred via the C-terminal
residues of TDG and did not require TDG catalytic function; SRC1 in particular interacts
through a novel Y-X-X-X-Y motif. RAR/RXR interactions were confined to mTDG
residues 122-346, which contains the catalytic core of the protein, along with
approximately 30 C-terminal residues which are typically disordered. TDG has
demonstrated a role as a transcriptional corepressor as well; it was shown to interact with
thyroid transcription factor 1 (TTF-1) via a yeast two-hybrid screen, and TDG
demonstrated a dose-dependent inhibition of TTF-1-sensitive transcription. The region of
TDG involved in this interaction has not been determined (71).
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1.3 – Post-translational modifications of TDG
1.3.1 – N-terminal TDG modifications
TDG is subject to several post-translational modifications in its N- and C-terminal
regions, which have varying effects on its stability and activity. The N-terminus of TDG
is acetylated and phosphorylated, while the C-terminus is covalently modified by small
ubiquitin-like modifiers (SUMO). TDG is also ubiquitylated, though the exact location of
the modification is currently unknown. TDG is acetylated at several lysine residues
within its N-terminal region by the CBP/p300 complex; this was initially demonstrated
via immunoprecipitation of TDG from MCF-7 cells, which were metabolically labeled
with 3H-labeled sodium acetate. Incubation of TDG with CBP and p300 in vitro also
demonstrated TDG was labeled with 14C-labeled acetyl-coenzyme A (acetyl-CoA) (24).
Tini and colleagues demonstrated that mTDG was acetylated in vitro at residues K70,
K94, K95, and K98, which, in hTDG, align with residues K59, K83, K84, and K87.
Importantly, these residues are contained within the region necessary for efficient G·T
lesion processing (6,30,72). However, their role in contacting the DNA duplex to provide
stability via electrostatic interactions is unlikely, given that K94-95-98A mutations result
in tighter – rather than weaker – G·T and G·U substrate binding (73).
TDG acetylation is, like many post-translational modifications, a dynamic and
reversible process, and deacetylation is carried about by the sirtuin (SIRT) proteins,
namely SIRT1 (32). Madabushi and colleagues used deletion mutants to determine that
SIRT1 interacted with the N-terminal region of hTDG, and that this interaction only
required residues 67-308, omitting the first acetylation site found previously but
including residues 83, 84, and 87. They also determined that acetylated TDG possesses

13

weaker affinity for the SIRT1 protein and diminished glycosylase activity towards G·T,
G·fC, and G·caC substrates. Full glycosylase function could be restored by deacetylating
TDG via incubation with SIRT1 and NAD+. Interestingly, acetylated TDG possessed
higher activity on G·5FU than unmodified TDG, an unusual finding given that
unmodified TDG already processes G·5FU lesions more efficiently than it does any of its
physiological substrates (14). This finding suggested a potential role for acetylated TDG
in contributing to the cytotoxicity and efficacy of 5FU as an anti-cancer therapy;
however, as mentioned previously, such a role has yet to be established.
TDG phosphorylation occurs at serine residues in the N-terminus, and these
modifications appear to affect acetylation in an antagonistic manner (73). Mohan and
colleagues demonstrated that mTDG is targeted for phosphorylation by protein kinase C
α (PKCα), a common nuclear protein kinase, at residues S96 and S99 (S85 and S88 in
hTDG), and that phosphorylation of these serine residues prevented acetylation at the
neighboring lysines and vice versa. Moreover, TDG acetylation was diminished by DNA
binding, while DNA-bound TDG permitted phosphorylation, suggesting that TDG
acetylation could only occur after release from DNA. Phosphorylation, on the other hand,
could occur while TDG remained bound to DNA and did not hinder processing of either
G·T or G·U substrates. This suggested that phosphorylation of TDG could prevent loss of
G·T activity; however, this potential role for TDG phosphorylation has not been studied
further.
1.3.2 – Ubiquitylation of TDG
More recently, ubiquitylation of TDG has been demonstrated, which targets TDG
to the ubiquitin-proteasome system (UPS) for degradation. Ubiquitin (Ub) is a 76-amino
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acid protein which can be covalently attached at its C-terminal diglycine motif to the
εNH2 of acceptor lysines or initiator methionines of target proteins via a three-step
cascade – the Ub-activating E1 (via ATP hydrolysis), Ub-conjugating E2, and Ubligating E3 enzymes (74). Ub can itself be modified further by additional Ub moieties to
yield Ub chains; these structures are typically described by the lysine residue where the
modification occurs, yielding K6, K11, K27, K29, K33, K48, or K63 modifications, and
further branching can occur at one or more of these sites (75). This diversity in
modification allows Ub to act as a signal for a variety of functions within the cell, such as
DNA repair, protein trafficking, endocytosis, mitophagy, histone modification, and a
variety of cell signaling roles (75-77). However, the best understood role of Ub is its role
in protein degradation, which primarily occurs via polyubiquitylation of the K48 site and
targets misfolded, damaged, or tightly-regulated proteins to the 26S proteasome (74).
Initially, Hardeland and colleagues demonstrated that several cell lines transfected
with TDG stalled at S phase if TDG levels remained high. Stable transfection of cell
lines with hemagglutinin-tagged TDG allowed them to show that TDG levels diminished
significantly in cells arrested at S phase via hydroxyurea (HU) treatment, while
nocodazole treatment to arrest cells in G2-M phase did not affect TDG expression.
Inhibition of the UPS via MG132 treatment resulted in elevated TDG expression,
insolubility of TDG during harvesting, and discovery of high molecular-weight species of
protein which were detectable via a TDG monoclonal antibody, all indicators that TDG
was modified by Ub and targeted to the UPS for degradation (78). Destruction of TDG
prior to S phase would, as mentioned previously, prevent aberrant G·T function – e.g.,
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excision of T when T is on the template strand and DNA polymerase incorrectly inserts G
on the nascent strand opposite the parent T.
This finding was corroborated by two groups who identified not only the Ub E3
responsible for modifying TDG, but also discovered that TDG modification and
degradation occurs due to interaction with the primary sliding clamp used during DNA
replication, proliferating cell nuclear antigen (PCNA) (79,80). TDG associates with a
cullin ring finger ligase (CRL) named CRL4Cdt2, which ubiquitylates target proteins upon
their association with PCNA via a PCNA-interacting peptide (PIP) motif within the target
protein. The PIP consensus sequence consists of an eight-amino acid degron – Q/N-X-XΨ-X-X-θ-θ, where Ψ is any hydrophobic amino acid and θ is any aromatic amino acid –
followed by a basic amino acid (lysine or arginine) 4 residues downstream. Mutation of
the PIP degron away from the consensus sequence, coupled with mutations in the positive
residue downstream of the degron, resulted in TDG stabilization. In the case of hTDG,
the PIP degron covers residues 95-106, but the sequence, as is true for many of its
orthologs in other eukaryotes, does not match the degron motif completely. In TDG,
position seven (the first aromatic residue) is typically either threonine or alanine, and
mutation of the PIP degron into a perfect match resulted in faster TDG destruction (79).
However, in lower eukaryotes, such as Drosophila melanogaster, the PIP degron
is missing entirely, and, as pointed out by Slenn and colleagues, this distinction seems to
separate organisms that undergo widespread cytosine methylation (Homo sapiens, Mus
musculus, Danio rerio, Xenopus laevis and others) from organisms that do not
extensively methylate cytosines (Drosophila). How TDG is degraded in Drosophila has
yet to be determined, and any potential relevance of the PIP degron to TDG’s role in
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DNA demethylation is also unclear. Additionally, Shibata and colleagues demonstrated
that stable or transient overexpression of wild-type TDG resulted in increased DNA
breaks, as measured via alkaline comet assay. This suggested that one possible
explanation of TDG degradation is not strictly to prevent its activity during S phase, but
instead that TDG is degraded to keep its expression below a potentially toxic threshold
and thereby avoid TDG-induced strand breaks (80).
1.3.3 – C-terminal TDG modifications
To date, the only known C-terminal post-translational modification of TDG is by
small ubiquitin-like modifier (SUMO) proteins. There are several reported classes of
ubiquitin-like proteins (Ubls), which are considered ubiquitin-like due to the presence of
the “β-grasp” protein fold first discovered in the structure of Ub (81). Ubls possess a
variety of functions, but the SUMO proteins (previously termed sentrins) are the beststudied of the Ubls. SUMO encompasses a group of four gene products: SUMO-1,
SUMO-2/3 (so named for the 96% sequence identity they share), and SUMO-4, which
has not been studied extensively due to limited tissue expression but has been reported to
play a role in type 1 diabetes susceptibility (82-84). Originally discovered in 1996,
SUMO was shown to covalently attach to a regulatory protein for Ran GTPase (a Raslike GTPase localized to the nucleus), RanGAP1 (85,86). Ran, like other Ras-like
GTPases, requires regulatory interactions to promote nucleotide exchange – i.e,
GTP/GDP exchange – and to enhance GTP hydrolysis; it is this latter regulatory function
which is controlled by RanGAP1 association with Ran (87-90). RanGAP1 modification
by SUMO resulted in altered localization, directing RanGAP1 from the cytoplasm to the
cytoplasmic side of the nuclear pore complex (NPC), where it interacts with the Ran-
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GTP-binding protein, RanBP2. These findings indicated that SUMO played a critical role
in allowing protein import into the nucleus by limiting GTP hydrolysis and GDP/GTP
exchange by Ran. In the twenty years since its discovery, the physiological roles of
SUMO modification (or sumoylation) have expanded enormously, but many of its
functions remain specific to the nucleus, as discussed in the following section.

1.4 – An overview of SUMO modifications and functions
Like ubiquitylation, sumoylation occurs via an enzymatic cascade involving E1,
E2, and E3 enzymes, targeting an acceptor lysine on the protein to be modified. However,
sumoylation is streamlined considerably as compared to ubiquitylation. Sumoylation
involves only one heterodimeric E1 activating enzyme (Aos1/Uba2 in S. cerevisiae,
SAE1/SAE2 in humans) and one E2 conjugating enzyme, UBC9 (91-93). Also, in
contrast to the hundreds of Ub E3s, there are only a handful of SUMO E3s known so far
(82). However, SUMO E3s may be dispensable in vitro if the target protein contains a
consensus SUMO motif, Ψ-Lys-x-Glu, where Ψ is a bulky aliphatic residue (isoleucine,
leucine, or valine) and x is any residue. TDG is one such protein containing a consensus
SUMO motif (Figure 6). This motif can be oriented in either direction: N- to C-terminus,
or vice versa (94). If a consensus motif is not present, then sumoylation only occurs via
the interaction of the target protein with the Ubc9~SUMO thioester and a SUMO E3. It is
important to note, however, that sumoylation by E1/E2 enzymes alone holds for in vitro
conditions; in vivo, SUMO E3s are still thought to play a critical role in target
modification, since few proteins with a consensus motif are modified rapidly by E1/E2
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alone. SUMO E3s also play a crucial role in paralog specificity – whether a target protein
is modified by either SUMO-1 or SUMO-2/3 may be modulated by the action of an E3.

Figure 6. Diagram of SUMO activation, conjugation, and deconjugation.
SUMO is first processed from its immature state (1) by the isopeptidase activity of
SUMO proteases, exposing the diglycine motif necessary for activation by the
heterodimeric E1 enzyme (2). E1 then transfers SUMO to UBC9, the SUMO E2 (3),
which, in the case of TDG, can directly modify TDG at its consensus SUMO motif (4).
While the exact SUMO protease required for SUMO removal from TDG is unknown,
evidence suggests SENP1 or SENP2 is responsible (5).

In the case of histone deacetylase 1 (HDAC1), sumoylation can result in divergent
fates for the protein; modification by SUMO-1 in non-tumorigenic mammary epithelial
tissue ultimately results in HDAC1 degradation, while SUMO-2 modification in breast
cancer cell lines stabilizes HDAC1 (95). Moreover, the conjugation of either SUMO-1 or
SUMO-2/3 to HDAC1 is regulated by family members of the protein inhibitors of
activated STAT (PIAS); PIAS1 modifies HDAC1 with SUMO-1, while PIAS4 (or
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PIASγ) is responsible for conjugation of SUMO-2 to HDAC1. Elevated levels of PIAS4
mRNA in MCF7 cells (a human breast adenocarcinoma line) suggest that its increased
expression leads to SUMO-2 modified – and therefore stabilized – HDAC1 levels, which
in turn can correlate with increased cell transformation.
In addition, SUMO chains can also be formed – SUMO-2/3 possesses a lysine,
K11, within a consensus sumoylation motif (96-98), and several proteomics and mass
spectrometry studies have seemingly detected the presence of poly-SUMO chains at other
lysines on both SUMO-1 and SUMO-2/3 in vivo (99-101). Depending upon the substrate
to be modified, a given protein can either be modified exclusively by SUMO-1 or by
SUMO-2/3, or it can be modified by both (102,103).
1.4.1 – Sumoylation is distinct from – but frequently interacts with - ubiquitylation
Once a protein is sumoylated, the modification can greatly alter its localization, its
role, or even its stability. In contrast to ubiquitylation, sumoylation does not often result
in protein degradation. In fact, sumoylation can antagonize ubiquitylation, given that the
modifications may share the same acceptor lysine. One such example is IκBα, an
inhibitor protein which blocks the activation of nuclear factor NF-κB, one of the most
well-studied transcription factors. IκBα can be either ubiquitylated or sumoylated at
lysine 21, but ubiquitylation requires phosphorylation of neighboring serine residues,
while sumoylation of K21 prevents these modifications. As a result, IκBα is stabilized
and is not directed to the proteasome (104).
However, there are a class of SUMO-targeted Ub E3 ligases (StUbls) which can
direct sumoylated proteins to the proteasome. These proteins, such as ring finger protein
4 (RNF4) and RNF111/Arkadia in humans, and Rad18 in Saccharomyces cerevisiae, are
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Ub E3s which preferentially modify an acceptor lysine on a SUMO moiety (82,105-107).
The best-studied target of RNF4 has been the promyelocytic leukemia protein (PML),
which, when fused with RAR via chromosomal translocation, forms the PML-RARα
oncogene responsible for acute promyelocytic leukemia (APL). PML and PML-RARα
are primarily sumoylated by SUMO-2 at K160, which is then polyubiquitylated by RNF4
and afterwards targeted to the UPS (105,106). RNF4 has similarly been implicated in
degradation of c-Myc, the most commonly overexpressed oncogene in many types of
cancer (108), as well as the shelterin subunit telemore repeat binding factor 2 (TRF2)
(109). Both c-Myc and TRF2 are also initially sumoylated via interaction with the same
SUMO E3, PIAS1, which contains the C3HC4-like Really Interesting New Gene (RING)
domain similar to those found in Ub E3s. However, it is important to note that, while
SUMO may act as a scaffold for Ub modification, polyubiquitylation is still the active
signal which targets a given protein for proteasomal degradation.
RNF4 also plays a SUMO-dependent role in the DNA damage response (DDR).
Once PIAS1 sumoylates target proteins responding to double strand breaks (DSBs),
RNF4 then ubiquitylates the SUMO moieties, which allows for efficient recruitment of
both RAP80 and BRCA1 to DSB sites. RAP80 interacts with the hybrid SUMO/Ub
chains through tandem Ub interaction motifs and SUMO interaction motifs (SIMs) in the
RAP80 amino acid sequence (110,111). RNF111 also participates in PML degradation
(112) as well as the DNA damage response via ubiquitylation of SUMO, but also by
modifying proteins with NEDD8 (for neural precursor cell expressed, developmentally
downregulated), the Ubl most similar in sequence to Ub (113-116). These findings
indicate that SUMO/Ub hybrid chains could potentially play a role in a variety of
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signaling cascades, since both formation of hybrid chains and their recognition is highly
specialized (117).
Once a substrate is sumoylated and the SUMO moiety is ubiquitylated, Ub can
then be removed by de-ubiquitinases (DUBs). One such example of a SUMO-related
DUB is ubiquitin-specific protease 7 (USP7), which removes Ub from target proteins
within the replisome. Conditional knockouts of USP7 in MEFs resulted in accumulation
of SUMO-2/3 on chromatin, reduced origin firing, and reduced progression of replication
forks; moreover, these findings in MEFs were consistent with previous findings using
USP7 small molecule inhibitors (118-120). Other SUMO DUBs include USP11, which
removes Ub from SUMO-2/3-modified PML to modulate its stability by counteracting
the effects of RNF4 (121,122).
1.4.2 – SUMO roles during mitosis
In addition to its role in nucleocytoplasmic trafficking via modification of
RanGAP1, sumoylation serves a number of other distinct functions within the nucleus.
Nuclear integrity is severely compromised when Ubc9 is mutated or silenced, resulting in
embryonic lethality, and mutation of the PIAS ortholog in Drosophila also results in a
loss of viability (123-125). This is likely due in large part to SUMO’s integral role
throughout the cell cycle, particularly during mitosis, where SUMO-1 and SUMO-2/3
play separate roles. Zhang and colleagues found that SUMO-1 co-localizes to mitotic
spindles during metaphase, progresses to the spindle midzone during anaphase, remains
at the midzone during telophase, and then localizes to the newly-formed nuclear
envelopes in late telophase. Meanwhile, SUMO-2/3 co-localizes on condensed
chromosomes beginning in prophase, and, as the cell divides, SUMO-2/3 continues to
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build up on the condensed chromosomes. Moreover, SUMO-2/3 polymer chains interact
with a C-terminal SIM of CENP-E, a protein associated with the outer kinetochore that is
involved in correctly aligning sister chromatid pairs during prometaphase; when
sumoylation of CENP-E is altered, CENP-E localization is affected such that chromatid
pairs are not aligned correctly and cell cycle progression is arrested (126).
SUMO-2/3 also modifies other kinetochore proteins, most notably the CENPH/I/K complex; depletion of the SUMO/sentrin protease SENP6 (a protease which
removes SUMO from a modified protein; discussed in Section 1.4.4 below) via small
interfering RNA (siRNA) knockdown resulted in depletion of both CENP-H and CENP-I
(127). Depletion of either SENP6 or the CENP-H/I/K complex resulted in a similar
phenotype in HeLa cells, resulting in mitotic arrest due to chromosome misalignment.
Knockdown of RNF4 along with SENP6 via siRNA resulted in a restoration of CENPH/I, albeit in the form of polysumoylated species, indicating that CENP-H/I are targets
for SUMO-2/3 modification, and that polysumoylated CENP-H/I are targets for RNF4mediated degradation. Interestingly, the polysumoylated forms of CENP-H/I accumulate
to their highest levels during S phase, which is a crucial stage for the recruitment and
assembly of the inner kinetochore complexes, suggesting that sumoylation of CENP-H/I
promotes complex assembly (128).
1.4.3 – Sumoylation in DNA repair pathways
In addition to its role in signaling and RNF4-mediated degradation during the
DDR, sumoylation modifies a large number of DNA repair proteins to a variety of ends.
Perhaps the best-studied phenomenon has been demonstrated in S. cerevisiae during
homologous recombination (HR), sometimes referred to as homology-dependent DSB
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repair. DSBs are initially sensed in yeast by a complex of Mre11, Rad50, and Xrs2
(MRX, analogous to the MRN complex in mammalian cells), which binds to the broken
ends so they can be resected by nucleases, yielding a stretch of single-stranded DNA
(ssDNA) which can then invade the sister chromatid, using its homology to direct further
DNA synthesis and eventually repair the damage caused by the DSB (129). Many of the
proteins involved in HR are SUMO targets (130,131). Psakhye and Jentsch demonstrated
that, upon sensing DNA damage caused by MMS, S. cerevisiae sumoylated HR proteins
in a DNA-damage-dependent manner, and that sumoylation happened en masse, rather
than stepwise or on only a few key components. Additionally, SUMO mutant strains of S.
cerevisiae (i.e., Siz2 deletion mutants or wholesale K→R mutations of HR proteins)
resulted in similar phenotypes, a delay in growth upon exposure to MMS, and a delay in
loading of Rad51 to resected ends of DSBs, suggesting that sumoylation of HR proteins
accelerates DSB repair via recruitment of the HR protein complex, which in turn
stimulates Rad51 loading (132). Conversely, single K→R mutations had little effect on
complex formation or DSB repair. This modification “wave” suggests that SUMO does
not foster individual interactions or complexes so much as it acts as a scaffold for
protein-protein interactions in general, stabilizing the entire HR complex like “molecular
glue” (133).
However, more recent studies in S. cerevisiae have demonstrated that resolution
of intermediates generated during HR-mediated repair is a process which requires
sumoylation of specific HR factors. The Sgs1-Top3-Rmi1 complex in yeast processes Xshaped HR repair intermediates, or X structures, so that cells may avoid double Holliday
junctions (HJs) and/or gene rearrangement events that may occur when double junctions
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are processed endonucleolytically by HJ resolvases (134). Additionally, failure to resolve
such structures before the beginning of anaphase can severely compromise genomic
integrity. The Sgs1 protein is a RecQ-type DNA helicase which interacts with a large
complex of proteins called the Smc5/6 complex (135). Among the components of Smc5/6
is Mms21 (also known as Nse2 in the fission yeast Schizosaccharomyces pombe), a
SUMO E3 which contains a PIAS-like RING domain. Mms21 sumoylates several
components of the Smc5/6 complex in an ATP- and DNA-damage-dependent manner
(135-138). Upon sumoylation of the Smc5/6 complex, the STR complex is then recruited
via interactions with two SIMs in Sgs1, and both Sgs1 and Top3 are also sumoylated,
with Mms21 serving as the predominant SUMO E3 responsible (137,139). Correct
modification of these factors allows for disentanglement of sister chromatids with a
minimum of crossover events. Ablation of SUMO modification sites and deletion
mutants of these proteins, however, result in a loss of interaction between the Smc5/6
complex and the STR complex, and they also result in elevated levels of sister chromatid
exchanges, which are indicative of HJ resolution via HJ resolvases.
Interestingly, human cells possess five RecQ helicases, and BLM (so named
because its loss results in the disease known as Bloom’s syndrome) exists in a complex
similar to STR – the BLM-TopoIIIα-RMI1-RMI2 complex. BLM is itself a SUMO target
(140,141), co-localizes with PML nuclear bodies (PML-NBs) upon BLM sumoylation,
and the number of BLM foci increases upon knockdown of the StUbl RNF4 (142). Taken
together, these findings suggest BLM may be a target of RNF4-mediated degradation,
although this has not yet been demonstrated (143).
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A more recent role for sumoylation in DNA repair has been elucidated for
proteins involved in the autosomal recessive disease xeroderma pigmentosum (XP). XP is
a hereditary disease that can result from mutations in any one of several genes required
for global genome nucleotide excision repair (GG-NER, generally referred to as NER),
whereas mutations in a major subpathway, transcription-coupled NER (TC-NER), result
in disorders such as trichothiodystrophy and Cockayne syndrome (144). XP group C
protein (XPC) is part of a heterotrimeric DNA damage sensor which recognizes UVinduced or DNA helix-distorting damage and triggers NER for repair (145). XPC can be
modified by either Ub or SUMO (146), but the role for sumoylation was only recently
demonstrated. Akita and colleagues reported four separate consensus sumoylation motifs
in XPC, three of which clustered in the N-terminal region and were required for efficient
sumoylation of XPC in vivo (147). They also demonstrated that XPC localized to
cyclobutane pyrimidine dimers (CPDs) that were generated in vivo, but that sumoylationdeficient XPC, generated by mutating the N-terminal acceptor lysines to arginines (XPC
3KR), did not efficiently recruit further repair factors in vivo. Using in vitro studies,
however, XPC 3KR had little effect on cell-free NER activity. This indicated a role for
sumoylation that did not affect the central repair processes but instead affected handoff of
the damage site from one protein to another. One such factor involved in NER,
specifically in recognition of UV-induced CPDs, is the heterodimeric UV-induced DNA
damage binding protein (UV-DDB) (148). Akita and colleagues demonstrated that XPC
3KR localized to CPDs, but that its interaction with UV-DDB locked XPC 3KR to the
site of damage and did not allow recruitment of further repair factors. Furthermore,
depletion of UV-DDB alleviated this phenotype, indicating that sumoylation was a
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critical component of proper handoff of the damage site, allowing the site to pass from
UV-DDB to XPC and finally to the repair factors that allow NER to continue (147).
Additionally, van Cuijk and colleagues demonstrated that XPC handoff occurred not only
in a sumoylation-dependent manner, but that XPC was degraded by the proteasome, due
to polyubiquitylation of XPC-SUMO via RNF111 (115). Knockdown via siRNA of either
UBC9 or the Ub E2 involved in RNF111-mediated ubiquitylation, UBC13, resulted in
prolonged XPC localization with the site of DNA damage and prevented efficient loading
of XP group protein XPG and the recruitment of excision repair cross-complementing
1/XPF nuclease, which are the follow-on factors required to perform NER. Taken
together, these studies illustrate a model for NER that closely resembles the “passing the
baton” model frequently cited as a description of BER (1,149,150), whereby SUMO and
Ub act as signals to permit correct handoff and remove upstream factors once their role
has been performed.
Another major role of sumoylation is in its modification of PCNA, which can
occur at either K127 (which lies within a SUMO consensus motif) or K164 of PCNA
(151). K164 is also a site for ubiquitylation of PCNA, which suggests that sumoylation
and ubiquitylation may again play antagonistic roles, as mentioned above in the case of
IκBα (152-154). Monoubiquitylation of PCNA at K164 has been demonstrated to allow
for polymerase switching when Pol δ encounters a DNA lesion it cannot pass. PCNA
utilizes two separate interactions – between the Ub-binding domain of the translesion
synthesis (TLS) polymerase Pol η and mono-Ub, as well as an interaction between PCNA
and the PIP motif of Pol η – to allow the relatively error-prone TLS polymerase to
replace Pol δ and synthesize the nascent DNA strand past a given DNA lesion, such as a
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CPD (152,155,156). Sumoylation, on the other hand, has been demonstrated to recruit a
specific helicase in S. cerevisiae, Srs2, which inhibits recombinational repair by
displacing Rad51 from ssDNA (151,157,158). In addition to competing for the K164 site
and antagonizing ubiquitylation, sumoylation at K127 may interfere with PIP box
binding, as has been demonstrated with the establishment of cohesion protein (Eco1) in S.
cerevisiae (human orthologs include EFO1/ESCO1 and EFO2/ESCO2), an
acetyltransferase involved in sister chromatid cohesion (159-161). PCNA may also be
polyubiquitylated at the K164 site by the protein MMS2 (via K63 Ub linkages), which
permits PCNA to participate in error-free DNA repair; sumoylation at K164 of course
antagonizes this process as well (155,162-164).
PCNA possesses a number of other ubiquitylation sites, including K107, K168,
and K248, which can be triggered by a variety of checkpoints or stresses (165-168).
Tsutakawa and colleagues employed small-angle X-ray scattering and computational
modeling to examine PCNA modified by Ub at either K107 or K164, as well as PCNA
modified by SUMO at K164 – their findings demonstrated that Ub-modified and SUMOmodified PCNA adopted quite different structures with each type of modification. Ub, at
either K107 or K164, tended to be more compact and presented a “docking” interface,
where Ub and PCNA share a number of electrostatic interactions, while SUMO does not
interact with PCNA and instead presents an “extended” conformation (169). PCNA
modification by SUMO may, therefore, be similar to the modifications discussed
previously, whereby SUMO behaves as an additional contact for modulating proteinprotein interactions.
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As noted by several researchers, the cell cycle timing of PCNA sumoylation
(previous to S phase) combined with its antagonistic role to ubiquitylation (and thereby
antagonism to DNA repair pathways), suggests that sumoylation of PCNA could play a
significant role during normal DNA replication. It is also important to recognize that
PCNA has many established roles and interactions with proteins in pathways that are
crucial for maintenance of genomic integrity, many of which interact via their own PIP
motifs (170). SUMO and/or Ub could potentially affect these interactions. Finally, PCNA
is also a homotrimeric protein; it is possible, therefore, that each monomer of PCNA
could load Ub or SUMO differentially from one another and, as a result, allow some level
of coordinated action between these seemingly antagonistic pathways and interactions.
1.4.4 – Sumoylation is a dynamic and reversible process
SUMO, like Ub and other PTMs, is reversible, via the action of the
sentrin/SUMO-specific proteases (SENPs). To date, there are six known mammalian
SENPs which act to remove SUMO – SENP1-3, and SENP5-7; there is no functional
SENP4, and SENP8 is in fact responsible for removal of the NEDD8 Ubl protein (171173). Additionally, there are two other classes of SUMO isopeptidases – desumoylating
isopeptidases, and USP-like-1, which can remove all three functional isoforms of SUMO
(174,175). However, this section will focus largely on the distribution, function,
regulation, and activity of the SENPs.
SENP activity includes not only isopeptidase activity – i.e., removal of SUMO
moieties from modified substrate proteins – but also endopeptidase activity – i.e.,
maturation of SUMO precursors. Immature SUMO, or proSUMO, is activated upon
cleavage of a C-terminal sequence (of varying length, depending on species as well as
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SUMO isoform) thereby exposing the diglycine motif capable of forming the isopeptide
bond with the εNH2 of lysine (176). SENP6 – alternately named SUSP1 for SUMOspecific protease 1 (177)– and SENP7 have been shown to possess relatively weak
endopeptidase activity on all SUMO isoforms, and endopeptidase activity on proSUMO3 is generally weaker than activity on proSUMO-1 or proSUMO-2, likely because of the
much longer sequence of SUMO-3 downstream of the diglycine motif (178). SENP6 and
SENP7 also deviate from the other SENPs in their sequence preference just upstream
(i.e., N-terminal) of the diglycine motif, demonstrating a strong preference for peptides
containing arginine followed by leucine at the residues proximal (e.g., -LRGG) to the
motif. This sequence is found normally at the C-terminal end of NEDD8, the substrate of
SENP8, but not in any of the human SUMO isoforms. However, this finding was
demonstrated using synthetic short peptides, as well as a proSUMO-2 mutant containing
the -LRGG motif, and does not fully take into account the role of the remainder of the
SUMO protein, nor that of the modified substrate (179).
SENP6 and SENP7 instead possess significant activity for poly-SUMO chains,
preferring deconjugation of SUMO-2/3 from double or polymeric linkages to
deconjugation of a SUMO-2/3 monomer from the substrate protein (RanGAP1), and little
to no activity on SUMO-1 in any context (180). One study has suggested that SENP6 is
responsible for the removal of SUMO-1 from RXRα. However, this study did not account
for RXRα modification by SUMO-2/3, and other SENPs were largely ignored (181).
Taken together, these findings suggested that SENP6 and SENP7 showed preference for
deconjugation when isopeptide linkages were relatively flexible, as would be the case
with poly-SUMO chains. These functions are also demonstrated by the role SENP6 plays

30

in kinetochore protein recruitment, as mentioned previously in Section 1.4.2 (127,128).
SENP6 also regulates PML-NB formation; depletion of SENP6 via siRNA knockdown
was shown to increase size and number of PML-NBs, as well as affecting the rate of
export of PML from PML-NBs once formed. SENP6 cleaved polySUMO chains in vitro,
and a green fluorescent protein (GFP)-tagged, catalytically inactive SENP6 mutant
(C103A) was shown to accumulate in PML-NBs along with SUMO-2/3 and PML, further
illustrating that SENP6 regulates PML sumoylation (182).
More recently, tissue-specific roles for SENP7 have been discovered. By employing a
mouse teratocarcinoma cell line, P19, which retains pluripotency and can be
differentiated into neurons by treatment with retinoic acid, Juarez-Vicente and colleagues
demonstrated that overexpression of SUMO-1 or SUMO-2 impaired neuronal
differentiation, as measured by abundance of ßIII tubulin-expressing cells. Other SUMOrelated genes were largely unaffected by neuronal differentiation, but SENP7 expression
increased upon induction of differentiation. Knockdown of SENP7 expression using short
hairpin RNAs (shRNAs) also impaired neuronal differentiation to a degree similar to that
of SUMO overexpression, and the presence of high molecular weight SUMO-2/3
conjugates in particular were increased by SENP7 knockdown. These findings indicate
that sumoylation plays an important role in neuronal differentiation, and upsetting the
balance of conjugation and deconjugation, either by increasing levels of available
modifier or knocking down the deconjugation enzyme, prevents neurons from developing
normally.
SENP7 is also expressed as two separate variants – short (SENP7S) or long
(SENP7L), depending upon the splice variant – in breast epithelial tissue. SENP7S
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mRNA is more abundant in healthy tissue, while SENP7L expression was shown to
correlate with increases in invasiveness, motility, and epithelial-mesenchymal transition
(EMT) in breast cancer cells – all hallmarks of metastasis. Bawa-Khalfe and colleagues
demonstrated that SENP7 activity – whether as a tumor suppressor in the SENP7S
variant or as a tumor potentiator via the SENP7L splice variant – was connected to its
role in desumoylation of heterochromatin protein 1 α (HP1α), a known epigenetic
modeling protein which, when bound to specific promoter regions, tends to silence
transcription of those genes. Interaction between HP1α and SENP7 occurs via a canonical
motif for HP1α interacting partners found in SENP7L but not SENP7S – P-X-V-X-L,
where X is any residue. When HP1α is sumoylated, either when SENP7S is expressed or
SENP7L has P/V/L of the interaction motif mutated, HP1α displayed increased
localization to promoter regions of genes that promoted invasiveness, as well as the
promoters of genes sensitive to the E2F family of transcription factors. Sumoylated HP1α
could thereby silence these promoters, while HP1α desumoylation via SENP7L allowed
these genes to be expressed and therefore promote breast cancer progression (183).
SENP7 therefore is an elegant example of an enzyme whose role can either be antitumorigenic or pro-metastatic, depending upon how the cell deals with its transcription
and translation.
SENP3 and SENP5 are also functionally clustered – both enzymes preferentially
remove SUMO-2/3 from targets, rather than removing SUMO-1. SENP5 also possesses
poor endopeptidase activity against proSUMO-1 but readily processes proSUMO-2/3.
Moreover, full-length SENP5 contains N-terminal residues which localize the protein to
the nucleolus, the nuclear structure involved in ribosome synthesis and assembly. N-
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terminal truncations of SENP5, which omitted the nucleolar localization signal, localized
to the cytoplasm as well as the nucleus, but nuclear SENP5 was demonstrated to colocalize with – and remove SUMO from – PML, retaining its preference for removal of
SUMO-2/3 over SUMO-1 Transfection of COS-7 cells with SENP3 rather than SENP5
demonstrated that SENP3 showed a similar deconjugation profile with respect to PML
and SUMO-2/3 versus SUMO-1 (184).
SENP5 has also been shown to play a major role in the proper development of
cardiomyocytes; transgenic expression of SENP5 in murine cardiomyocytes resulted in a
decrease in proliferation and an increase in apoptosis, both hallmarks of idiopathic
cardiomyopathy (185). Kim and colleagues also demonstrated that SENP5
overexpression affected the levels of SUMO-2/3-modified dynamin-related protein 1
(DRP1), a GTPase involved in apoptosis via mitochondrial fission (186,187). DRP1 is
modified by mitochondrial-anchored protein ligase (MAPL), the only SUMO E3
discovered to date that associates with mitochondria (188,189). Overexpression of
SENP5 also resulted in increased levels of apoptotic markers, such as cytochrome c and
poly(ADP-ribose) polymerase 1 (PARP-1) in cell extracts, but this increase was lost in
cells that both overexpressed SENP5 and knocked down DRP1 protein levels via shRNA,
demonstrating that the deleterious effects of SENP5 overexpression could be rescued by
eliminating DRP1 expression.
SENP3 is also localized to the nucleolus in mitotic cells, where it plays a
significant role in ribosome maturation and assembly. SENP3 desumoylates both
nucleophosmin (NPM1) and the proline-, glutamic acid-, and leucine-rich protein
(PELP1), and desumoylation is essential in both cases for correct localization within the
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nucleolus. NPM1 is modified by interactions with the alternate reading frame (ARF)
protein as well as a member of the tripartite motif-containing family, TRIM28, which
contains an N-terminal RING domain and serves as the SUMO E3 for NPM1 (190,191).
Moreover, ARF expression targets SENP3 to the proteasome, and HeLa cells do not
stably accumulate either SENP3 or SENP5 when NPM1 is depleted via siRNA (192,193).
Upon modification, NPM1 localizes to the centrosome, where it suppresses centrosomal
amplification to maintain genomic integrity (194). When SENP3 or NPM1 are depleted
via siRNA, it fails to participate in the maturation of the 28S ribosomal RNA (rRNA)
particle, thereby resulting in ribosome defects as a whole (195). PELP1 is part of a
heterotrimeric complex, along with TEX10 and WDR18, which associates with NPM1
and participates in the maturation of the 60S pre-ribosome particle. However, when
SENP3 is depleted, or when SUMO-2 is directly fused to PELP1, sumoylated PELP1 is
excluded from the nucleolus altogether (196). These results indicate that SENP3 mediates
the subnuclear localization of key components to strike a necessary balance of ribosome
biogenesis.
SENP1 and SENP2 are at once the most permissive and the most active members
of the SENP family. They are the primary endopeptidases among the SENPs, and the
catalytic domains of SENP1/2 are capable of removing both SUMO-1 and SUMO-2/3
from substrate proteins (178). This suggests that, when a SUMO target can be modified
by either SUMO-1 or SUMO-2/3, it is likely either SENP1 or SENP2 is involved in
desumoylation of the target. TDG is one such target protein, and intial findings indicate
that, while TDG can be desumoylated by both SENP1 and SENP2, TDG is preferentially
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desumoylated by SENP1 overexpression versus SENP2 overexpression in HEK293T
cells (197).
Endogenously expressed SENP2 shows preference for SUMO-2/3 over SUMO-1,
but there is evidence that alternative splicing of the SENP2 mRNA may occur (171,198).
SENP2 also possesses both nuclear localization and nuclear export signals (NLS and
NES, respectively) in its N-terminal region, and these signals control whether SENP2
localizes to the nucleus or the cytoplasm, as well as (to a lesser extent) its turnover by the
UPS (199). When SENP2 localizes to the nucleus, it associates with the nuclear pore on
the nuclear side, which effectively restricts SENP2 function to a select number of targets
(200,201).
Given SUMO-1 and SUMO-2/3 play distinct roles during mitosis (discussed in
Section 1.4.2), it is unsurprising that SENP1 and SENP2 are also involved in proper
chromosomal congression and segregation. By employing a variety of GFP-tagged
SENP2 constructs with various deletions in its NLS and NES, it was demonstrated that
SENP2 can be shuttled between the nucleoplasm and cytoplasm in a manner dependent
upon the nuclear transport receptor karyopharin α as well as the nucleoporin subcomplex,
Nup107-160 (202). Once in the nucleoplasm, SENP2 is involved in the association of
CENP-E with the kinetochore; overexpression of SENP2 resulted in cell cycle arrest at
prometaphase. However, this arrest was not dependent upon SENP2 catalytic activity, as
demonstrated by overexpression of both a catalytically inactive SENP2 mutant
(C548A/W457A) as well as a SENP1/2 chimera containing the N-terminal SENP2
sequence fused to the SENP1 catalytic domain (203). Instead, the SENP2 N-terminal
region appears to contain determinants that allow correct association of CENP-E with
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kinetochores and therefore permit correct progression through the cell cycle. SENP1 also
affects cell cycle progression at a later point, as RNAi-mediated SENP1 knockdown
results in poor sister chromatid separation during the transition from metaphase to
anaphase. These data indicate that SENP1 and SENP2 play distinct roles during wholly
separate phases of mitosis, and that disruption of either protease can stall correct cell
cycle progression.
SENP1 also possesses key regulatory roles with respect to cancer initiation,
progression, and metastasis, though the scope of these functions appears limited to
distinct molecular mechanisms. The SENP1 gene itself resides under the control of a
responsive DNA element of androgen receptor (AR), one of the primary drivers of
prostate cancer, while SENP1 also regulates AR function via desumoylation of HDAC1,
resulting in a positive feedback loop that can fuel cell transformation (204,205). SENP1
is also critical for stabilization of the hypoxia-inducible factor HIF1α, as HIF1α
sumoylation allows for its subsequent ubiquitylation and degradation. Additionally,
Senp1-/- deletion in mice is embryonic lethal, likely due to failure to express genes
normally induced by HIF1α, such as vascular endothelial growth factor (VEGF), since
HIF1α is ostensibly degraded too quickly (206). Therefore, an inverse relationship can be
inferred, whereby overexpression of SENP1 stabilizes HIF1α and fuels overexpression of
genes that promote tumor development and progression. More recent studies have also
suggested that SENP1 overexpression occurs in pancreatic ductal adenocarcinoma,
allowing for increased proliferation and migration via regulation of matrix
metalloproteinase 9 (MMP9) through HIF1α-mediated expression (207). MMP9 breaks
down the extracellular matrix during normal cell processes, but this function can also be
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exploited by cancer cells to promote invasion and metastasis in conditions such as
colorectal cancer and glioblastoma (208,209). It is unclear, however, if SENP1 only
regulates MMP9 at the transcriptional level through HIF1α, or if MMP9 itself may also
be a SUMO target. Taken together, these findings illustrate a clear pattern, whereby
dysregulation of SUMO targets may disrupt normal cellular function in a variety of ways,
and that this dysregulation may occur via conjugation or deconjugation.

1.5 – TDG sumoylation and its potential consequences
As stated previously, TDG can be modified by either SUMO-1 or SUMO-2/3,
which occurs at a single lysine residue (K330 in humans, K341 in mice) that exists within
a consensus SUMO motif (VKEE) (22). Additionally, TDG possesses a SIM just
upstream of its covalent modification site (residues 308-311; VQEV) (210,211). Initial
studies regarding TDG sumoylation demonstrated a pair of critical findings: 1) that TDG
sumoylation resulted in weakened DNA binding, and 2) that sumoylated TDG possessed
no detectable activity on G·T mispairs (22). At the time of publication, TDG’s function in
active DNA demethylation was several years from being determined; therefore, the loss
of one of its two known enzymatic functions (the other being removal of U from G·U
mispairs) suggested a role for sumoylation in regulating TDG’s enzymatic activity.
Further studies suggested that TDG sumoylation regulated its enzymatic properties via
interaction of the sumoylated C-terminus with the N-terminal region of TDG to enhance
dissociation from the newly-generated AP site (212).
Subsequently, structures of TDG residues 111-339 (the catalytic domain plus the
residues required for sumoylation) conjugated to both SUMO-1 and SUMO-3 were
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solved via X-ray crystallography (213,214). Electrophoretic mobility shift assays
(EMSAs) performed on these SUMO modified constructs indicated that wild-type
TDG~SUMO did not effectively bind product DNA. However, these experiments were
performed using a static amount of TDG~SUMO (4 pmol), with 1 pmol of labeled APDNA and 5 pmol of unlabeled, undamaged competitor. This experimental design makes
the assumption that, like unmodified TDG, TDG~SUMO may possess high binding
affinity for AP-DNA with respect to undamaged DNA, and that this would be reflected in
the EMSA. However, without a proper control – i.e., an EMSA containing TDG~SUMO
and using labeled, undamaged DNA as a probe – the conclusion that TDG~SUMO does
not bind AP-DNA may be obscured by affinity it may possess for the excess unlabeled
DNA. Additionally, studies comparing the catalytic domain of TDG to its full-length
construct have demonstrated that the N-terminal region is critical for effective substrate
binding, particularly binding to G·T substrates (28,215).
Studies examining the role of TDG’s SIM also elucidated potential roles for TDG
modification. Initial findings on an isoform of mTDG lacking the first 24 N-terminal
residues, TDGb, demonstrated that mTDG could be covalently modified by SUMO-1 but
also required non-covalent interactions with SUMO-1 to efficiently modify TDGb at its
target lysine (210). Mutation of the target lysine to arginine (TDGb(KR)) did nothing to
alter TDGb’s ability to non-covalently bind SUMO-1 in vitro, but deletion of an 11amino acid region immediately prior to the SUMO consensus motif (residues 305-315;
TDGbΔ11) abolished not only non-covalent binding but also covalent modification of
TDGb. Furthermore, Takahashi and colleagues demonstrated that TDGb and its deletion
mutants colocalized with PML in PML-NBs, but that the interaction was improved when
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both PML and TDGb were sumoylated, indicating that PML and TDGb are both
covalently modified and that they interact with one another through their respective SIMs
upon modification to enhance their interaction.
In addition to regulating its localization to PML-NBs, TDG sumoylation also
alters its interactions with CBP/p300. Using mTDG, the Tini group demonstrated that
activation of CBP-dependent transcription is also dependent upon TDG’s non-covalent
interaction with SUMO, as a mutation to TDG’s SIM (E321Q in mice, E310Q in
humans) substantially weakened the expression of a CBP-dependent reporter (211).
Subsequent studies have repeatedly demonstrated that residues 308-311 represent a bona
fide SIM in TDG (197,216). Also, TDG sumoylation prevented TDG from being
acetylated in vitro, suggesting antagonistic roles for these post-translational
modifications. Their studies also indicated that TDG possessed a second SIM (DIVII;
residues 144-148 in mice, 133-137 in humans), which, upon mutation, also abolished
CBP-dependent activation. However, these residues are contiguous with TDG’s
conserved glycosylase motif (GINGPL); therefore, deletions or mutations to this second
SIM may abrogate SUMO binding by simply destabilizing TDG as a whole. In contrast
to findings from other groups, these studies indicated that the E321Q mutation did not
hinder TDG sumoylation, contradicting the TDGbΔ11 findings and suggesting that the
loss of TDGb sumoylation may either be isoform-specific or due to the use of deletion
rather than point mutation to examine the role of the SIM.
Taken together, these findings indicate a number of potential roles for TDG
sumoylation. Its roles in regulating interactions with both PML and CBP/p300 fall in line
with well-established roles for sumoylation, whereby the modification can modulate
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protein-protein interactions via promoting or antagonizing further interaction (see
Sections 1.4.1 – 1.4.3). That TDG localization is altered by sumoylation is also not
surprising, given the role sumoylation plays in the generation of PML-NBs (see Section
1.4.4). However, the most unusual role for TDG sumoylation is its alleged potential for
regulating catalytic turnover. To date, TDG is the only example in primary literature
whereby sumoylation regulates efficient turnover of an enzyme.
Because sumoylated TDG possesses weakened DNA binding and no discernible
activity on G·T substrates, a specific mechanism of conjugation and deconjugation would
have to take place to allow sumoylation to regulate catalytic turnover of TDG. After
recognition and excision of a lesion, TDG remains bound to (or can re-bind) AP-DNA
until one of two events occurs (Figure 7). TDG could be relieved directly by APE1,
perhaps through physical interaction between the two enzymes, which has been reported
once but not verified by further investigation (24). However, if sumoylation regulates
efficient turnover, then TDG should remain bound to product until the sumoylation
proteins (E1, E2, SUMO, and E3 if needed in vivo) modify TDG and alter its affinity for
AP-DNA. Once modified, TDG~SUMO would then dissociate from the abasic site and
allow APE1 to continue repair, while TDG~SUMO is deconjugated by SENP1 or SENP2
to restore its function on G·T mispairs. Initial findings regarding TDG sumoylation
further supported this suggested model by indicating that the presence of APE1
stimulated modified TDG activity but not unmodified TDG activity in vitro (22).
However, several studies have since demonstrated that APE1 alone is sufficient to
achieve potent stimulation of TDG turnover in vitro (23,197,217), and these studies cast
doubt on the necessity of sumoylation as a means of regulating TDG turnover.
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Figure 7. Possible routes for efficient release of TDG from an AP site.
Upon lesion recognition and base excision (solid black arrow), enzymatic turnover of
TDG has been proposed to be controlled one of two ways. The most direct route of
control is through displacement by APE1 (blue arrow), which is highly abundant in cells
and could either physically interact or compete TDG off an AP site. The second route is
through modification of TDG by SUMO (orange arrows), followed by APE1 binding to
the AP site. This model makes the assumption that TDG bound to AP-DNA – i.e., in an
enzyme-product complex – is preferentially modified by SUMO over other forms of
TDG.
To probe the idea that sumoylation regulates TDG turnover, we therefore
designed and executed experiments that address fundamental requirements of this
commonly-accepted model whereby sumoylation affects turnover. First, we addressed the
specificity of the modification reaction for TDG in vitro, examining whether sumoylation
requires the presence of DNA or that TDG be in a DNA- or product-bound state. We also
examined whether SUMO-1 modified TDG possessed substantial binding affinity for AP41

DNA to address the idea that TDG sumoylation results in dissociation from DNA
(Chapter II). These results demonstrate that TDG sumoylation occurs without showing
any preference for TDG in an enzyme-product complex, and that TDG~SUMO-1 still
possesses substantial binding affinity for AP-DNA.
Second, the potential of SUMO-1 and SUMO-2 modified TDG to interact with
DNA containing 5fC and 5caC, TDG’s substrates during active DNA demethylation, was
examined, employing protein-DNA binding studies as well as a variety of enzyme assays
(Chapter III). These ongoing studies demonstrate that both TDG~SUMO isoforms still
bind and excise 5fC and 5caC from substrate DNA, and that TDG~SUMO also
efficiently binds – but does not excise – DNA containing a G·T mispair. These studies
address fundamental questions about the existing model of TDG sumoylation and
strongly suggest that the function of the modification differs from what is currently
accepted.
Finally, additional studies also addressed the development of a “minimal” TDG
construct, examining the fewest residues needed to recapitulate full enzymatic activity as
well as the enzyme’s full DNA binding capacity (Chapter IV). Biochemical assays and
protein-DNA binding studies support the finding that TDG requires some portion of the
heavily basic and intrinsically disordered N-terminal region – currently residues 82-110 –
to retain full excision and binding capacity, particularly upon G·T substrates.
Remarkably, X-ray crystal structures obtained of the new TDG construct (TDG82-308)
reveal that these N-terminal residues are largely absent from the electron density of the
crystal. NMR spectroscopy, on the other hand, indicates the residues do in fact interact
with DNA while remaining largely unstructured. These ongoing studies demonstrate the
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relevance of determining the residues necessary for full substrate binding and the role
that intrinsically disordered regions can play in the routine functions of a glycosylase.
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Chapter II - E2-mediated sumoylation of thymine DNA glycosylase is efficient but
not selective for the enzyme-product complex

2.1 – Introduction

As discussed previously, the in vitro activity of TDG is severely hampered by
tight binding to its AP-DNA product under multiple turnover (i.e., limiting enzyme)
conditions, and it was proposed that this problem is circumvented in vivo by sumoylation
(22). Comparisons via superimposition of crystal structures of DNA-bound TDG with
sumoylated TDG (catalytic domain) indicate that SUMO stabilizes an otherwise transient
or unstructured α-helix that suppresses DNA binding via steric effects (Figure 8)
(213,214). Remarkably, sumoylation of TDG was found to modestly enhance its G·U
glycosylase activity under multiple turnover conditions (22). This seemingly
contradictory finding can likely be explained by the high affinity of unmodified TDG for
G·U mispairs (14,28); sumoylation weakens but does not preclude binding to G·U, and
its enhancing effect on product release leads to more efficient steady-state turnover.
However, unmodified TDG has much weaker affinity for G·T relative to G·U mispairs,
and sumoylation of TDG is apparently sufficient to completely abolish its G·T
glycosylase activity (22).
These findings in and of themselves do not adequately address how G·T function
might be restored or even stimulated. Therefore, a model was proposed whereby
sumoylation occurs selectively for TDG in the enzyme-product complex, i.e., after base
excision and before release of AP-DNA, and that SUMO is enzymatically removed from
TDG after product release to allow processing of additional substrates. Thus, glycosylase
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activity for G·T (and potentially other substrates) was proposed to involve sumoylation
and subsequent desumoylation of TDG for each catalytic cycle of the enzyme.

Figure 8. Structural evidence for TDG dissociation from DNA.
A superimposed structure generated from the catalytic domain of TDG (cyan/blue)
conjugated to SUMO-1 (magenta) (TDG and SUMO moieties from PDB accession
number 1WYW) interacting with DNA containing a tetrahydrofuran (THF) site
(white/yellow), which mimics a natural AP site (TDG and DNA moieties from PDB
accession number 2RBA). The black oval indicates where the flipped base is everted into
the TDG active site. The red oval indicates a potential steric clash between the DNA
molecule and the α-helix that is transiently formed and stabilized when TDG is modified
by SUMO.
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This model has been mentioned in the literature for the past fifteen years (218220), given that TDG is the only enzyme for which catalytic turnover is thought to be
regulated by sumoylation, and one of only two enzymes (221) for which enzymatic
activity is altered by interactions with SUMO isoforms. As discussed in greater detail in
Section 1.4, SUMO more frequently takes on roles within the nucleus and cell that do not
directly impact enzymatic function.
While the proposal that sumoylation of product-bound TDG followed by
desumoylation is required for each enzymatic cycle seems to be generally accepted, it
remains to be substantiated, for G·T mispairs or for any other TDG substrate (it is worth
noting that TDG’s activity on 5fC and 5caC was not discovered until 2011 and therefore
could not be assessed by the initial studies). To test this model, we employed standard in
vitro sumoylation assays using purified SUMO activating (E1) and conjugating (E2)
enzymes. We examined the efficiency of in vitro modification by SUMO-1 versus
SUMO-2, and tested the prediction that sumoylation is specific for TDG when it is bound
to AP-DNA. We also monitored the rate of TDG sumoylation by the preformed
E2~SUMO thioester, both as a function of TDG concentration and in the presence or
absence of DNA. Additionally, we examined the affinity for TDG modified by SUMO-1
for AP-DNA via EMSAs to establish whether sumoylation abolished DNA binding or
merely weakened binding affinity. Our results provide new insight into the mechanism
and role of TDG sumoylation.
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2.2 – Materials and Methods
Materials
DNA synthesis and purification – Standard DNA oligonucleotides (ODNs) were
synthesized by either Integrated DNA Technologies (60mer) or the Keck Foundation
Biotechnology Resource Laboratory of Yale University (28mer). ODNs were purified via
Glen-Pak purification cartridge (Glen Research) or via HPLC as described previously
(222). The purity of each ODN was then assessed via analytical anion-exchange HPLC
under denaturing (i.e., pH 12) conditions, and ODNs were quantified by absorbance at
260 nm, using an extinction coefficient calculated by incorporating nearest-neighbor
effects (223,224). ODNs with a 3’ 6-carboxylfluorescein (6-FAM) label (28mer) were
synthesized by Integrated DNA Technologies. The sequences of the ODNs used in the
following studies are shown below (Figure 9).

Figure 9. DNA duplexes used to examine effects of TDG sumoylation.
Sequences for 28mer and 60mer duplexes are shown. Target strands are listed 5’→3’
from left to right (top strand), while complement strands are shown right to left (bottom
strand). CpG sites where base excision occurs are shown in bold, while all CpG sites are
underlined on the target strand. For ODNs with no mismatch, x = C, while x = 5fluorouracil where a mismatch exists. 6-FAM-labeled 28mers contain x = deoxyuracil for
processing by human uracil glycosylase (UNG).

47

DNA duplexes were generated by mixing equal amounts of target and
complement strand in an Eppendorf tube with 1x annealing buffer (10 mM Tris-HCl pH
7.6-8.0, 50 mM NaCl, 1 mM EDTA), heating briefly in a dry bath incubator at 85° C,
then removing the heat block from the incubator to allow the DNA to cool slowly and
anneal over a period of several hours. Aliquots were stored at -20° C.
Duplexes containing an AP site were generated in one of two ways. For TDG
sumoylation assays, a 25% excess of 5-FU-containing 28mer or 60mer duplex was
incubated for 2 h at 22° C with full-length TDG (TDG; purification described below).
The rapid excision of 5-FU from DNA by TDG (14) ensured that, within the incubation
period, all DNA was processed to AP-DNA and that all TDG would be bound to APDNA. AP-DNA employed for EMSAs was generated by incubating 1 µM FAM-labeled
duplex (shown in Figure 8) with 1 nM hUNG in 1x UNG buffer (20 mM Tris-HCl pH
8.0, 1 mM EDTA, 1 mM dithiothreitol (DTT)) for 30 min at 22° C. UNG was graciously
provided by the Stivers laboratory at Johns Hopkins University and purified as described
previously (225). FAM-labeled AP-DNA was used at a final concentration of 10 nM per
sample, so that the final hUNG concentration (10 pM) would have no effect on the
EMSA results (28).
Protein synthesis and purification – TDG plasmids were generated and transformed into
Escherichia coli BL21(DE3) cells for recombinant protein expression as described
previously (222). Briefly, BL21(DE3) cells were transformed with a pET28c plasmid
containing TDG and plated on LB agar containing 30 µg/mL kanamycin sulfate. Plates
were incubated overnight at 37° C until colonies formed. Single colonies from the LB
plate were transferred to a 5-mL LB liquid culture containing 30 µg/mL kanamycin

48

sulfate, also grown at 37° C, which was scaled up as the culture grew to a final media
volume of 2 L (five 400-mL cultures grown in 2-L flasks). Once the 400-mL cultures
reached an optical density at 600 nm (OD600) of 0.6 – 1.0, the temperature was lowered
to 16° C, and expression of TDG was induced using isopropyl-β-D-thiogalactopyranoside
(IPTG) to a final concentration of 0.4 mM. Growth continued overnight at 16° C before
harvesting the cultures by centrifugation for 15 min at 5000 rpm. The cell pellets were
resuspended in 1x lysis buffer (50 mM NaPO4 pH 8.0, 300 mM NaCl, 10 mM imidazole,
10 mM β-mercaptoethanol (BME)) at a volume of 2-5 mL of lysis buffer per gram of
pellet wet weight (typically 25-30 mL total), containing one cOmplete Mini protease
inhibitor tablet (Roche) per 10 mL of lysis buffer. TDG purification was performed as
described previously (222), concentration was determined using absorbance at 280 nm
(ε280 TDG = 31.5 mM-1cm-1), and aliquots were flash-frozen and stored at -80° C.
Recombinant expression and purification of TDG modified by SUMO-1 was
performed similarly to that of TDG. Plates and media contained 34 µg/mL
chloramphenicol in addition to kanamycin sulfate for retention and expression of
enzymes on the E1/E2/SUMO-1 plasmid (graciously provided by the Shirakawa
laboratory, Kyoto University).
Expression and purification of human E1 enzyme (SAE1/SAE2), UBC9, mature
SUMO-1 and SUMO-2, and mouse RanGAP1 containing residues 420-589 (RanGAP1NΔ419) were performed as previously described (201,226,227). Concentrations for E1,
E2, and SUMO-1 were determined by absorbance at 280 nm, while RanGAP1-NΔ419
concentration was determined by Bradford assay (228). SUMO-2 concentration was
determined by SDS-PAGE with Coomassie staining versus a BSA standard. All protein
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aliquots were flash-frozen and stored at -80° C. E1, RanGAP1-NΔ419, and SUMO-2
aliquots were graciously provided by the Matunis laboratory at Johns Hopkins
University.
Generation of DNA-bound TDG – TDG bound to AP-DNA (listed as “AP-DNA” in
subsequent figures) was generated by incubating 5-FU-containing duplex with TDG, as
described above. TDG bound to DNA containing no mismatch was generated by
incubating the 28mer with TDG in a 2:1 ratio of DNA to protein, ensuring that all TDG
was bound to DNA, given the Kd of TDG for undamaged (or non-specific) DNA (Kd1 ≈
300 nM) (28). Subsequent figures list TDG bound to undamaged/non-specific DNA as
“NS-DNA”.
Methods
In vitro sumoylation assays – Modification of SUMO targets (TDG and RanGAP1NΔ419) was carried out in 1x sumoylation assay buffer A (20 mM HEPES pH 7.3, 110
mM potassium acetate, 2 mM magnesium acetate, 1 mM EGTA) with 100 nM E1, 1 µM
E2, 10 µM of either SUMO-1 or SUMO-2, and 2 µM of target protein. Reactions were
performed at either 22° C or 37° C and were initiated via addition of ATP stock solution
(100 mM ATP, 100 mM MgCl2, 20 mM HEPES pH 7.4) to a final concentration of 2.5
mM ATP. Reaction progress was monitored via removal of samples (8 µL) at given time
points, which were then quenched by mixing with 5x SDS-PAGE sample buffer (250
mM Tris-HCl, pH 6.8, 500 mM DTT, 10% w/v SDS, 0.5% w/v bromophenol blue, 50%
v/v glycerol) and heating at 90° C for 3 min (226). Samples were analyzed via SDSPAGE on pre-cast Novex 10% Tris-glycine gels (Life Technologies) for 1 h at 100 V (40
mA maximum current). Gels were then stained with 20 mL of Gelcode Blue Safe Protein
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Stain (Fisher Scientific) for 1 h, destained, and imaged using a Kodak EDAS 290 imager
(Kodak Scientific Imaging Systems). All images are representative of at least three
independent sets of experiments.
Immunoblotting – Detection of either 6xHis or SUMO-1 was performed by
immunoblotting, using specific primary mouse monoclonal antibodies (21C7 for SUMO1, Fisher Scientific; 8A2 for SUMO-2, AbCam; 631212 for 6xHis, Clontech) and Cy3labeled goat-anti-mouse IgG secondary antibody (GE Healthcare). Primary antibodies
were stored long-term in 1x phosphate-buffered saline (20 mM NaPO4, 150 mM NaCl;
PBS) with 2% w/v bovine serum albumin (BSA) and 0.02% w/v sodium azide at a
dilution of 1:1000. After performing SDS-PAGE using 10% Tris-glycine gels, the gel
bands were electrophoresed to nitrocellulose membranes overnight (100 V, 30 mA
maximum current, 4° C) or for 2 h (300 V, 100 mA maximum current, 4° C).
All subsequent incubation and rinsing steps were performed in opaque blot boxes
at room temperature, with shaking on low to medium setting. Membranes were blocked
by incubation with 1x PBS containing 5% w/v dry milk for 30 min. Membranes were
then rinsed with five exchanges of 1x PBS over 15 min to remove residual milk.
Incubation with primary antibody was performed for 1 h; primary antibody was then
carefully decanted back into its storage container for future use. The membranes were
then rinsed with five exchanges of 1x PBS plus 0.05% v/v Tween-20 over 30 min.
Secondary antibody was then mixed with 1x PBS at a final dilution of 1:10000 and
incubated on the membrane for 30 min. The final wash step consisted of one exchange of
1x PBS plus 0.05% v/v Tween-20, followed by four exchanges of 1x PBS over 30 min, to
avoid potential interference by Tween-20 with the imaging system. The membrane was
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then carefully dried and scanned at 532 nm using a Typhoon FLA 9500 scanner, and the
resulting images were processed and analyzed using ImageQuant TL software (GE
Healthcare).
In vitro sumoylation using pre-formed E2~SUMO-1 thioester – To monitor the E2mediated conjugation step directly, sumoylation reactions were initiated with a preformed E2~SUMO-1 thioester. E2~SUMO-1 thioesters were generated by adding ATP
stock solution (10 µM final concentration) to sumoylation buffer B (see recipe below)
containing 100 nM E1, 1 µM E2, and 1 µM SUMO-1, and incubating for 15 min at 37°
C. Then, a sample (3 µL) from this reaction was diluted 10-fold into sumoylation buffer
C containing TDG at varying concentrations.
TDG sumoylation reactions were monitored for up to 15 min at 22° C. To follow
reaction progress, 4 µL samples were removed at selected time points, mixed with 2x
sample buffer. Sample buffer for the above reactions contained 4 M urea instead of DTT,
which chemically hydrolyzes the E2~SUMO thioester and makes visualization of any
remaining E2~SUMO impossible. Samples were then incubated for 10 min at 37 °C
(229), and analyzed by SDS-PAGE using pre-cast 10% Tris-glycine gels run for 1 h at
100 V, followed by immunoblotting against SUMO-1, as described above. Sumoylation
buffer B contained 20 mM HEPES pH 7.5, 50 mM NaCl, 5 mM MgCl2, 0.1% v/v Tween
20. Sumoylation buffer C is identical to sumoylation buffer B except that MgCl2 is
replaced with EDTA (5 mM).
In vitro sumoylation assays with HeLa nuclear extract – Assays using HeLa nuclear
extract contained 5 µL of 4x sumoylation buffer A, 15 µg (7.5 µL) of HeLa nuclear
extract (Millipore) or 7.5 µL H2O (for control reactions without extract), 100 nM E1, 500
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nM E2, 800 nM TDG, and 5 µM SUMO-1 in a total reaction volume of 20 µL. Where
indicated, reactions contained 5 µM SUMO-2 aldehyde (S2A) as a specific inhibitor of
SENP activity. Reactions were performed at 30° C and were initiated with addition of
ATP stock solution to a final concentration of 10 mM ATP. Samples were removed at
selected time points, diluted 10-fold into 1x sumoylation buffer A, mixed with 5x SDSPAGE sample buffer, and incubated at 90° C for 3 min. Samples were analyzed by SDSPAGE using 10% Tris-glycine gels, transferred to nitrocellulose membranes, and
detected as described above by immunoblotting against the 6xHis tag of TDG.
Electrophoretic mobility shift assays – Binding of TDG and TDG~SUMO-1 to AP-DNA
was performed by EMSA, using a target strand labeled at the 3’ end with 6-FAM.
Cleavage of deoxyU from the target strand was confirmed by alkaline hydrolysis of the
duplex, followed by electrophoresis on a 15% TBE-Urea denaturing PAGE (Life
Technologies) for 30 min, which was subsequently scanned at 473 nm on a Typhoon
FLA 9500 scanner.
Protein and DNA samples were diluted to a series of 2x working stocks (10 nM –
1 µM for TDG or TDG~SUMO-1; 20 nM for DNA) with 1x EMSA binding buffer (20
mM HEPES pH 7.5, 100 mM NaCl, 1 mM EDTA, 5% glycerol, 1 mM DTT), allowing
the final samples to mixed at a 1:1 ratio for a final sample volume of 30 µL. Samples
contained a final concentration of 10 nM DNA and 5-500 nM TDG/TDG~SUMO-1, or
no TDG (2x DNA was diluted 1:1 with buffer for samples labeled with zero). Each
sample was incubated at 22° C for 30 min, then 7 µL of sample was loaded onto a 6%
native polyacrylamide mini-gel containing 0.5x TBE (Life Technologies) that was prerun at 100 V for 2.5 h in 0.5x TBE. After sample loading, the gel was run for 1h at 100 V
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(20 mA maximum current). The gel was subsequently scanned at 473 nm as described
above, and the images were analyzed in ImageQuant TL.

2.3 – Results and Discussion
Results
TDG is modified in vitro by SUMO-1 more readily than SUMO-2 – Initial modification
reactions were performed on both TDG and RanGAP1-NΔ419 at room temperature (22°
C) to determine the efficiency of the reactions, as well as to prevent the possibility of
TDG aggregation at higher temperatures (Figure 10). RanGAP-NΔ419 was rapidly
modified by both SUMO-1 and SUMO-2 in vitro (A & B, left lanes), but SUMO-1
modification was discernibly faster, as was expected for a protein that is primarily a
SUMO-1 target in vivo (230). TDG modification was slower in general and displayed the
same trend – an apparent preference for SUMO-1 modification rather than SUMO-2 (A
& B, right lanes). Closer examination revealed, however, that TDG modification rates
through the 30 min time points were similar for both SUMO-1 and SUMO-2, but SUMO2 modification essentially stops after reaching roughly 30% complete. SUMO-1
modification, on the other hand, continued and was nearly complete after 2 h.
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Figure 10. TDG and RanGAP1 sumoylation at room temperature.
A) Modification of both RanGAP1-NΔ419 and TDG at 22° C by SUMO-1 reaches
completion (10-15 min for RanGAP1, 2 h for TDG). B) RanGAP1-NΔ419 is more
slowly modified by SUMO-2 than SUMO-1, but is still completely modified, while TDG
modification stalls. Initial lanes contain TDG and TDG~SUMO-1 as molecular weight
markers. The excess of ATP in the reaction suggests this was not due to lack of available
energy. All time points are listed in minutes. T-S = TDG~SUMO; RG-S =
RanGAP1~SUMO; RG = RanGAP1.

TDG modification by SUMO-2 was examined more closely with a series of
assays where length of time and SUMO-2 concentrations were varied (Figure 11). Even
with longer incubation periods (panel A), SUMO-2 modification proceeds slowly, with
roughly 50% modification after 24 h. In part, SUMO-2 modification rates appeared
dependent upon the starting SUMO-2 concentration (panel B). While SUMO-1
concentration could be reduced (to 2.5 µM) and still result in some noticeable
TDG~SUMO formation after 2 h, SUMO-2 rates were poorer even at higher SUMO-2
concentrations (4 µM – 10 µM). With these experiments and findings in mind, new
assays at 37° C were performed next.
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Figure 11. TDG modification by SUMO-2 is dependent upon [SUMO-2].
A) TDG is not fully modified by SUMO-2 with longer incubation times. Longer time
points indicate continued modification at a slow overall rate, with approximately 50%
TDG converted to TDG~SUMO-2 after 24 h. B) SUMO-2 modification of TDG is
dependent upon SUMO-2 concentration. Time points listed are given in minutes. After
120 min, the amount of TDG modified by SUMO-2 decreases as a function of [SUMO-2]
(listed above each pair of lanes). At equimolar amounts of TDG and SUMO-2,
TDG~SUMO is no longer detectable after 120 min. By comparison, 2.5 µM SUMO-1
still modifies TDG after 120 min. T-S = TDG~SUMO.
TDG modification assays, using RanGAP1-NΔ419 once again as a control, were
performed at 37° C to more adequately assess modification rates under physiologically
relevant conditions. As expected with the increased temperature, modification rates for
both TDG and RanGAP1 increased (Figure 12). Interestingly, SUMO-2 modification of
TDG improved slightly but demonstrated the same overall trend as it had at 22° C – i.e., a
modification rate similar to SUMO-1 for the first 30 min of the reaction, only to stall for
the remainder of the reaction (A-C). RanGAP1 modification proceeded more or less to
completion with both SUMO-1 and SUMO-2 (panel D).
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Figure 12. Modification of TDG and RanGAP1-NΔ419 at 37° C.
A) TDG is readily modified by SUMO-1 and modified to approximately 50% by SUMO2 in the absence of DNA. B) TDG bound to AP-DNA demonstrates slightly slower
modification by SUMO-1 and approximately the same modification by SUMO-2 as
shown in panel A. C) TDG bound to undamaged, non-specific DNA is modified by both
SUMO-1 and SUMO-2 at rates similar to those shown in panel A. No substantial
alteration in rate is seen whether or not TDG has 28mer DNA present, and the damage
state of the DNA also has no apparent effect on in vitro modification rates. The only
stimulatory effect of DNA is seen when TDG is bound to 60mer DNA (B & C, right
panels), but, as shown with 28mer DNA, the presence of an AP site has no stimulatory
effect on modification. D) RanGAP1-NΔ419 modification proceeds to completion with
either SUMO-1 or SUMO-2. All time points shown are listed in minutes. T-S =
TDG~SUMO; RG-S = RanGAP1~SUMO; RG = RanGAP1.

Given that TDG incubated with SUMO-1 becomes fully modified, some
conclusions can therefore be drawn about what effects DNA has, if any, when TDG is
modified by SUMO-1. In the absence of DNA (panel A), TDG modification is complete
within 30-60 min. When bound to non-specific DNA (panel C), TDG modification
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proceeds at approximately the same rate, indicating that the presence or absence of DNA
does not alter the conjugation efficiency of the SUMO proteins for TDG. The most
striking finding, however, is the effect – or more appropriately, the lack thereof – of APDNA on TDG modification (panel B). TDG bound to an AP site is, if anything, modified
more slowly, rather than more rapidly, than TDG without DNA or TDG bound to NSDNA. This finding starkly contrasts the proposed model for TDG sumoylation, whereby
the SUMO proteins should preferentially modify TDG bound in an enzyme-product
complex, rather than TDG free in solution or bound elsewhere to DNA or proteins.
Length of DNA duplex, on the other hand, seemed to possess some ability to
stimulate TDG sumoylation. Whether using AP-DNA or NS-DNA 60mer (B & C, right
panels), TDG modification with SUMO-1 proceeded more rapidly than with a similar
28mer duplex. However, it is worth emphasizing that, when comparing the AP-DNA and
NS-DNA 60mers, the overall rates are once again quite similar; if anything, modification
of TDG bound to AP-DNA 60mer is slower than that of TDG bound to NS-DNA 60mer.
Therefore, the previously proposed model is still contradicted by our findings. It is also
worth noting the sequence of the 60mers themselves, which contain a total of five CpG
islands, compared to the single CpG dinucleotide context of the 28mer (where the target
base itself resides). It has not yet been determined whether the additional CpG islands
contribute to the stimulatory effect of longer DNA. However, addition of plasmid DNA
rather than 28mer DNA duplex also stimulated TDG sumoylation similar to 60mer
duplex addition (see A.1 in the Appendix).
Additional in vitro experiments were performed in the presence or absence of
HeLa nuclear extract (Figure 13) to attempt to corroborate findings from the original
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Schär laboratory publication, which indicated that the stimulatory effect of DNA may be
in part due to some as-yet unidentified component of the nuclear extract (22). In addition
to HeLa nuclear extract, some reactions also included SUMO-2-aldehyde (S2A), a
SUMO-2 derivative that acts as an irreversible inhibitor of SENPs (171).

Figure 13. TDG sumoylation rates in the presence of nuclear extract.
TDG modification assays were performed at 37° C and monitored via immunoblotting.
A) Blots using anti-6xHis antibody (631212) without the addition of DNA. B) Blots
against SUMO-1, using TDG bound to undamaged, non-specific 60mer. C) Blots against
SUMO-1, employing TDG bound to 60mer DNA containing an AP site. Without nuclear
extract, all modification rates are approximately the same. The inclusion of SUMO-2aldehyde (S2A) appears to alter the overall rates, likely by interfering with E1 & E2 as
well as SENP. A slight improvement in modification rate is seen with AP-DNA 60mer,
but only at longer time points. All time points listed are given in minutes. NE = HeLa
nuclear extract; T-S = TDG~SUMO.
As shown in Figure 13, the presence of nuclear extract had little noticeable effect
on the modification rate of TDG by SUMO-1. The addition of nuclear extract without
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SENP inhibitor resulted in less TDG modification as expected, indicating that any SENPs
present were likely active. Addition of the SENP inhibitor, however, only modestly
improved the modification rate in the presence of extract, likely due to interference of
S2A with the E1 and E2 enzymes. Moreover, addition of DNA-bound TDG to reactions
had little to no effect on the overall modification rate when compared to TDG without
DNA (A-C, right panels). It currently remains unclear whether some component of
nuclear extract (such as a SUMO E3) may help with TDG sumoylation, but our findings
indicate that DNA is not required for efficient modification, and any stimulatory effects
generated by DNA stem from size (or potentially the CpG content) of the DNA, rather
than from the presence of AP sites.
Modification of TDG using pre-formed E2~SUMO-1 thioesters occurs rapidly enough to
promote turnover – To more closely examine the final step in TDG sumoylation, single
turnover assays were performed, using an excess of TDG (1 µM) compared to reactant
(100 nM of E2~SUMO-1). E2~SUMO-1 was generated by incubating E1, E2, and
SUMO-1 with ATP for 15 min at 37° C in Mg2+ replete (5 mM MgCl2) buffer. A sample
from this reaction, containing the resulting thioester, was then diluted into buffer
containing TDG. The reaction buffer also contained 5 mM EDTA to chelate any Mg2+
remaining from the previous reaction mixture (now diluted to 500 µM), thereby
preventing further generation of E2~SUMO-1 during the conjugation reaction. As a
negative control, E2~SUMO-1 was also diluted into buffer that did not contain TDG, to
determine the background rate of decay of the inherently unstable thioester (231).
Samples were harvested at selected time points, separated via SDS-PAGE, and then
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transferred to nitrocellulose membranes for immunoblotting. Representative examples of
these blots are shown in Figure 14.

Figure 14. TDG is rapidly modified by E2~SUMO-1.
A) Representative blots of TDG sumoylation under single turnover conditions.
E2~SUMO-1 only (no TDG present) is shown as a control, indicating that the thioester is
relatively stable throughout the entire time course. With or without DNA present, all
available E2~SUMO-1 has transferred SUMO-1 to TDG within 120 s. B) Quantification
of time points shown above. Since the reaction rates slow as E2~SUMO-1 is consumed,
only the linear phase for each data set is plotted. However, for samples with no DNA
(green triangles) the 60 s time point is plotted (denoted with asterisk), even though it is
excluded from rate determination. Linear regression analysis obtains rates of kobs = 1.1
min-1 (no DNA), kobs = 0.78 min-1 (AP-DNA), and kobs = 0.53 min-1 (NS-DNA).
Each set of reactions was performed in triplicate, and any time points where
fluorescence intensity no longer changed were considered “complete”. The intensity of
these data points were averaged, and the fraction product formed at earlier time points
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was generated by dividing the fluorescence intensity at a given time point by the average
intensity of the “complete” time points present on a given blot. Differences in
fluorescence intensity when comparing E2~SUMO-1 to TDG~SUMO-1 are likely due to
differences in the presentation of the SUMO-1 epitope by each conjugate species. Similar
experiments were attempted with SUMO-2 but were not completed due to poor
performance of the SUMO-2 monoclonal antibody.
Linear regression analysis of the initial phases of the reactions indicate once again
that TDG is not modified more rapidly when bound in an enzyme-product complex.
Observed rates for DNA-bound TDG are, in fact, slower than those for TDG without
DNA present. However, these results were surprising, since the overall rate of the final
step of the reaction proceeded so quickly. Given that E2~SUMO-1 fully conjugates
SUMO-1 to TDG within minutes, even when TDG is bound to DNA, the possibility
remained that sumoylation could have some effect on enzymatic turnover. However, this
role appeared to be a remote possibility at best, as will be discussed later.
The rapidity with which TDG was modified by E2~SUMO-1 led us to compare
TDG sumoylation with other SUMO targets, such as p53 (which is modified in the Cterminus), RanGAP1, and the phosphorylated form of myocyte enhancement factor 2
(MEF2p) (232,233). All three SUMO targets have been experimentally determined to be
modified relatively quickly by SUMO, but their respective affinities for E2~SUMO are
also relatively low. To examine the dependence of TDG’s sumoylation on TDG
concentration, single turnover assays were performed in the presence of varying TDG
concentrations (120 nM – 3.6 µM) (Figure 15). Experiments were performed as described
above, and data was fitted by linear regression analysis of each experiment – i.e., plotting
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a kobs value for a given TDG concentration using any time points contained within the
linear phase. This consisted of at least three time points per experiment, and a kobs value
was then assigned to the TDG concentration. Using a hyperbolic fit, kmax and K1/2 values
were generated by plotting kobs values as a function of [TDG].

Figure 15. Dependence of sumoylation rate on TDG concentration.
A series of immunoblotting experiments were analyzed and fitted, varying TDG
concentration to examine the effect on single turnover rate of SUMO-1 transfer from the
E2~SUMO-1 thioester to TDG. Data were fitted to the hyperbolic equation: kobs =
kmax[TDG]/(K1/2 + [TDG]). Error bars represent ± 1 s.e. Where error bars are not visible
or are obscured, they are smaller than the symbol.

The fitted data for TDG yielded a maximal rate constant of kmax = 1.55 ± 0.16
min-1 and K1/2 = 0.55 ± 0.17 µM. These data are shown along with published values for
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RanGAP1, p53, and MEF2p in Table 2. TDG is modified by SUMO-1 at rates roughly
similar to p53 and MEF2p, but the affinity of E2~SUMO-1 for TDG is at least six-fold
higher than even RanGAP1. The high affinity of E2~SUMO-1 for TDG suggests there
may be contacts specific to E2~SUMO and TDG that explain the affinity, or that the
close proximity of the SIM within TDG to the modification site lends itself to tighter
affinity between the proteins.
Table 2. Sumoylation rates and affinities for SUMO-1 targets.
SUMO target
RanGAP1-NΔ419
p53 (320-393)
MEF2p
TDG

kmax (min-1)
40 ± 9
1.3 ± 0.1
3.2 ± 0.1
1.55 ± 0.16

K1/2 (µM)
2.9 ± 1.0
40 ± 6
240 ± 30
0.55 ± 0.17

Reference
(232)
(232)
(233)
(234)

TDG~SUMO-1 binds with high affinity to abasic DNA – Because TDG could be reliably
modified to completion by SUMO-1, TDG~SUMO-1 was employed in a series of
EMSAs to determine what affinity, if any, modified TDG had for AP-DNA. Previous
studies using TDG~SUMO constructs utilized the catalytic domain of TDG plus the
relevant sumoylation residues (TDG111-339) (213,214), which does not recapitulate the
DNA binding capacity of the full-length enzyme for all substrates. Measurements of
TDG versus the catalytic domain only (TDG111-308) via fluorescence anisotropy, for
example, indicated that TDG111-308 bound a 16mer containing a G·U mismatch with
approximately 10-fold weaker affinity than TDG (28). While this is not necessarily a
predictive value per se, it does indicate the relevance of N-terminal residues in binding to
substrate (and potentially product), which will be covered in greater detail in Chapter IV.
TDG~SUMO-1 was obtained in two separate ways: first, an overnight in vitro
assay was set up at 22° C, using 0.5 µM E2 instead of 1 µM E2, to generate a TDG
64

species that was 100% modified without exposing it to higher temperatures where it may
become prone to aggregation (235). An SDS-PAGE of two separate reactions, one with
ATP and one without ATP to demonstrate complete modification, are shown in A.2 of
the Appendix. TDG~SUMO-1 can also be produced recombinantly in E. coli, following
protocols that are effectively the same for SUMO-1 modified TDG111-339 (213), which
yield fully modified TDG. Alterations made to the protocol for purifying TDG~SUMO-1
(and TDG~SUMO-2) are covered in greater detail in the Materials and Methods section
of Chapter III. AP-DNA was generated via incubation with a small amount of hUNG,
verified for cleavage by denaturing PAGE, then 10 nM of the FAM-labeled product was
incubated with TDG or TDG~SUMO-1.
The results of the EMSAs are shown in Figure 16. As expected, TDG binds to
AP-DNA with high affinity (left panel), revealing a noticeable band of protein:DNA
complex with as little as 5 nM TDG present, suggesting essentially an equimolar shift
(~50% DNA bound, indicating nearly 100% of protein present was bound to DNA). APDNA is fully bound in the presence of 50 nM TDG (likely fully bound at TDG
concentrations between 10 nM and 50 nM that are shown, given a Kd of TDG for APDNA of 1.4 ± 0.4 nM (28)). At higher TDG concentrations, TDG binds to AP-DNA in a
2:1 complex, which, according to crystallographic studies, is not likely to have a
physiological role (15,28).
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Figure 16. TDG~SUMO-1 displays weakened but substantial binding to AP-DNA.
Electrophoretic mobility shift assays of 10 nM DNA bound to varying concentrations of
TDG or TDG~SUMO-1 reveal weakened, but still relatively high, affinity of SUMOmodified TDG for AP-DNA. Unmodified TDG (left panel) binds AP-DNA similarly to
previously published data. TDG modified by SUMO-1 either in vitro (center panel) or in
vivo (right panel) displays weakened binding to AP-DNA, with approximately 50% of the
DNA bound to protein in lanes containing 50 nM TDG~SUMO-1.
TDG~SUMO-1, whether produced in vitro or recombinantly, displays remarkably
similar binding characteristics. This indicates that the remaining components of the in
vitro reaction (E1, E2, and/or excess SUMO-1) have no effect on TDG~SUMO’s ability
to bind DNA. Importantly, the 1:1 TDG:DNA complex formed by TDG~SUMO-1 and
AP-DNA shifts slightly higher than the complex formed by unmodified TDG and APDNA, which further reinforces that all TDG present in the center and right panels is
completely modified. Most striking, however, is that TDG~SUMO-1 still binds to
product relatively tightly – while EMSAs are a largely qualitative method, it appears that
both forms of TDG~SUMO-1 shift approximately 50% of the AP-DNA in the lanes that
contain 50 nM TDG~SUMO-1. If an approximate Kd can be gleaned from this value (≈
50 nM), then this indicates that sumoylation weakens TDG’s binding to product by at
least 50-fold, if not more, when compared to previous anisotropy data (28). However, the
presence of both 1:1 and 2:1 TDG:DNA complexes indicate that TDG~SUMO-1 does not
66

spontaneously and completely dissociate from product, as might be suggested from
previous studies (22,213,214). Moreover, differences in conditions (such as ionic
strength) between EMSAs and fluorescence anisotropy may not allow for such a direct
comparison of estimated dissociation constants.

Discussion
Potential explanations for differences in modification by SUMO-1 and SUMO-2 – The
first finding of interest from these in vitro studies was that TDG was more efficiently
modified by SUMO-1 than SUMO-2. This result was demonstrated at two different
reaction temperatures (22° C and 37° C), indicating that the phenomenon could be
reliably reproduced. Closer examination of gel images, however, indicated that
modification rates were nearly identical for SUMO-1 and SUMO-2 at the earliest time
points taken (compared 5 min, 15 min, and 30 min time points of both SUMO-1 and
SUMO-2 in Figure 11). After 30 min, the SUMO-2 reaction seemed to slow
considerably, while SUMO-1 continued modifying TDG efficiently.
However, from a kinetics standpoint, this may in fact make a great deal of sense.
Previous studies have demonstrated that SUMO-1 and SUMO-2/3 are expressed at quite
different levels in cells – SUMO-2/3 is present at roughly 10-fold higher levels than
SUMO-1, and their conjugation status within the cell is quite different – i.e., SUMO-1
exists largely in a conjugated state, while SUMO-2/3 largely exists in a deconjugated
state (102). That so much free SUMO-2/3 exists in cells, particularly in relation to
SUMO-1 levels, would, in and of itself, favor modification by SUMO-2/3 rather than
SUMO-1. It may also mean that the E1 and E2 enzymes are fine-tuned such that they
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interact more strongly with SUMO-1, so that whenever SUMO-1 is present in cells, it can
be conjugated efficiently to its target protein. SUMO-2/3, on the other hand, may rely
upon sheer abundance to drive the modification reaction forward. Therefore, repeating
these initial experiments with higher concentrations of SUMO-2 – with, for example, 50
– 100 µM SUMO-2 present in reactions instead of 10 µM SUMO-2 – may yield a
concomitant increase in TDG modification by SUMO-2 in vitro. Additionally, these
reactions have not yet been performed in the presence of SUMO E3s, such as the PIAS
proteins, which may confer some measure of specificity for SUMO-2/3 modification of
TDG. SUMO-1 modification of TDG, however, occurs efficiently enough that a
requirement for a SUMO E3 seems unlikely.
TDG modification is efficient but not selective for TDG bound in an enzyme-product
complex – Assaying TDG modification in vitro under both multiple turnover and single
turnover conditions demonstrated that sumoylation proceeded at similar rates regardless
of the presence or absence of DNA, or of an AP site within DNA. These data indicate
that product-bound TDG is not preferentially modified over TDG that is free in solution
or TDG bound to undamaged DNA. TDG sumoylation rates were not tested using
substrate-bound TDG, either by employing non-hydrolyzable analogs or by using the
N140A mutant of TDG, but there is little indication from the data already collected that
substrate-bound TDG would be preferentially modified.
The only context in which DNA stimulated TDG modification was when
comparing short (28bp) oligomers to longer (60bp) oligomers or plasmid DNA. A similar
effect has been seen for other SUMO targets, such as poly(ADP-ribose) polymerase 1
(PARP-1), which is modified by SUMO in a DNA-dependent manner (236). However,
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unlike TDG, PARP-1 demonstrates a clear preference for sumoylation when PARP-1
interacts with intact DNA rather than damaged DNA. Additionally, sumoylation has no
effect on the catalytic properties of PARP-1, nor does sumoylation affect PARP-1’s
ability to bind DNA.
The results from single turnover experiments, however, left open the slim
possibility that TDG sumoylation could still stimulate turnover. Since the final step of
modification occurs rapidly (kobs = 0.5 – 1.1 min-1), sumoylation could still stimulate
turnover if dissociation from product (koffP) is sufficiently enhanced by the modification.
That said, the overall process would be potentially wasteful, since TDG that is not bound
to DNA (or TDG bound to undamaged DNA) can apparently be just as readily modified,
at the cost of one ATP per modification reaction. In addition, since G·T mispair function
is lost upon modification, restoration of this activity would require deconjugation by one
of the SENP enzymes before another catalytic cycle could be performed on G·T mispairs.
It is possible some other in vivo factor confers some added level of specificity to prevent
unnecessary sumoylation, but there was no indication from assays performed with HeLa
nuclear extract that such a factor exists.
Affinity of TDG~SUMO-1 for AP-DNA suggests its DNA binding properties are dynamic
– Our findings from EMSAs also contradict previously published findings, which
suggested that TDG~SUMO possessed little to no affinity for DNA, whether it be
substrate, product, or non-specific DNA. TDG~SUMO-1 clearly bound to AP-DNA with
relatively tight affinity, though determining a quantitative dissociation constant would
require more rigorous experiments, such as isothermal titration calorimetry or
fluorescence anisotropy. TDG~SUMO-1 also demonstrated considerably weaker binding
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than unmodified TDG, which binds tightly enough to AP-DNA that accurately measuring
its binding affinity would likely require even more sensitive techniques than what are
currently available (28). This may, in fact, mean that sumoylation disrupts binding to APDNA to a greater extent than what EMSAs indicate. However, the relatively strong
affinity of TDG~SUMO-1 for AP-DNA suggests that SUMO-modified TDG could
shuttle on and off an AP site, rather than remaining completely dissociated. With these
collected findings in mind, a revised model of TDG sumoylation is necessary, which is
depicted below (Figure 17).

Figure 17. A revised model for TDG sumoylation.
This model outlines several directions by which TDG (orange) can be modified by
SUMO (yellow “S”). According to our in vitro data, the E2~SUMO thioester can readily
modify TDG when free in solution (top) or DNA-bound TDG (undamaged indicated with
“C”, AP sites indicated with red “AP”). Red lines and arrows indicate the pathway
favored by the previously proposed model, which is not favored by our findings.
TDG~SUMO could dissociate and potentially rebind to DNA, indicated by dotted lines
and question mark. Double asterisks indicate free TDG~SUMO, which should be
targeted for deconjugation by SENP enzymes.
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This model demonstrates that TDG is readily modified by SUMO regardless of
whether it is bound to DNA (or damaged DNA), and that TDG~SUMO still possesses
strong affinity for AP-DNA.
TDG is a high-affinity SUMO target – Single turnover experiments performed with
varying TDG concentrations also indicated that TDG associates relatively tightly with the
E2~SUMO-1 thioester, given the reported K1/2 value of 0.55 µM (Figure 15). The affinity
of TDG for E2~SUMO is orders of magnitude tighter than p53 or MEF2p, and several
fold tighter than RanGAP1-NΔ419. This suggests the possibility that E2~SUMO may
make novel contacts with TDG, which could be uncovered structurally and characterized
through mutational analyses. Alternately, the close proximity of the TDG SIM to the
modification lysine may also adequately explain the affinity, since none of the other
proteins listed in Table 2 have an experimentally determined SIM so close to their
modification sites. With these features in mind, TDG may prove a useful model for how
conjugation (and potentially deconjugation) occurs for other SUMO targets.
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Chapter III – Sumoylation of thymine DNA glycosylase abrogates thymine removal
from G·T mispairs but retains substantial G·T binding and retains activity on its
other substrates

3.1 – Introduction

While the findings covered in Chapter II are broadly indicative that the current
paradigm may be at least partly incorrect about the role of TDG sumoylation, some key
elements of TDG’s function were unknown at the time of the initial finding that TDG is a
SUMO target. Most importantly, the recent discovery that TDG plays a critical role in
active DNA demethylation has a number of meaningful implications for what role
sumoylation may play (18-21). Tdg-/- deletions are embryonic lethal in mice, and that the
action of the double knockout is directly linked to TDG glycosylase function points to an
essential role of TDG during the active demethylation phase of embryonic development
(TS17 – TS21) discussed earlier. The initial studies performed in mice and MEFs did not
employ any sumoylation-defective mutants (K341 in mice); only catalytically inactive
variants (N151A) were employed, which did not rescue lethality (20). However, one
might predict that, if sumoylation played an important role in regulating the enzymatic
turnover of TDG, a sumoylation-defective TDG mutant would display some measure of
aberrant phenotype or even embryonic lethality itself.
Previous discussions of the potential for sumoylation to regulate enzymatic
turnover were limited to function on G·T and G·U mispairs, which were, at the time,
considered the predominant substrates for TDG. Because TDG also excises 5fC and
5caC, it is important to assess what changes (if any) occur with respect to 5fC and 5caC
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binding and excision when TDG is sumoylated. Since sumoylation weakens DNA
binding, some effects on oxidized 5mC derivatives can be predicted – namely, that
TDG~SUMO should bind these substrates more weakly. Weakened binding to 5fC and
5caC substrates could result in lower excision of these bases, or have little effect
whatsoever on their excision. However, the possibility also exists that activity on 5fC and
5caC could be abolished altogether, as it is for removal of T from G·T mispairs.
Additionally, there could be differential processing of 5fC or 5caC, such that one
substrate becomes favored over the other, or a given SUMO isoform could demonstrate
altered binding and/or activity on these substrates.
To address these possibilities, enzyme assays and DNA binding studies were
performed, employing both TDG~SUMO-1 and TDG~SUMO-2, examining DNA
substrates containing G·T, G·U, G·fC, and G·caC. While single turnover enzyme assays
demonstrate that sumoylation greatly decreases the maximal rate of G·U, G·fC, and
G·caC excision, multiple turnover experiments show that enzymatic turnover is largely
unaffected by sumoylation. DNA binding studies, employing both EMSAs and
fluorescence anisotropy, show even more remarkable findings; both SUMO-modified
forms of TDG readily bind to both G·caC and G·T substrates. These findings indicate
that the currently-accepted model, whereby sumoylation regulates TDG turnover, is
incorrect, and that sumoylation likely plays a different, as-yet undiscovered, role in vivo.
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3.2 – Materials and Methods
Materials
DNA synthesis and purification – ODNs were synthesized, purified, and annealed largely
as described previously in Section 2.2, using the same sequences listed previously (Figure
8). For target strands, x = dT, dU, 2’FdT (for EMSA and fluorescence anisotropy), 5fC,
or 5caC. FAM-labeled DNA employed for EMSAs contained a 3’-6-FAM label on the
complement strand (instead of the target strand as shown in Figure 8). ODNs used for
fluorescence anisotropy employed a complement strand with a 5’-sulforhodamine (Texas
Red, or TR) fluorophore, synthesized by Midland Certified Reagent Company. Studies
involving anisotropy of protein-DNA interactions have demonstrated that TR is a
preferred fluorophore for anisotropy experiments involving protein-DNA interactions, as
it most closely mimics the rotational freedom and motion of a DNA molecule without a
fluorescent label (237-239).
Protein expression and purification – Recombinant wild-type TDG, TDG N140A,
TDG~SUMO-1, TDG~SUMO-2, TDG N140A~SUMO-1, and TDG N140A~SUMO-2
were expressed largely as described in Section 2.2, except that starter cultures (100 mL)
were inoculated with 15-20 colonies picked from a freshly transformed LB plate.
Inoculation of a 5-mL starter culture with a single colony and allowing it to grow
overnight meant that the first starter culture reached stationary growth phase; avoiding
this stationary phase in future expressions yielded larger cell pellets and better overall
protein yields. For all SUMO-modified constructs, induction with 0.4 mM IPTG was
performed overnight at 22° C instead of 16° C.
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All TDG constructs were purified using the same general protocol. Harvested
cells were resuspended in 2-5 mL of lysis buffer with one cOmplete Mini protease
inhibitor tablet (Roche) per 10 mL of lysis buffer. Cells were transferred to sterile
centrifuge tubes and frozen with dry ice before storage at -80° C. To begin purification,
cells were thawed at room temperature until the volume contained a small fraction of ice
(i.e., not thawed completely); once reaching this state, 1 mg of chicken egg white
lysozyme (Sigma) per mL of volume was added, along with 10x Bugbuster reagent
(Millipore) to a final concentration of 1x. Cells were stirred thoroughly on ice for 30 min
until cells had sufficiently lysed. The quality and extent of lysis was checked by pipetting
with a sterile transfer pipet to check the viscosity of the resolubilized cells; when lysis
occurs, the genomic DNA of the bacteria is released, resulting in a highly viscous
mixture. Once the cells appeared sufficiently viscous, 3-5 µL of 250 U/µL Benzonase
DNase (Sigma) was added to the mixture (approximately 25 U/mL final concentration is
typically effective). The cells were stirred for an additional 30 min on ice until the
nuclease sufficiently digested genomic DNA, which was again checked by monitoring
viscosity. Once the cells were sufficiently cleared of genomic DNA, a small sample (2050 µL) was set aside in a sterile Eppendorf tube as a whole cell extract (WCE) sample,
while the rest was loaded into centrifuge tubes and centrifuged for 30 min at 15,000 rpm
in an ultracentrifuge.
While the cells were being processed, a small amount (usually 3-5 mL) of nickelnitrilotriaacetic acid (Ni-NTA) Superflow matrix (Qiagen) was loaded into a clean
gravity column. The Ni-NTA beads were washed at 4° C with 10-20 column volumes
(CVs) of deionized H2O, followed by rinsing and incubation for 1 h at 4° C in 1x lysis
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buffer (50 mM NaPO4 pH 8.0, 300 mM NaCl, 10 mM imidazole, 10 mM BME; 10 CV
wash). The Ni-NTA beads remained in lysis buffer until the pellets were centrifuged. To
avoid the potential for contamination, separate batches of Ni-NTA beads were used for
wild-type and N140A mutant purifications.
After centrifugation, cell debris and genomic DNA were largely spun down,
leaving a soluble fraction (SF), which was carefully pipetted off into Falcon tubes, taking
special care to avoid disturbing pelleted matter or pipetting any cell debris. A small
sample of SF was set aside for future SDS-PAGE analysis, and the remainder was
incubated on the equilibrated Ni-NTA beads for 1 h at 4° C with low shaking. The
flowthrough (FT) from the incubation was collected, and all subsequent wash and elution
steps were incubated for 5 min before elution of the given volume. The beads were rinsed
with 10 CV of lysis buffer containing 1 M NaCl to disrupt proteins binding to the NiNTA non-specifically. The beads were then rinsed with 10 CV of buffer containing 20
mM imidazole to disrupt weakly bound proteins. Proteins of interest were then eluted
stepwise with 3 x 5 mL washes of buffer containing 150 mM imidazole, followed by 2 x
5 mL washes of buffer containing 250 mM imidazole. A final wash of 10 CV of buffer
containing 500 mM imidazole was performed before rinsing the beads according to
manufacturer’s instructions and storing them for future use. All collected fractions,
including WCE, SF, and FT, were then analyzed via SDS-PAGE with Coomassie
staining to verify that the desired protein was soluble and had eluted from the Ni-NTA
beads at the expected imidazole concentrations. TDG constructs eluted largely within the
first three (150 mM imidazole) elution steps, but the 150 mM and 250 mM washes were
pooled to obtain as much protein as possible.
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The pooled fractions were then diluted into 20 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), pH 7.5, containing 10 mM NaCl to a final
NaCl concentration of approximately 100 mM NaCl. Given the 25 mL volume of pooled
fractions from the Ni-NTA column, this meant dilution with 50 mL of HEPES buffer.
The HEPES buffer was added slowly to the pooled fractions, rather than vice versa, to
avoid protein precipitation.
A pre-packed 5-mL HiTrap SP High Performance column (GE Healthcare) was
rinsed and equilibrated at 4°C with at least 5 CV of Buffer A (20 mM HEPES pH 7.0, 75
mM NaCl, 0.2 mM EDTA, 1 mM DTT). After removing a small sample from the pooled
and diluted fraction, the remainder was loaded onto the SP column, and the FT was
collected. The column was then rinsed with an additional 5 CV of Buffer A, and this
wash step was also collected. TDG constructs were then purified with a gradient of 0% 100% Buffer B (Buffer A containing 1 M NaCl) over 150 mL, 2-5 mL/min, collecting 3mL fractions. All TDG constructs eluted from the SP column in the same range, broadly
eluting from fractions 17-29, with a main peak from fractions 18-24 (390-520 mM NaCl).
Fractions were analyzed via SDS-PAGE with Coomassie staining, and fractions judged to
have primarily TDG with as few contaminants as possible were pooled for further
purification.
The pooled SP fractions were concentrated and dialyzed using Centriprep
centrifugal filter devices (Millipore) with a 10 kiloDalton (kDa) nominal molecular
weight cut-off (MWCO). The fractions were concentrated to a volume of 1-2 mL and
buffer exchanged repeatedly with Buffer A until a final salt concentration of
approximately 100 mM NaCl (or lower) was again reached. The fraction (typically 5-10
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mL) was then loaded onto a Mono Q 5/50 GL column (GE Healthcare) pre-equilibrated
with Buffer A. TDG constructs were then purified from the Mono Q column with a
gradient of 0% - 25% Buffer B over 30 mL, 0.5 mL/min, collecting 1-mL fractions. All
TDG constructs again eluted at roughly the same point, from fractions 17-22 with a main
peak from fractions 19-21 (220-240 mM NaCl).
A Mono Q column was employed for TDG purification to separate full-length
protein from an as-yet unidentified TDG C-terminal truncation (or degradation) product
which does not separate on earlier purification steps or on lower-quality Q sepharose
columns. While the Mono Q does not remove all such truncation products, several large
bands are lost in earlier fractions of the Mono Q gradient (Figure 18). This yields a higher
percentage of intact TDG in protein stocks. However, the truncation products shown are
also entirely SUMO-modified (if the SUMO plasmid is co-transformed), meaning that the
truncations occur C-terminal to the modification site. The relevance of the C-terminal
residues is unclear, since they are dispensable for enzymatic function and DNA binding;
therefore, any remaining TDG truncation products in the final protein stocks are not
thought to interfere with any assay techniques performed.

Figure 18. Separation of TDG from TDG truncations.
SDS-PAGE analysis of fractions from Mono Q column after recombinant expression and
purification of TDG N140A. TDG truncation products (lanes 11-14) elute earlier than
intact, full-length enzyme (lanes 17-22). L = Mono Q load sample.
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After determining purity from the Mono Q column, the fractions were pooled and
concentrated using Amicon Ultracel filtration devices (Millipore) with 10kDa MWCO.
The fractions were buffer exchanged at least tenfold with storage buffer (20 mM HEPES
pH 7.5, 100 mM NaCl, 0.2 mM EDTA, and 1 mM DTT) before the final protein
concentration was estimated using absorbance at 280 nm (ε280 for TDG~SUMO-1 =
37.82 mM-1cm-1; ε280 for TDG~SUMO-2 = 34.84 mM-1cm-1). Final protein stocks were
aliquoted, flash-frozen, and stored at -80° C.
Methods
TDG glycosylase assays – Multiple turnover and single turnover assays were performed
with TDG constructs largely as described previously (19,222,235). Assays were
performed in 20 mM HEPES pH 7.5, 100 mM NaCl, 0.2 mM EDTA, and 0.1 mg/mL
BSA. Previous studies employed 2.5 mM MgCl2 in the assay buffer (23), largely because
APE1 has a requirement for Mg2+; however, Mg2+ was omitted here since it is not
necessary for TDG function and it prevents any potential nuclease contamination from
confounding the results. All reactions for both single turnover and multiple turnover
experiments were performed at 37° C (unless otherwise specified) by incubating the
reaction mixture in a dry bath incubator set to 37° C.
All reaction components aside from enzyme were mixed and incubated for 5 min
at 37° C, then TDG or TDG~SUMO was added with careful mixing to initiate the
reaction. At selected time points, aliquots were removed, quenched with 3x quench buffer
(300 mM NaOH, 30 mM EDTA), and heated at 85° C for 3 min to cleave the DNA
backbone at AP sites generated by glycosylase function. The DNA was then denatured,
separated, and analyzed via HPLC on a DNAPac 200 anion-exchange analytical column
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(Fisher Scientific) as described previously (222). A typical sample volume for HPLC
analysis was 120 µL (of which 40 µL is quench buffer); because single turnover reactions
typically measured larger amounts of product formation, it was possible to use an aliquot
size as low as 40 µL and still obtain reliable data (making up the remainder of the sample
volume with diH2O). Smaller aliquot sizes allowed for conserving both enzyme and
substrate, as well. For multiple turnover reactions, however, where the earliest time
points may only contain a small amount of product, the aliquots remained 80 µL in size.
Data from at least three independent experiments were fitted using GraFit 5 (240).
Single turnover assays were performed with at least a two-fold excess of enzyme
to substrate and a substrate concentration well above the expected Kd of the enzyme for
the given substrate ([E] > [S] >> Kd). Since TDG~SUMO expression and purification
typically resulted in low (<1 mg/L) protein yields, a protein concentration of 1.5 µM was
used in all TDG~SUMO glycosylase assays, along with 500 nM of DNA duplex (as
opposed to 5 µM enzyme and 500 nM DNA in previous studies), while TDG assays
utilized 2.5 µM enzyme. Time points were collected that adequately captured the full
progress curve and maximal rate of the enzyme (kmax, which is not influenced by either
product release or product inhibition) and demonstrated that the reaction proceeded to at
least 90% complete. Data were fitted to the following equation:
Equation 1
fraction product = A(1 – e-kt)
where A is the amplitude of the reaction (which should approximate the concentration of
DNA used), k is the rate constant, and t is time (min).
Multiple turnover assays were performed with an excess of substrate to enzyme
([S] >> [E]), employing 50 nM TDG or TDG~SUMO and 1 µM DNA. Time points were
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collected in both the initial exponential phase as well as the linear, steady-state phase.
Data were fitted to the following equation:
Equation 2
product (nM) = A(1 – e-kt) + vt
where A is the amplitude of the initial exponential phase, k is the rate constant for the
exponential phase, v is the velocity for the steady-state phase, and t is time (min). The
rate constant for the steady-state phase (kcat), which takes into account product release
and product inhibition, could then be determined by dividing the fitted value for v by the
enzyme concentration. Comparing results from each type of assay generated useful
information about the rate-limiting steps of the glycosylase reaction for TDG~SUMO
(Figure 19).

Figure 19. General kinetic mechanism of a monofunctional glycosylase.
The rate constants for both single- and multiple-turnover reactions are affected by a
number of steps. Single turnover reactions (kmax) take into account binding affinity (Kd)
as well as the rate of base flipping into the active site (Kflip). Multiple turnover reactions
take these into account as well as the rate of the chemical cleavage step (kchem), and the
effects of product release (koffP*) and product inhibition (konP**/koffP**) to yield a steadystate rate (kcat).
Fluorescence anisotropy and data fitting – Equilibrium binding of TDG and
TDG~SUMO to various DNA substrates was monitored via fluorescence anisotropy,
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using a QuantaMaster 40 fluorometer (Horiba/Photon Technologies International) and
detecting the fluorescence signal of 5’ TR-labeled DNA duplexes, as described in the
Materials section. Experiments were set up using molecular biology-grade reagents, and
equilibration buffer contained 20 mM HEPES, pH 7.5, 100 mM NaCl, 0.2 mM EDTA,
and 0.1 mg/mL BSA.
Data points of varying TDG or TDG~SUMO concentrations were set up using 1.5
mL Protein LoBind Eppendorf tubes (for samples containing TDG or TDG~SUMO) or
1.5 mL DNA LoBind Eppendorf tubes (for samples containing labeled DNA only). DNA
stocks were generated by diluting TR-labeled duplex into 1x equilibration buffer until the
desired stock concentration was generated (typically a 25x working DNA stock). Protein
dilutions were performed by calculating the amount of concentrated protein stock
required to generate a 10 µM stock solution, and a sample from the 10 µM stock was
serially diluted into 1x equilibration buffer to generate a series of stock solutions from 1
nM – 1 µM in final TDG/TDG~SUMO concentration. DNA and protein stocks were
thawed and stored on ice while in use.
Each data point (125 µL final volume) was generated by first determining the
correct TDG stock solution to use, keeping the total volume being pipetted into any given
sample above 1 µL and below 20 µL to minimize the potential for pipetting error. The
volume of TDG required was subtracted from the total volume, and an additional 5 µL
were subtracted to account for the 25x DNA stock to be added to the sample. The volume
remaining was first added to each tube by carefully adding 1x equilibration buffer. Buffer
could be pipetted repeatedly with the same sterile tip, but only as long as the volume
appeared to be the correct amount in the tip; the formation of a meniscus in the tip
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indicated the tip needed to be changed. 5 µL of DNA working stock was then added, and
finally TDG/TDG~SUMO was added from the correct protein stock to reach the final
volume. When pipetting DNA and TDG from their respective stock solutions, it was
imperative to pipet from the stock without any mixing to ensure that the correct volume
was being drawn into the pipet tip.
Due to potentially slow release of the TDG:DNA complex, samples were
incubated at room temperature for a minimum of 30 min (for G·T substrates) or 1 h (for
G·caC substrates) before beginning data collection. All samples were covered in foil
when possible to avoid photobleaching of the fluorophore. When data were collected, the
samples were pipetted into a 4 mm quartz cuvette using an adapter to fit the 1 cm holder
(Starna Cells). To ensure that the path of the excitation beam would be contained entirely
with the small sample volume, a small spacer (cut from the end of a pipet tip) was placed
beneath the cuvette. The cuvettes were cleaned thoroughly with 70% ethanol, at least 10
rinses in diH2O, and dried with compressed nitrogen gas in between samples. Between
runs, cuvettes were cleaned with concentrated detergent (Starna Cells), rinsed, stored
overnight in 5M nitric acid, and rinsed again to remove residual acid.
Anisotropy data were collected in T format over 180 s intervals and covered
protein concentrations ranging from as low as 0.01 nM to as high as 10 µM. The
excitation monochromator employed a wavelength of 590 nm with a 3 nm band pass.
One photomultiplier (PMT) was connected to a single-emission monochromator set to
615 nm with a 6 nm band pass. The other PMT was connected directly to the sample
compartment, and wavelength selection was provided by a 628 nm band pass filter (40
nm total width; Semrock, Inc.). Excitation and emission monochromators were also
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enhanced with 586 nm and 624 nm band pass filters, respectively (Semrock, Inc.). Gfactor calculations were performed using the “Calculate GFactor” setting within the
acquisition mode of the Felix32 software (Horiba/Photon Technologies International).
For samples containing 1 nM DNA, the band passes of the excitation and emission
monochromators were set to 6 nm and 8 nm, respectively.
Equilibrium dissociation constants for TDG and TDG~SUMO constructs bound
to TR-labeled DNA were determined by global fitting of collected data points from at
least three independent experiments to one-site and two-site models using DynaFit 4
(241,242). Parameters generated by DynaFit included dissociation constants for TDG
bound in either a 1:1 or 2:1 complex with the DNA, as well as calculated anisotropy (r)
values for free DNA (rD), 1:1 TDG:DNA complex (rED), and 2:1 TDG:DNA complex
(rEED). DynaFit also provided comparisons of each model based on Fisher’s F-statistic,
where p < 0.05 is considered significant. While TDG is capable of binding to DNA in a
2:1 complex, there has been no evidence so far to indicate that the second binding site has
physiological relevance, or that there is cooperativity among the binding sites (28).
Moreover, the binding sites are also considered non-equivalent, since there is only one
target site on the substrate. Therefore, our focus is upon the first binding event (Kd1),
which describes the binding to substrate DNA at its lesion site. In cases where the twosite model predicted a Kd2 value that was lower than the Kd1 value (which should not
occur outside of cooperative binding) and where the final anisotropy value indicated 1:1
binding only, the two-site model was set aside in favor of the fit generated by the one-site
model. Where possible, anisotropy data has been supported qualitatively by EMSAs, as
described below.
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Example script used in DynaFit 4 (G·caC data fitting)
[task]
data = equilibria
task = fit
model = one site ?
[mechanism]
E + D <==> ED : Kd1 dissoc
[constants]
Kd1 = 20 ?
[concentrations]
D=1
[responses]
intensive
D = 0.19 ?
ED = 0.25 ?
[data]
variable E
plot logarithmic
set N14016S2GcaCa (each separate set listed on a separate line)
[output]
directory ./(output subdirectory)
; ____________________________________________________________
[task]
data = equilibria
task = fit
model = two sites ?
[mechanism]
E + D <==> ED : Kd1 dissoc
ED + E <==> EED : Kd2 dissoc
[constants]
Kd1 = 20 ??
Kd2 = 1000 ??
[responses]
intensive
D = 0.19 ??
ED = 0.25 ??
EED = 0.28 ??
; ____________________________________________________________
[set:N14016S2GcaCa]
D, (nM) anisotropy
;(data goes here; concentration and anisotropy separated by a space)
;(each data set listed individually, using headers listed above)
[end]
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Example script using DynaFit 4 – The script used to fit binding of TDG-N140A~SUMO2 to 1 nM of TR-labeled G·caC substrate is provided to illustrate the fitting models used.
Values with “?” or “??” are used as starting points for data fitting, but omission of the
question marks fixes the parameter to the given value. The rED parameter was fixed in
this way when fitting binding of TDG~SUMO to 10 nM G·T substrate (using the rED
value determined from unmodified TDG data), because fitting performed with rED as a
variable yielded values for the second binding site (Kd2) that were nearly identical to Kd1
and did not agree well with EMSA findings.
Electrophoretic mobility shift assays – EMSAs were set up, performed, and analyzed
with N140A mutants of TDG~SUMO as described in Section 2.2. Due to the ionic
strength of the 0.5x TBE buffer used for performing the EMSAs (≈50 mM), the ionic
strength of the EMSA binding buffer was lowered to more closely match the 0.5x TBE,
yielding a 1x binding buffer of 10 mM HEPES pH 7.5, 50 mM NaCl, 1 mM EDTA, 5%
glycerol, and 1 mM DTT. Gels were pre-run for 30 min at 50 V, and after sample
loading, gels were run for 2 h at 50 V. While these changes generate EMSAs that appear
more similar to anisotropy data, EMSAs are still used only as a first pass to determine
working protein concentrations for anisotropy experiments.

3.3 – Results and Discussion
Results
TDG sumoylation results in weakened – but not abolished – G·fC and G·caC processing
– Single turnover assays at 37° C employing G·fC were performed with TDG~SUMO-1,
and assays using G·caC and G·U were performed with both TDG~SUMO isoforms
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(Table 3). When compared to single turnover assays performed with TDG, it appears that
sumoylation has a profound effect on kmax, reducing G·caC activity by 6- to 7-fold and
reducing G·fC activity by as much as 33-fold (19,197). Interestingly, G·fC and G·caC
single turnover rates converge, revealing little difference between the two substrates, and
there appears to be little to no isoform specificity for the reaction (TDG~SUMO-2 single
turnover reactions with G·fC remain to be performed). Previous studies examining the
single turnover rate of TDG on G·fC have been reported in Table 3, but due to changes in
handling of G·fC-containing substrates, particularly with respect to the heating step
during alkaline hydrolysis, the assays were repeated with new stocks of TDG as shown.
Even with the slower reported rate listed for G·fC single turnover, sumoylation still
causes a 21-fold reduction in kmax values.
Table 3. Single turnover data for SUMO-modified TDG on various substrates.
Enzyme

Substrate

kmax (min-1)

TDG
TDG
TDG~SUMO-1
TDG~SUMO-2
TDG
TDG~SUMO-1
TDG~SUMO-2
TDG
TDG~SUMO-1
TDG~SUMO-2

G·fC
G·fC
G·fC
G·fC
G·caC
G·caC
G·caC
G·U
G·U
G·U

2.6 ± 0.1
1.69 ± 0.05
0.079 ±0.007
0.078 ± 0.008
0.47 ± 0.01
0.069 ± 0.002
0.074 ± 0.003
5.4 ± 0.13
0.47 ± 0.04
0.38 ± 0.02

Fold reduction
--21.4/32.9
21.7/33.3
-6.8
6.4
-11.5
14.2

Reference (if
published value)
(19)

(19)

(235)

Single turnover reactions containing a G·U mispair also show substantial
reduction – between 91% and 93% reduction. However, in absolute rates, the maximal
rate constant of either TDG~SUMO isoform is still highest on a substrate containing a
G·U mispair. While these rates represent substantial reductions in maximal rate,
especially for G·fC, it is still important to note that the reactions still go nearly to
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completion, as shown for G·caC (Figure 20). TDG was also confirmed to be absent from
protein stocks via immunoblotting (A.3 of the Appendix).

Figure 20. Single turnover assays of SUMO-modified TDG on G·caC substrates.
1.5 µM TDG modified by either SUMO-1 or SUMO-2 slowly excises 5caC from G·caCcontaining substrates (500 nM), but still proceeds to approximately 90% complete with
either enzyme. Error bars represent ± 1 s.e.
Multiple turnover assays demonstrate little change in TDG turnover upon sumoylation –
With a maximal rate for SUMO-modified TDG collected, we were interested in
examining excision of G·fC and G·caC under multiple turnover conditions of excess
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substrate relative to enzyme. Given the already slow turnover of TDG on G·caC
substrates (197), the experimental design was altered such that longer time points could
be obtained. To help TDG or TDG~SUMO remain as stable as possible for as long as
possible at 37° C, we used a 20-fold excess of substrate to enzyme – 1 µM DNA and 50
nM TDG/TDG~SUMO. Under these conditions, multiple turnover experiments were
performed, collecting ten time points in total, with a minimum of four within or near the
predicted exponential phase and the remainder covering the steady-state phase.
The results for TDG, TDG~SUMO-1, and TDG~SUMO-2 on both G·fC and
G·caC are collected in Table 4. Only the values for velocity and kcat are listed, since the
exponential phases of all SUMO-modified experiments do not show the rapid generation
of one molar equivalent (i.e., 50 nM) of product that is typically seen in a multiple
turnover experiment performed with unmodified TDG. The data fitted by GraFit typically
yields exponential rates that are two- to three-fold lower than what is seen in the single
turnover data listed in Table 3. All reported rates are based on time points collected
beginning at 120 min (where the SUMO-modified forms appear to reach the steady-state
phase and are therefore most comparable to TDG) through 480 min.
Much like the single turnover data, both forms of TDG~SUMO excise either
G·fC or G·caC at similar rates. There are small differences in velocities and rate
constants between TDG~SUMO isoforms when excising G·caC and practically no
difference in these values between isoforms when excising G·fC. Sumoylation appears to
modestly decrease turnover when TDG~SUMO-1 excises G·caC; under all other
conditions, sumoylation provides a modest increase in kcat. At best, sumoylation
stimulates turnover by approximately 1.2-fold (comparing TDG to TDG~SUMO-1 for
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G·fC). This is, however, a relatively minor amount of stimulation compared to APE1
alone (197).
Table 4. Multiple turnover data for SUMO-modified TDG on G·fC and G·caC.
Enzyme

Substrate

velocity (nmol/min)

kcat (min-1)

TDG
TDG~SUMO-1
TDG~SUMO-2
TDG
TDG~SUMO-1
TDG~SUMO-2

G·fC
G·fC
G·fC
G·caC
G·caC
G·caC

0.275 ± 0.014
0.340 ± 0.036
0.336 ± 0.024
0.337 ± 0.014
0.308 ± 0.024
0.362 ± 0.026

0.0055
0.0068
0.0067
0.0067
0.0062
0.0072

TDG~SUMO possesses binding affinity for substrate similar to its affinity for product –
The binding affinity of each TDG~SUMO isoform was initially assessed via EMSA to
determine an expected range of protein concentrations that would adequately describe
binding to G·fC and G·caC when performing fluorescence anisotropy. For previous
enzyme-DNA binding experiments, non-hydrolyzable analogs of the target base (2’arabino-fluoro substitutions of both dU and dT) were employed, resulting in a stable
enzyme-substrate complex (28,235). However, similar analogs are not commercially
available for 5fC or 5caC. Therefore, the N140A mutant of TDG was utilized to study
TDG~SUMO bound in an enzyme-substrate complex to 5fC and 5caC. Excision of 5fC
by TDG N140A has been demonstrated to be orders of magnitudes lower than wild-type
enzyme. Therefore, the N140A mutant is considered to be inactive for the incubation
times employed during gel shift assays or anisotropy, without impacting the binding
affinity of the enzyme (243). Excision of 5caC by TDG N140A is even lower than 5fC
excision, as shown in A.4 of the Appendix. Therefore, for the purposes of protein-DNA
binding studies, the N140A mutant is inactive on G·fC and G·caC, and all binding shown
represents TDG or TDG~SUMO bound in a stable enzyme-substrate complex.
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EMSAs of each TDG~SUMO isoform incubated with either G·fC or G·caC
indicate that TDG~SUMO is capable of binding to either substrate. G·caC is bound by
either TDG~SUMO-1 or TDG~SUMO-2 with roughly the same affinity (Figure 21).

Figure 21. EMSAs of TDG~SUMO bound to a G·caC-containing substrate.
A) Increasing concentrations of TDG-N140A~SUMO-1 (in nM) bound to 10 nM FAMlabeled 28mer DNA containing a G·caC lesion. B) Increasing concentrations of TDGN140A~SUMO-2 bound to 10 nM FAM-labeled 28mer containing a G·caC lesion. The
lane marked with “20*” indicates 20 nM unmodified TDG bound to the G·caC 28mer.
Each TDG~SUMO species binds to G·caC in a 1:1 complex with similar affinity.
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TDG~SUMO binds more weakly to G·fC than G·caC (Figure 22), but once again,
there are only minor discrepancies between the two TDG~SUMO species in their affinity
for G·fC.

Figure 22. EMSAs of TDG~SUMO bound to a G·fC-containing substrate.
A) Increasing concentrations of TDG-N140A~SUMO-1 (in nM) bound to 10 nM FAMlabeled 28mer containing a G·fC lesion. The lane marked with “80**” indicates 80 nM of
TDG-N140A~SUMO-1 bound to 10 nM FAM-labeled 28mer containing a G·2’FdT
lesion. B) Increasing concentrations of TDG-N140A~SUMO-2 bound to 10 nM FAMlabeled 28mer containing a G·fC lesion. The lane marked “20*” indicates 20 nM of
unmodified TDG bound to the G·fC 28mer. TDG~SUMO-2 appears to bind more tightly
than TDG~SUMO-1, but SUMO-1 binding is still readily detectable.
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Surprisingly, a lane containing 80 nM TDG-N140A~SUMO-1 incubated with 10
nM of FAM-labeled 2’FdT (Fig. 22A) showed a nearly complete shift of the labeled
DNA into a 1:1 complex with TDG-N140A~SUMO-1. This result was completely
unexpected and demonstrated that, despite a lack of detectable base excision on G·T
substrates, TDG~SUMO readily bound to G·T substrates. This finding was explored
further using fluorescence anisotropy.
Sumoylation of TDG weakens binding to G·T and G·caC, but substantial binding is
retained – To obtain quantitative data regarding the affinity of TDG~SUMO for
substrate, fluorescence anisotropy experiments were performed. Because the binding
affinity of unmodified TDG for a G·2’FdT substrate had already been determined by the
same experimental technique (28), experiments utilizing TR-labeled G·2’FdT substrate
employed 10 nM DNA in each sample (roughly two-fold below the calculated
dissociation constant). For data points utilizing G·caC, however, the Kd had not been
experimentally determined for unmodified TDG or TDG~SUMO prior to these studies;
therefore, 1 nM TR-labeled G·caC substrate was employed for all G·caC experiments.
The anisotropy and binding parameters derived from experiments performed on a
G·2’FdT substrate are collected in Table 5. For unmodified TDG, the data were fitted
without any constraints placed on any parameters. However, for SUMO-modified TDG,
failure to constrain the calculated anisotropy value for the 1:1 complex (rED) generated
Kd1 and Kd2 values that were nearly identical. Since EMSA data did not support these
findings (Figure 23), the rED value derived from unmodified TDG was used to constrain
the fit for TDG-N140A~SUMO-1 and TDG-N140A~SUMO-2, similar to constraints
applied in previous studies to improve the fit for Kd1 (28).

93

Table 5. Calculated anisotropy parameters for TDG bound to a TR-labeled
G·2’FdT substrate.
Enzyme

Kd1 (nM)

Kd2 (nM)

rD

rED

rEED

TDG N140A

17.8 ± 5.4

2000 ± 2300

0.185 ±
0.002

0.254 ±
0.007

0.293 ±
0.014

TDG-N140A~SUMO-1

102 ± 22

201 ± 79

0.183 ±
0.002

0.254 ±
0.007*

0.281 ±
0.003

TDG-N140A~SUMO-2

97 ± 14

209 ± 57

0.189 ±
0.001

0.254 ±
0.007*

0.286 ±
0.002

Fitted curves and average data points for each individual construct are available in
A.5 of the Appendix. The Kd2 value calculated for unmodified TDG is poorly
constrained, likely because the highest protein concentration used in any single data point
was 5 µM; additional data points containing 10-20 µM TDG (or higher) would likely
help constrain Kd2 to a more reasonable value. Kd1 for unmodified TDG, however, agrees
nicely with previously obtained data of 18 nM for Kd1 (28). The Kd1 values for SUMO-1
and SUMO-2 modified TDG demonstrate weaker binding, but are still relatively tight –
only five-fold weaker than unmodified, and perhaps two-fold weaker than binding of
modified TDG to AP-DNA (Figure 16). And while EMSAs performed with 2’FdTcontaining substrates suggest that TDG-N140A~SUMO-2 should bind more tightly than
SUMO-1 modified TDG (Figure 23), the anisotropy data shows only a slight difference
between TDG~SUMO-1 and TDG~SUMO-2 that lies within one standard deviation.
Therefore, binding of a G·T substrate to either TDG~SUMO species is virtually identical
(Figure 24). Similar to the findings with glycosylase assays, there appears to be little
indication that TDG interacts differently with a given substrate when conjugated to one
SUMO isoform over the other.
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Figure 23. EMSAs of TDG~SUMO bound to a G·2’FdT-containing substrate.
A) Increasing concentrations of TDG-N140A~SUMO-1 (in nM) bound to 10 nM FAMlabeled 28mer containing a G·2’FdT mispair. B) Increasing concentrations of TDGN140A~SUMO-2 bound to the G·T 28mer. The lanes marked by “20*” indicate
unmodified TDG bound to the G·T 28mer.
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Figure 24. Anisotropy of unmodified and modified TDG bound to G·T.
Curves represent fitted anisotropy data derived from at least three independent
experiments. Fitted curves from DynaFit 4 were then transferred to GraFit for further
rendering. Curves for SUMO-modified TDG (green and blue) constrain the anisotropy
value for a 1:1 complex (rED) to 0.2539 (taken from unmodified TDG, black) to improve
the fit of both Kd1 and Kd2.
Anisotropy and binding parameters from experiments performed with TDG and
TDG~SUMO on a G·caC substrate are collected in Table 6, and the fitted curves and
average data points for individual constructs are shown in A.5 of the Appendix. Data
collected on unmodified TDG reveals that the full-length enzyme binds much more
tightly to a G·caC substrate than does the catalytic domain, as assessed by EMSAs (72).
This result suggests that binding to a 5caC-containing substrate is at least somewhat
dependent upon contacts or interactions within the N-terminal region, as is the case for
G·T substrates (215). Interestingly, sumoylation weakens binding approximately 10-fold,
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but binding of either TDG~SUMO species to G·caC is still relatively tight, and is similar
to binding of unmodified TDG to a G·T substrate.
An interesting feature of TDG~SUMO binding to G·caC is that binding occurs
predominantly in a 1:1 complex (Figure 25); protein concentrations ranging from 75 nM
to 1 µM TDG~SUMO show little to no change in anisotropy. At 5 µM TDG~SUMO (a
5000:1 excess of protein to DNA), anisotropy values begin to increase again, but, due to
the low yields of recombinant TDG~SUMO purification, it is not feasible to perform
anisotropy experiments with higher protein concentrations (10 µM or more) to determine
if a second binding event occurs. Additionally, differences in apparent binding affinities
when comparing EMSAs to fluorescence anisotropy must take into consideration the
conditions used. The EMSAs performed (Figures 21-23) all contain approximately 55
mM total ionic strength per sample, as opposed to anisotropy data points, which contain
110 mM ionic strength per sample.
Table 6. Calculated anisotropy parameters for TDG bound to a TR-labeled G·caC
substrate.
Enzyme

Kd1 (nM)

Kd2 (nM)

rD

rED

rEED

TDG N140A

2.53 ± 0.67

860 ± 540

0.186 ±
0.002

0.251 ±
0.004

0.284 ±
0.004

TDG-N140A~SUMO-1

16.9 ± 2.5

Not fitted

0.191 ±
0.002

0.257 ±
0.001

N/A

TDG-N140A~SUMO-2

21.2 ± 2.9

Not fitted

0.189 ±
0.002

0.260 ±
0.002

N/A

Interestingly, the calculated rED value for unmodified TDG fully bound in a 1:1
complex is nearly identical to the anisotropy values generated from either TDG~SUMO
species when the protein concentration increases from 75 nM to 1 µM, suggesting good
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agreement – without the need for constraining the data – between unmodified and
modified TDG.

Figure 25. Anisotropy of unmodified and sumoylated TDG bound to G·caC.
Solid lines (TDG: black; TDG~SUMO-2: blue) represent fitted curves generated in
DynaFit 4 by global fitting of anisotropy data collected from at least three independent
experiments. Unmodified TDG appears to bind to G·caC in a manner similar to G·T, but
SUMO-2 modified TDG binds primarily in a 1:1 complex.
TDG~SUMO excision of T from G·T substrates is inhibited by divalent cations –
Glycosylase assays were also performed using TDG~SUMO-1 and a G·T substrate in
order to confirm previous reports that the SUMO-modified forms of TDG possessed no
discernible activity on G·T. Pilot experiments were carried out at 22° C with time points
that covered from 30 min to 24 h. Because of the long incubation period, MgCl2 was
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omitted from the buffer to mitigate the activity of any potential nucleases. The findings
from those pilot studies, however, indicated that the G·T substrate was being cleaved. To
further investigate the source of this apparent activity on G·T, a series of glycosylase
assays were performed with and without MgCl2 in the assay buffer at 37° C (Figure 26).

Figure 26. TDG~SUMO function on G·T is inhibited by divalent cations.
In the presence of low Mg2+ concentrations (blue), 1.5 µM TDG~SUMO-1 demonstrates
exceedingly slow but complete excision of 500 nM G·T substrate (kmax = 0.02 ± 0.002
min-1). 1 mM (red) and 2 mM Mg2+ (cyan) inhibit activity by 20% and 50%, respectively,
while 5 mM Mg2+ (maroon) inhibits G·T excision by 90%.

While G·T function is considerably slower than that of any other substrate tested,
these results indicate that the presence of Mg2+ contributes to the inhibitory effect of
TDG sumoylation on G·T function. A careful assessment of the relevant literature also
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reveals that previous attempts to assay for G·T function of TDG~SUMO used buffer
containing magnesium, or assayed for G·T function under conditions that were not
favorable for G·T excision overall (22,211,212). Thus far, these assays have only been
performed with TDG~SUMO-1, which raises the possibility (however unlikely) that
TDG~SUMO-2 may not share this inhibition. Pilot assays for glycosylase function,
substituting CaCl2 for MgCl2, indicate that Ca2+ also inhibits G·T function, which
suggests that other divalent cations may also substitute and possess some ability to inhibit
G·T processing by TDG~SUMO.

Discussion
TDG sumoylation reveals few differences related to the SUMO isoform – The results
shown here indicate that, with respect to binding and/or excision of TDG substrates, there
are few notable differences between modification by SUMO-1 or by SUMO-2. This
finding can be interpreted in at least two ways. First, the simplest explanation is that the
SUMO isoform is interchangeable as far as TDG function is concerned; that, in vivo,
TDG~SUMO-1 and TDG~SUMO-2 are effectively redundant, and so no differences
would be expected from in vitro studies of their respective functions. This is supported by
the similarities among TDG~SUMO processing of both G·caC and G·fC, as well as by
the binding affinity each TDG~SUMO species has for G·T substrates. If discrimination
among substrates occurs, it must occur by some mechanism unrelated to the nature of the
specific SUMO isoform that is conjugated to TDG.
The second possible explanation for our results is that TDG sumoylation simply
performs an entirely separate role in vivo that has nothing to do with regulating enzymatic
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turnover. It is plausible to think that the results collected here are not a function of TDG
sumoylation per se but are instead a mere by-product of the weakened DNA binding seen
when TDG is sumoylated. However, this explanation can be countered by the argument
that, because these studies were performed in vitro, it is possible there is some other (so
far unidentified) protein or other factor in cells that would confer some additional level of
function to TDG sumoylation.
TDG~SUMO binds its substrates with similar affinity to product – While previous studies
suggested TDG sumoylation could conceivably regulate enzymatic turnover, it is now
difficult to support this model. Our findings indicate that TDG~SUMO readily binds to
both substrate and product, and with approximately the same overall affinity. If
sumoylation performed such a function, one might predict that sumoylated TDG would
demonstrate a larger gap between its affinities – i.e., TDG~SUMO would bind more
tightly to substrate than to product. That these binding affinities are largely within the
same range contradicts this idea. TDG sumoylation would, therefore, make a rather poor
mechanism for regulating turnover. It seems more reasonable that the correct mechanism
for regulating TDG turnover is, in fact, the simplest one: that the APE1 present in cells is
sufficient to compete for an AP site and can effectively regulate turnover of TDG (and
likely other glycosylases).
TDG~SUMO binds – but does not excise – G·T substrates in the presence of divalent
cations – Perhaps the most surprising finding of these studies is that sumoylated TDG
readily binds to substrates containing a G·T mispair. While this binding is weak relative
to other TDG substrates (28,235) and is five-fold weaker than that of unmodified TDG, it
is of particular interest that G·T function is still abrogated for sumoylated TDG when
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divalent cations are present. The catalytic domain of TDG, for example, binds to G·T
substrates even more weakly (~1.2 µM), and yet it still performs base excision (albeit
slowly) whether or not divalent cations are present. That TDG~SUMO binds to G·T
substrates much more tightly than TDG111-308 and yet does not excise the base suggests
that TDG~SUMO somehow interacts with Mg2+ or Ca2+ (in a way that is either absent or
inconsequential for unmodified TDG) that results in the loss of G·T function.
How divalent cations are made available – or if they are available to TDG or
TDG~SUMO – is uncertain. Total intracellular Mg2+ is typically in the millimolar range,
but Mg2+ is largely bound to molecules such as ATP, leaving a smaller concentration of
free Mg2+ (244,245). Whether a concentration of Mg2+ in the high micromolar range is
indeed inhibitory to the G·T function of TDG~SUMO remains to be determined;
however, it is worth noting that the sumoylation reaction itself requires ATP hydrolysis
(and therefore magnesium as well). Additionally, APE1 has a requirement for Mg2+ as a
cofactor, so it seems quite possible that Mg2+ would be available to TDG or TDG~SUMO
as well.
TDG~SUMO displays tight binding to G·caC – The strong affinity of TDG~SUMO for a
G·caC substrate has several important implications. First, as mentioned above, the fulllength enzyme binds much more tightly than values previously reported for TDG111-308,
suggesting that the N-terminal region contributes in some manner to G·caC binding (72).
The role of this region will be discussed further in Chapter IV. Second, TDG~SUMO still
demonstrates high affinity for G·caC, indicating the potential for obtaining a structure of
TDG~SUMO bound to G·caC, which would reveal how TDG~SUMO binds to DNA.
Finally, perhaps the most curious finding with respect to 5caC is that TDG~SUMO
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appears to bind almost exclusively in a 1:1 complex, according to the anisotropy data.
Unmodified TDG binds to its substrates in both 1:1 and 2:1 complexes, and TDG~SUMO
also appears to bind G·T in both 1:1 and 2:1 complexes. That TDG~SUMO binds G·caC
in a 1:1 complex and slowly excises the target base may be indicative of a physiological
role for TDG~SUMO with respect to active DNA demethylation. TDG sumoylation may
serve as some form of recognition platform or scaffold, or modulate protein-protein
interactions so that other factors (such as transcription factors or possibly DNMTs) could
associate with the site of the epigenetic mark. This could also explain the low single
turnover activity of TDG~SUMO on both 5fC and 5caC, since it may be preferable for
TDG~SUMO to bind and recruit other factors prior to excision of the oxidized base.
Potential roles for TDG sumoylation – Given that our studies and findings contradict the
previously proposed role for TDG sumoylation (22), the question remains as to what the
true in vivo function may be when TDG is sumoylated. There are several other roles that
sumoylation may play. The simplest potential role is what has already been discussed and
demonstrated (see Section 1.5): that sumoylation regulates TDG localization and its
interaction with other proteins, namely PML and CBP/p300. A similar possibility is that
sumoylation enhances (or disrupts) TDG binding to other proteins. TDG has already been
shown to interact with a number of other proteins which are themselves SUMO targets,
such as p53, RXR, ERα, DNMT3a, and DNMT3b as just a few examples (50,51,181,246250). Whether sumoylation of one protein (or both) may enhance (or disrupt) the proteinprotein interaction remains to be verified, but sumoylation could lend TDG the potential
to greatly expand its interactome.
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A more speculative possibility is that TDG is sumoylated specifically to abolish
G·T function under certain conditions. As discussed previously, TDG is degraded prior to
S phase in proteasome-dependent manner. One of the studies demonstrating this finding
also showed that inhibition of the UPS or of cullin-specific Ub E3 function via small
molecules resulted in increased TDG levels but also increased levels of modified TDG in
asynchronous HeLa cells (80). Inhibition of the UPS would indicate that the modified
TDG present is, in fact, ubiquitylated TDG, but the finding that a specific cullin inhibitor
also increased modified TDG levels suggests that some other, non-ubiquitylated species
of TDG is present. This may indicate an increase in TDG~SUMO levels with respect to
unmodified TDG, but without immunoblotting directly against SUMO-1 or SUMO-2/3
itself, the form of modified TDG present is unclear. However, since sumoylation
abrogates G·T excision, it could serve as a failsafe mechanism of sorts. If any TDG were
to escape degradation by the proteasome, then sumoylation could serve as a means to
prevent aberrant G·T repair during S phase.
The loss of G·T function could also act as a failsafe when TDG performs its
functions as a transcriptional regulator. While TDG possesses very low activity on T
found in normal A·T pairs, some aberrant removal of thymine could potentially occur
(251,252). Suppression of aberrant A·T activity is thought to be why removal of T from
G·T mispairs is poor compared to other TDG substrates. Therefore, sumoylation of TDG
should suppress this activity even further or abolish it completely; this could be a
valuable function if TDG were bound to the promoter region of a gene (typically an A/T
rich region) for a substantial length of time as a transcriptional regulator.

104

The most intriguing possibility, though, is that sumoylated TDG could regulate
how oxidized 5mC derivatives are processed or recognized, as may be indicated by the
binding of TDG~SUMO to G·caC substrates. While it is unlikely TDG sumoylation
recruits other BER factors, TDG may be involved in transient derepression of a silenced
gene via active demethylation, and sumoylation may allow TDG to recruit the factors
necessary to transcribe the gene. Alternatively, TDG sumoylation may serve as a way of
synchronizing transient demethylation and subsequent remethylation of a promoter
region, via a concerted mechanism featuring the TET/TDG/BER pathway and action of
one (or more) of the DNMTs.
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Chapter IV – Structural basis of damage recognition by thymine DNA glycosylase

4.1 – Introduction
As addressed in previous chapters, the N-terminal region of TDG contributes a
number of important modification and interaction sites, the bulk of which are contained
in a largely unstructured region (residues 1-110). The first structural information about
TDG was that obtained from the SUMO-modified forms of the catalytic domain plus the
sumoylation residues, labeled TDG111-339 (213,214); afterwards, structures of TDG
catalytic domain alone (TDG111-308) bound to DNA were generated, delineating how TDG
recognizes a DNA lesion and flips a base into its active site (15,72). Follow-on structures
of TDG111-308 bound to DNA suggested that the excised base might be retained in the
active site (253); however, subsequent studies contradicted this finding and demonstrated
that the base was not likely to be retained (254).
However, the limitations of the TDG111-308 construct are well-known. First, the
construct does not recapitulate the DNA binding capacity of the full-length enzyme, and
deletion studies have demonstrated that the N-terminus is responsible for contacts and/or
interactions that improve DNA binding, especially for G·T substrates (215). Due to its
relatively poor binding to G·T, TDG111-308 also excises T from G·T substrates poorly. The
existing TDG111-308 construct also contains six non-native residues in its N-terminal
region, which are a consequence of designing the construct with a thrombin cleavage site
(213). To attempt to address these concerns, a new construct was obtained, containing 29
additional N-terminal residues and encompassing residues 82-308 overall (TDG82-308). In
this chapter, we address the biochemical characterization of TDG82-308, demonstrating
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that this new construct closely recapitulates many of the properties of the full-length
enzyme. High-resolution X-ray crystal structures of TDG82-308 bound to DNA have also
been obtained; however, the additional N-terminal regions remain largely disordered, as
confirmed by NMR spectroscopy. These findings and others demonstrate that TDG82-308
provides a number of valuable insights missing from previous structural studies, which
employed TDG111-308 instead.

4.2 – Materials and Methods
Materials
DNA synthesis and purification – ODNs were synthesized and purified largely as
described above (Sections 2.2 and 3.2). For NMR spectroscopy experiments, x = 2’FdT,
while x = T for glycosylase assays. For EMSAs, x = dU or 2’FdT with a 3’-6-FAM label
on the complement strand.
Recombinant protein expression and purification – TDG111-308 and TDG82-308 constructs
were recombinantly expressed as described above (Section 3.2). TDG82-308 R110A was
generated using a QuikChange II site-directed mutagenesis kit (Agilent Technologies) as
described previously (255). Purification of TDG111-308, TDG82-308, or TDG82-308 R110A
followed procedures described previously (15). Constructs were first purified using NiNTA affinity chromatography; after elution from Ni-NTA, the fractions containing
protein were incubated with the correct protease (α-bovine thrombin for TDG111-308,
Enzyme Research Laboratories, Inc.; tobacco etch virus (TEV) for TDG82-308, Addgene)
overnight at 4° C to cleave the 6xHis tag. The fractions were then washed over a small
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amount of equilibrated beads (Benzamidine Sepharose for thrombin; Ni-NTA for TEV)
to remove the proteases before further purification.
The washed fractions were then further purified using a 5-mL HiTrap SP HP
column as described previously (Section 3.2). Fractions containing the protein of interest
were then buffer exchanged into 20 mM HEPES, pH 7.5, 100 mM NaCl, 0.2 mM EDTA,
0.2 mM DTT, and 1% glycerol, concentrated to a small load volume (<5 mL), and loaded
onto a Superdex 75 size exclusion column. Fractions containing TDG111-308 or TDG82-308
were concentrated, aliquoted, and flash-frozen for storage at -80° C.
Samples used for NMR spectroscopy were expressed in MOPS minimal media
containing [15N]-labeled NH4Cl (Cambridge Isotope Laboratories) as described
previously (256,257). Labeled samples were buffer exchanged into buffer containing 20
mM NaPO4, pH 6.5, 150 mM NaCl, 0.2 mM EDTA, and 0.2 mM DTT prior to size
exclusion chromatography. TEV protease (S219V variant) was expressed and purified as
described previously (258).
Methods
Glycosylase assays – Assays for base excision were performed essentially as described
above (Section 3.2). Assay buffer for all enzymes contained 2.5 mM MgCl2 in addition to
other components listed. Single turnover assays employed 500 nM DNA substrate
containing a G·T mispair and either 2.5 µM TDG, 5 µM TDG82-308 or TDG82-308 R110A,
or 32 µM TDG111-308. A lower concentration of TDG than TDG82-308 was used to
conserve enzyme stocks (expression of full-length enzyme is typically poorer than that of
core constructs), while a higher concentration of TDG111-308 was used due to its relatively
weak binding affinity for G·T substrates (28). Assays using TDG111-308 or TDG82-308

108

R110A were performed at 22° C due to instability of the enzymes at higher temperatures
(37° C).
Electrophoretic mobility shift assays – EMSAs examining the equilibrium binding of
TDG constructs were performed as described in Section 3.2. For binding of TDG111-308 to
a 28mer containing an AP site, 20 nM of TDG111-308 was incubated with 10 nM of FAMlabeled DNA containing a G·U mispair at 22° C for 30 min before loading onto the gel.
Since the catalytic domain of TDG retains its G·U function, the DNA was fully converted
to AP-DNA and binding reflects the binding of TDG111-308 to an AP site, rather than to a
G·U mispair.
NMR spectroscopy - Samples prepared for NMR spectroscopy were diluted to their final
concentration (listed in figure legends) into the same buffer used for size exclusion
chromatography, plus 7% D2O. 15N-HSQC experiments were collected at 18° C on an
800 MHz Bruker Avance III NMR spectrometer, and the data were processed and
analyzed using NMRPipe and NMRDraw (259). To examine chemical shift perturbation
upon binding to ligand, separate samples were mixed with a saturating amount of DNA
containing a G·2’FdT mispair, and the chemical shifts of free and bound protein were
compared.

4.3 – Results and Discussion
TDG82-308 demonstrates binding and excision on G·T substrates that mimics full-length
TDG – This work focuses primarily on the biochemical characterization of TDG82-308,
which was performed to supplement the structural data obtained by other laboratory
members via X-ray crystallography. As such, the data reported here was intended to
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demonstrate the fitness of the TDG82-308 construct as a viable replacement for full-length
enzyme, which has not yet been successfully crystallized, likely due to its unstructured
N- and C-terminal regions. NMR spectroscopy utilizing TDG82-308 was also performed to
supplement findings derived from crystallography data and will be presented and
discussed accordingly.
The most informative method to probe the function and binding affinity of TDG82308

was to test its interactions with a G·T substrate. TDG binds G·T more weakly than

G·U (28) and more weakly than G·caC (Section 3.3), and its excision rate on G·T
substrates is in part dependent upon contacts within the N-terminus (215). Therefore,
single turnover glycosylase assays and EMSAs were performed to see if the additional Nterminal residues (82-110) were sufficient to restore full-length behavior with respect to a
G·T substrate (Figure 27).
EMSAs directly comparing TDG to TDG82-308 (Figure 27A, left panel)
demonstrate that both constructs bind to a G·T substrate with approximately the same
affinity; if anything, TDG82-308 binds more tightly to the G·T 28mer. While TDG binds
G·T with a Kd of 18 nM (see anisotropy data in Section 3.3), TDG82-308 binds with a Kd
closer to 10 nM, estimating from the point where the construct appears to bind 50% of
the labeled DNA. Glycosylase function of TDG82-308 dovetails nicely with its binding
affinity for G·T; both constructs (27B, open triangles and open circles) have
approximately the same maximal excision rate on the same substrate.
Examination of TDG111-308 confirms several findings from previous studies – its
excision rate on G·T is 5-6 times slower than that of the other constructs, and its affinity
for G·T is considerably lower. Previous binding studies indicated a Kd of ~ 1.3 µM for
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TDG111-308 bound to G·T (28), as determined by EMSAs (Figure 27A, right panel). Taken
together, these data indicate that the additional residues are sufficient to duplicate the
function of TDG.

Figure 27. TDG82-308 binds and excises G·T similar to full-length TDG.
A) EMSAs of TDG, TDG82-308, and TDG111-308 bound to a FAM-labeled G·2’FdT 28mer.
TDG82-308 binds similarly (perhaps even tighter) to G·T than full-length (left panel), and
binds considerably tighter than the previous catalytic domain (right panel). The lane
marked with “20*” indicates 20 nM TDG111-308 bound to 10 nM AP-DNA to show that
TDG111-308 can bind product with high affinity but does not bind tightly to G·T. B) Single
turnover assays of TDG, TDG82-308, and TDG111-308, performed at 37° C and 22° C on a
G·T substrate. TDG and TDG82-308 process the substrate at approximately the same rate
regardless of temperature (TDG kmax = 0.65 ± 0.02 min-1 @ 37, 0.13 ± 0.01 min-1 @ 22;
TDG82-308 kmax = 0.65 ± 0.02 min-1 @ 37, 0.11 ± 0.01 min-1 @ 22). TDG111-308 assays at
22° C demonstrate much slower turnover (kmax = 0.022 ± 0.002 min-1). Error bars
represent ± 1 s.e.
111

Residues 82-106 remain largely disordered in TDG82-308 but still interact with DNA –
Newer crystallography conditions allowed for the crystallization of TDG82-308 and the
solving of a new, higher-resolution structure, but the findings generated from this
construct raised other important questions (260). Perhaps the most curious feature of
TDG82-308 is that, despite the role of the additional N-terminal residues in recapitulating
full-length binding and excision, these residues are largely absent from the electron
density, indicating that they remain unstructured. Despite the addition of a number of
lysine and arginine residues in this N-terminal region, it would appear that any contacts
made with the DNA are not simple electrostatic interactions. In fact, previous studies
suggested as much by mutating lysines (which were acetylation targets) to alanine,
demonstrating tighter – not weaker – binding to G·T substrates (73).
To further explore the nature of these interactions, and to confirm whether the Nterminal region does indeed interact with DNA, NMR spectroscopy was employed. These
experiments took advantage of the disordered segments of TDG82-308, generating a 15Nedited heteronuclear single quantum coherence (HSQC) spectrum that displayed
chemical shifts unique to the disordered region, whose peaks display higher intensity
(when compared to the structured region of the protein) due to the slower relaxation rates
of the disordered region (261-263). 15N-edited HSQC spectra were generated for 15Nlabeled TDG82-308 alone, as well as 15N-labeled TDG82-308 bound to a saturating amount
(0.13 mM TDG, 0.2 mM DNA) of 28mer DNA duplex containing a G·2’FdT mispair
(identical to the sequence used in EMSAs, Figure 27A).
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Figure 28. N-terminal TDG residues interact with DNA but remain disordered.
Overlay of 15N-edited HSQC spectra of labeled TDG82-308 (0.13 mM) with no DNA
present (black peaks) and TDG82-308 in the presence of a saturating concentration (0.2
mM) of 28mer DNA duplex containing a G·2’FdT mispair. Asterisks indicate chemical
shifts that are unchanged in both spectra and likely arise from C-terminal residues.
Resonances in upper right box are side chain amino groups.
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When comparing the two spectra (TDG alone, black peaks; TDG plus DNA, red
peaks; Figure 28), two critical details are readily apparent. First, the addition of DNA
does not confer structure on the residues in question. If the disordered region took on
structure upon addition of DNA, one would expect those now-structured resonances to
relax more rapidly and therefore disappear from the spectrum altogether. That this does
not occur indicates that the region remains disordered in the presence of DNA. Second,
the majority of the peaks show chemical shift changes (Δδ), indicating that the residues
interact with DNA sufficiently to see a perturbation in the chemical shifts of the
backbone amides. If the residues did not interact with DNA, all or nearly all of the peaks
would simply overlay one another. In fact, four residues do overlap (indicated by
asterisks), and these likely correspond to disordered residues in the C-terminus (305NMDV-308). That the remainder of the chemical shifts are still visible (compare to
TDG111-308 in A.6 of the Appendix) and yet are clearly perturbed by the addition of DNA
indicates that the N-terminal region does interact with DNA despite its apparent lack of
structure.
Of the N-terminal residues visible in the structures of TDG82-308, one residue in
particular (R110) stood out as a potentially important contact. As discussed earlier, it is
part of the PIP degron responsible for TDG’s interaction with PCNA and CRL4Cdt2 (the
basic residue four amino acids away from the PIP domain). R110 also makes a contact
with the sugar-phosphate backbone of DNA, contacting a phosphate just 5’ of the flipped
base. A point mutant of TDG82-308 was generated using site-directed mutagenesis
(R110A), and the binding and activity of this mutant was compared to wild-type TDG82308

(Figure 29). The R110A mutant binds DNA demonstrably weaker than wild-type
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(panel A), but not as weakly as TDG111-308. The excision rate on a G·T substrate is also
lower (panel B), and excision by R110A appears similar to excision by TDG111-308
(values reported in the legend of Figure 27).

Figure 29. Binding and excision of a G·T substrate by the R110A mutant.
A) EMSA of TDG82-308 and TDG82-308 R110A mutant. Mutation of the R110 residue
weakens DNA binding by three- to four-fold compared to wild-type (leftmost lane
marked “20”), indicating that other N-terminal residues contribute the remaining
difference in binding between TDG82-308 and TDG111-308. B) Single turnover assays
performed at 22° C on TDG111-308 (32 µM), TDG82-308, and TDG82-308 R110A (5 µM
each) using a G·T substrate. R110A demonstrates a kmax = 0.030 ± 0.001 min-1,
approximately 3.7-fold slower than wild-type. Error bars indicate ± 1 s.e.

Mutation of R110 only reduces binding by four-fold at most, while the difference
in binding between TDG82-308 and TDG111-308 is at least 60-fold. This indicates that R110
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is a minor contributor to the function of TDG82-308. The bulk of the contributions to
binding and excision of G·T originate from other contacts made by the remaining Nterminal residues, which do not appear in the electron density of the crystal structures.

Discussion
TDG82-308 represents a new minimal TDG construct – The successful crystallization of
TDG82-308 has yielded a valuable tool in better understanding the function of TDG as a
glycosylase, particularly alongside improved crystallization conditions that have
generated higher-resolution data (260). These conditions have also generated the first
crystal structure of TDG bound in an enzyme-substrate complex with a G·fC substrate
(243). Importantly, this construct also demonstrates activity and binding similar to fulllength TDG, particularly on G·T substrates, which strongly suggests that findings derived
from TDG82-308 can be extrapolated to apply to the full-length enzyme.
The N-terminus of TDG82-308 remains disordered but contributes to substrate binding –
Comparisons of the findings from both X-ray crystallography and NMR spectroscopy
indicate that the N-terminus of TDG82-308 does indeed contribute to how the construct
interacts with DNA, despite the fact that they do not appear in the electron density of
crystals generated with the construct and remain unstructured in the presence of DNA. It
is possible these residues directly interface with the DNA in some manner, adopting
transient conformations that permit tighter DNA binding. It is also possible that these Nterminal residues interact with the structured core domain itself, conferring some
additional stability to the core domain that is necessary for improved binding and/or base
flipping with respect to substrate, particularly G·T. Unpublished observations have
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indicated this may hold true, as shorter constructs do not fully recapitulate binding or
excision as well as TDG82-308, and contacts made by the R275 residue are different when
comparing TDG82-308 to other shorter constructs. This may indicate a role being played by
R275 in stabilizing a flipped (or partially flipped) thymine base in the active site of TDG.
The existing literature on the topic seems to contradict itself; some findings
suggest that the N-terminus interacts with DNA by wrapping around substrate (or
product) in a manner dependent upon the large amount of positive charge found in the Nterminus (212), while other groups argue binding is tighter when at least some of these
positive charges are neutralized (73). Further studies will be required to reconcile these
apparent contradictions, and to determine how these residues are contributing. One
possibility is that all 29 additional residues are not, in fact, necessary – a smaller minimal
construct may also be capable of recapitulating full-length binding and excision. These
studies are currently underway with several different TDG constructs.
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Chapter V – Conclusions and Future Directions
TDG sumoylation does not appear to regulate enzymatic turnover – The results presented
in this work argue strongly against the idea that the role for TDG sumoylation is to
regulate turnover of the glycosylase. First, there is no specificity demonstrated for
modification of TDG when TDG is bound to product. This assumption was the linchpin
of the prior model, and our findings (Chapter II) demonstrate that TDG is modified in
vitro whether or not DNA is present, and whether or not that DNA is a TDG product.
While SUMO-1 appears to be a better in vitro modifier of TDG, further studies are
required to more carefully examine the modification rates when SUMO-2 is used as the
conjugate species.
Furthermore, while sumoylation weakens binding of TDG to its product (APDNA), it also weakens binding to substrates. These findings may explain the multiple
turnover experiments performed with TDG~SUMO: the initial exponential phase fits
poorly for that data, since both the kon and koff rates could be affected by weakened
binding affinity. However, in every case tested so far, binding is not entirely abolished,
and dissociation from product is not likely to be instantaneous. To more adequately
address this question, it is possible to perform “kick-off” experiments: TDG would first
be equilibrated with a TR-labeled DNA duplex, the anisotropy would be measured for a
brief period of time (a few minutes), then a large (≥50-fold) excess of unlabeled DNA
would be added to the sample. As TDG releases from the labeled DNA and begins
binding to the unlabeled DNA, the anisotropy value should decrease – i.e., as labeled
DNA is released by TDG, it will rotate more freely in solution. These measurements
would be collected to determine a koff value of TDG from the labeled DNA. Comparisons
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of koff values for both substrate and product would give a clearer picture of what effect, if
any, sumoylation truly has on TDG turnover.
That being said, the findings thus far from the experiments discussed in Chapter
III raise several interesting questions. Why do excision rates for either TDG~SUMO
isoform converge when processing both G·fC and G·caC, when activity of unmodified
TDG is considerably different for these two substrates (18,19)? What is the significance
of TDG~SUMO binding to G·caC substrates in a predominantly 1:1 complex? How does
TDG~SUMO bind to G·T-containing substrates while avoiding excision? How are
divalent cations able to help TDG~SUMO inhibit G·T function – but not its function on
other substrates – when unmodified TDG is unaffected by their presence?
The generally slow excision rates measured for all substrates of TDG~SUMO
(with the exception of G·U) may suggest an answer to some of these questions. Given
that sumoylation frequently plays a role in modulating protein-protein interactions and
helps regulate the coordination of events in a number of pathways, TDG sumoylation
could play a similar role. TDG~SUMO may be capable of recognizing and binding its
substrates, but the slow excision rates may indicate that TDG~SUMO does not process
these sites in vivo, but instead acts as a mechanism for recruiting other proteins to the site.
Recruitment of BER factors is largely unnecessary, since they are some of the most
highly-expressed proteins in the nucleus and across tissue types (264,265). However, if
5fC or 5caC are present, they may be present in the promoter region of a gene that either
needs to be transiently expressed or should remain in a repressed state. In either case,
TDG~SUMO could bind to its substrate, recruit relevant transcription factors or DNMTs
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via the SUMO moiety of TDG, then move forward with either transcription of the gene or
restoration of the 5mC epigenetic mark.
These hypotheses could be tested through a number of mechanisms, and in a
number of cell types. Given the advent of CRISPR/Cas9 technology, it should be
straightforward to generate stable cell lines expressing a sumoylation-defective mutant of
TDG to examine its effect on TDG’s function. Moreover, it would be worth revisiting
some of the work performed in MEFs with the same mutant, to examine whether
sumoylation has a function during the active demethylation phase, where TDG knockouts
are otherwise embryonic lethal. The role of the SIM in TDG (or TDG~SUMO) function
could be addressed in the same manner. Experiments such as these could elucidate what
function TDG sumoylation truly has, since regulation of enzymatic turnover seems
unlikely at this stage. Indeed, TDG turnover is robustly stimulated by the presence of
APE1, as has been demonstrated repeatedly (Figure 30). No additional factors appear
necessary; in fact, more recent literature demonstrating in vitro reconstitution of the
TET/TDG/BER pathway for active DNA demethylation leaves sumoylation out of the
process entirely (56), which further suggests that sumoylation is superfluous for control
of TDG turnover.
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Figure 30. Stimulation of steady-state TDG activity on G·caC by APE1.
Steady-state measurements of full-length TDG (50 nM; black triangles) on a 40mer
G·caC substrate (1 µM) demonstrate slow excision upon generating ~1+ molar equivalent
of product (kcat = 0.012 ± 0.002 min-1). With an excess of APE1 to DNA (1.2 µM; open
triangles), the excision rate (kcat+APE1 = 0.369 ± 0.02 min-1) approaches the maximal
excision rate of the enzyme under single turnover conditions (kmax = 0.47 – 0.5 min-1)
(19,197).
The effects of divalent cations on TDG~SUMO excision of T from G·T mispairs – One of
the more puzzling findings presented in this work was the discovery that TDG~SUMO-1
is, in fact, capable of excising T from G·T mispairs, but only when Mg2+ – or, more
specifically, divalent cations in general – are depleted. TDG~SUMO-2 has not yet been
assayed for this function, so the possibility remains that G·T function is SUMO-1
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specific; however, given that binding to G·T is nearly identical for both SUMO-1- and
SUMO-2-modified TDG, it seems unlikely that this constitutes an isoform-specific role.
Whether this function is physiologically relevant is an important question to
address; intracellular concentrations of free Mg2+ and Ca2+ are thought to be low,
although debate exists with respect to how much of each cation is available
(245,266,267). Most intracellular Mg2+ exists in a bound state, to ATP and other
compounds; therefore, the question of Mg2+ inhibition becomes (at least in part) an issue
of whether TDG~SUMO possesses enough affinity to sequester Mg2+ away from other
binding partners. If TDG~SUMO does not sequester Mg2+, then one would predict that
TDG~SUMO should still excise T from G·T mispairs, albeit quite slowly (about fourfold slower than G·fC or G·caC). If TDG~SUMO does bind Mg2+ effectively, then there
may be a G·T mispair-specific role for TDG sumoylation that relies upon the presence of
free divalent cations.
Who deconjugates the conjugates? – While several lines of evidence point to SENP1 and
SENP2 as the de facto SUMO proteases for TDG deconjugation (discussed in Section
1.4.4), it still remains to be determined how rapidly TDG can be deconjugated, and by
which SENP. Since our studies demonstrate that TDG is efficiently modified by SUMO1, the question of how efficiently or rapidly it can be deconjugated is of considerable
interest as well. Since there are known cases where SUMO isoform-specific conjugation
yields a protective effect against deconjugation by SENPs (268), it would be valuable to
confirm or exclude such a possibility for TDG. Also, performing in vitro studies of TDG
deconjugation would yield a maximal deconjugation rate and therefore illuminate the
kinetics of both ends of the modification. By knowing how efficiently both conjugation
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and deconjugation can occur, the potential role(s) for TDG sumoylation could be better
understood.
Towards a DNA-bound TDG~SUMO construct – Given the fluorescence anisotropy
presented in Chapter III and the data presented on TDG82-308 in Chapter IV, it now seems
quite possible that a structure could be solved of a TDG~SUMO construct bound to
DNA. This would be the first such structure, one that prior results have frequently
suggested should not be viable. A longer TDG construct containing the sumoylationspecific amino acids, TDG82-340, is currently being investigated. Given the tight binding
of modified TDG to G·caC substrates and to AP-DNA, it seems quite likely that the
SUMO-modified construct could be bound to either substrate or product (or both). The
modification reaction proceeds in E. coli reliably for other TDG constructs, including the
previous constructs used for crystallization of TDG~SUMO (213,214), so obtaining fully
modified TDG should not present a challenge.
To date, no structures exist of a TDG construct bound to a G·T substrate; this is
likely due to the equilibrium and dynamics of base-flipping (Kflip) rather than binding
alone. A G·T substrate may not stably adopt a fully-flipped conformation for a long
enough period to permit crystallization. It seems unlikely that SUMO-modified TDG
would provide such a structure, but similar structures – such as that of TDG~SUMO
bound to a G·U mispair – could be informative with respect to how one might predict
TDG~SUMO interacts with G·T. Therefore, structural data collected on TDG~SUMO
bound to G·U substrates may also be valuable for understanding and explaining the effect
of divalent cations on G·T excision.
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Appendix

A.1 – Stimulation of TDG sumoylation by SUMO-1 in the presence of plasmid DNA

Figure 31. Length of DNA stimulates TDG modification by SUMO-1.
A) Modification of TDG by SUMO-1 at 37° C. Rates over 30 min are comparable
whether or not TDG is bound to NS-DNA or AP-DNA. B) Modification of TDG by
SUMO-1 at 37° C in the presence of longer DNA. Stimulation of sumoylation rate occurs
due to length of DNA present, rather than the presence of TDG bound to product DNA.
To further confirm that the effects of TDG sumoylation seen with longer (60 bp)
DNA were due to DNA length rather than any other factor, sumoylation experiments
were performed as described previously (Section 2.2) in the presence of 1 µg of pET21a
empty vector (31B, far right lanes). Modification rates of TDG in the presence of plasmid
are approximately the same as in the presence of 60mer DNA, indicating that stimulation
is, in fact, due to DNA length.

A.2 – Complete modification of TDG by SUMO-1 in vitro
To validate that in vitro modified TDG~SUMO-1 used for EMSAs was fully
modified, the reaction was analyzed via SDS-PAGE using a 10% Tris-glycine gel.
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Additionally, a mock reaction (all components minus ATP) was performed as a negative
control (Figure 32).

Figure 32. TDG is fully modified by SUMO-1 after 24 h at 22° C.
Modification of TDG by SUMO-1 was performed as described to generate TDG~SUMO1 for EMSAs. 5 µL of the reaction volume (lane labeled “+ATP”) were analyzed via
SDS-PAGE to determine that all TDG present had been modified by SUMO-1. A
reaction without ATP but containing all other components of the modification reaction
show that TDG is not modified.
These reactions demonstrate that all TDG loaded in the panel labeled “TDG~SUMO-1 in
vitro” (Figure 16, middle panel) is 100% modified TDG and does not contain any
unmodified TDG (which would be expected to bind more tightly to AP-DNA than
TDG~SUMO-1 and would therefore confound the results).
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A.3 – Immunoblotting of TDG~SUMO stocks for potential TDG contamination
Since the presence of unmodified TDG within frozen stocks of recombinantly
expressed and purified TDG~SUMO-1 or TDG~SUMO-2 could confound any results
generated with those proteins, immunoblotting was performed to ensure that all TDG
present was modified.

Figure 33. Recombinantly expressed TDG~SUMO is fully modified.
A) Immunoblotting with a primary antibody against 6xHis. Each gel lane was loaded
with 1 µM of the TDG construct listed. Unmodified TDG separates clearly and
completely from either SUMO-modified construct, with no contaminating unmodified
TDG detectable in either TDG~SUMO lane. B) Immunoblotting with a primary antibody
against SUMO-1. The absence of signals in TDG and TDG~SUMO-2 lanes further
confirms the identity of the species in panel A. Molecular weight markers listed are from
PageRuler prestained protein ladder (Thermo Scientific).

Figure 33 clearly demonstrates that the TDG~SUMO-1 and TDG~SUMO-2
protein stocks do not contain unmodified TDG. Although the purifications are not
entirely free of TDG truncation products (discussed in Section 3.2), these truncation
products are clearly larger in size than unmodified TDG. This indicates that the
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truncation products are themselves sumoylated, which in turn is informative – i.e., that
the TDG truncation occurs after the sumoylation-specific amino acids. In both
TDG~SUMO-1 lanes, a small amount of poly-sumoylated TDG can be seen; this is likely
an artifact of the recombinant expression and may not reflect the modification of TDG
under any other conditions.

A.4 – Single turnover data of TDG N140A mutant on a G·caC substrate
Although previous studies have demonstrated that the N140A mutant of TDG
possesses little to no activity on G·T, G·U, and G·fC substrates (243,255), similar assays
had not been performed employing G·caC as a substrate. Therefore, to ensure that TDG
and TDG~SUMO fluorescence anisotropy experiments were correctly capturing an
enzyme-substrate complex, rather than an enzyme-product complex, single turnover
assays were performed with a 28mer containing a G·caC lesion (Figure 34). The N140A
mutant of TDG demonstrates even less activity on G·caC than on other TDG substrates,
with only 3-4% of the substrate converted to product after 96 h. This reinforces the point
that all anisotropy data collected on a G·caC duplex reflects enzyme-substrate binding,
since data points for anisotropy are only incubated for 4-6 h at most. Furthermore, the
poor turnover of the N140A mutant is informative with respect to generating structures of
TDG constructs bound to G·caC – the slow excision also strongly indicates that any such
structures reflect an enzyme-substrate complex.
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Figure 34. TDG N140A exhibits slow turnover on G·caC substrates.
Single turnover assays containing 5 µM TDG N140A incubated at 22° C with 500 nM
DNA (G·fC, black circles; G·caC, black squares). All data represent at least three
independent experiments. Linear regression analysis of G·caC activity yields a kmax =
0.0023 ± 0.0003 for TDG N140A, which is approximately 200-fold slower than wildtype TDG.

A.5 – Anisotropy of TDG and TDG~SUMO bound to G·T and G·caC
Fitted curves for TDG N140A and TDG~SUMO N140A bound to G·2’FdT
(Figure 24) and G·caC (Figure 25) were shown above, but the collected data points were
not shown along with the fitted curves. The following figures (Figure 35 for G·T and
Figure 36 for G·caC) show the data collected for each experimental condition as its own
curve, with boxes representing average values for a given TDG/TDG~SUMO
concentration and error bars representing ± 1 standard deviation.
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Figure 35. Anisotropy for TDG and TDG~SUMO bound to a G·T substrate.
Data points collected at a given concentration of TDG/TDG~SUMO are represented as
boxes (TDG, panel A, black; TDG~SUMO-1, panel B, green; TDG~SUMO-2, panel C,
blue), while fitted curves represent global fitting from at least three independent
experiments. Error bars represent ± 1 s.e. Data from the fits shown are collected in Table
5.
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Figure 36. Anisotropy for TDG and TDG~SUMO bound to a G·caC substrate.
Data points collected at given concentrations of TDG/TDG~SUMO are represented as
boxes (TDG, panel A, black; TDG~SUMO-1, panel B, to be added later in green;
TDG~SUMO-2, panel C, blue), while fitted curves represent global fitting from at least
three independent experiments. Error bars represent ± 1 s.e. Data from the fits shown are
collected in Table 6.

A.6 – Comparison of 15N HSQC of TDG111-308 and TDG82-308
To further illustrate that the peaks visible in the NMR spectrum of TDG82-308
reflect the disordered residues present in the N-terminal region of the construct, the NMR
spectra of 15N-labeled TDG82-308 (black peaks) and TDG111-308 (red peaks) were compared
(Figure 37). Relatively few peaks appear in red, indicating that few residues are
disordered. The residues of TDG111-308 that do appear largely overlay with black peaks
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(asterisks) and likely represent the C-terminus (305-NMDV-308), since they are the same
peaks which do not change when DNA is present (Figure 28).

Figure 37. Overlay of 15N HSQC spectra of TDG82-308 versus TDG111-308.
Overlay of 15N-edited HSQC NMR spectra of 15N-labeled TDG82-308 (black peaks) with
TDG111-308 (red peaks). Box in upper right contains peaks corresponding to side chain
amino groups. Overlapping peaks highlighted with asterisks likely correspond to the
unstructured residues of the C-terminal region (305-NMDV-308). Most other peaks in the
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TDG82-308 spectrum are missing from TDG111-308, indicating that the N-terminal region of
TDG82-308 is largely unstructured.
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