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Thymine-DNA glycosylase (TDG) plays critical roles in DNA
base excision repair and DNA demethylation. It has been pro-
posed, based on structural studies and in vitro biochemistry,
that sumoylation is required for efficient TDG enzymatic turn-
over following base excision. However, whether sumoylation is
required for TDG activity in vivo has not previously been tested.
We have developed an in vivo assay for TDG activity that takes
advantage of its recently discovered role in DNA demethylation
and selective recognition and repair of 5-carboxylcytosine.
Using this assay, we investigated the role of sumoylation in reg-
ulating TDG activity through the use of TDG mutants defective
for sumoylation and Small Ubiquitin-like Modifier (SUMO)
binding and by altering TDG sumoylation through SUMO and
SUMO protease overexpression experiments. Our findings indi-
cate that sumoylation and SUMO binding are not essential for
TDG-mediated excision and repair of 5-carboxylcytosine bases.
Moreover, in vitro assays revealed that apurinic/apyrimidinic
nuclease 1 provides nearly maximum stimulation of TDG pro-
cessing of G�caC substrates. Thus, under our assay conditions,
apurinic/apyrimidinic nuclease 1-mediated stimulation or
other mechanisms sufficiently alleviate TDG product inhibition
and promote its enzymatic turnover in vivo.

Regulation and coordination of DNA repair mechanisms is
essential for maintaining genome integrity and proper cell
function. Sumoylation is a post-translational protein modifica-
tion critical for DNA damage repair, including repair of DNA
single- and double-stranded breaks, interstrand cross-links,
and nucleotide mismatches (1, 2). Although affecting repair pro-
cesses through a variety of distinct mechanisms, primary func-
tions of sumoylation at DNA lesions include promotion of pro-
tein-protein interactions and stimulation of protein extraction
or turnover (1, 3). The exact molecular effects of sumoylation

on many modified repair factors, however, remain to be fully
understood.

Thymine-DNA glycosylase (TDG)3 is a monofunctional gly-
cosylase involved in DNA repair, DNA demethylation, and
transcription activation (4 – 6). The best studied role of TDG is
in base excision repair (BER), where it specifically recognizes
G/U and G/T mismatches arising from spontaneous deamina-
tion of cytosine or 5-methylcytosine, respectively. BER pro-
ceeds through a process involving glycosylase recognition of a
specific DNA lesion and removal of the lesion to produce an
apurinic/apyrimidinic (AP) site. TDG-mediated BER is of par-
ticular interest because of the observed product inhibition
caused by high affinity binding of TDG to the AP site following
base excision (7, 8). This product inhibition can be relieved by
apurinic/apyrimidinic endonuclease 1 (APE1), the enzyme that
acts immediately downstream of TDG in the BER pathway (8,
9). Alternatively, in vitro studies and structural analyses have
suggested an intriguing model for overcoming product inhibi-
tion involving TDG sumoylation (10 –14).

TDG is sumoylated at a single lysine residue near its C ter-
minus, Lys330, and also contains a SUMO-interacting motif
(SIM) that involves residues ranging from Asp307 to Thr314,
including a VQEV motif (residues 308 –311) that is similar to
that found in SIMs of other proteins (12, 13). When TDG is
modified by either SUMO1 or SUMO3 at Lys330, conjugated
SUMO interacts noncovalently with the adjacent SIM, thereby
promoting formation of a protruded �-helix within the cata-
lytic domain that obstructs DNA binding (10, 11). In addition,
sumoylation has been proposed to affect conformational
changes within the N-terminal domain of TDG that neutralize
nonspecific DNA interactions (14). Consistent with these find-
ings, in vitro binding studies indicate that SUMO-modified
TDG has reduced affinity for DNA (12, 14, 15). Based on these
observations, it has been proposed that sumoylation serves as a
mechanism for promoting enzymatic turnover of TDG by dis-
rupting DNA binding and relieving product inhibition (12, 14).

Despite findings that sumoylation of TDG weakens its bind-
ing to abasic DNA in vitro, no studies have explored the ques-
tion of whether this modification is needed for efficient sub-
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strate processing by TDG in vivo. This has been due in part to
the redundant substrate specificities of the multiple mamma-
lian DNA glycosylases and the absence of TDG specific activity
assays (16). The recently discovered role for TDG in active
DNA demethylation, however, provides the basis for develop-
ing an assay to selectively interrogate TDG activity. Specifically,
DNA demethylation proceeds through an enzymatic pathway
that involves the ten-eleven translocation enzymes (TETs) and
TDG-initiated BER. The TET enzymes are a family of dioxyge-
nases that iteratively oxidize 5-methylcytosine (5mC) to give
5-hydroxymethylcytosine, 5-formylcytosine, and a final prod-
uct of 5-carboxylcytosine (5caC) (5). Importantly, TDG is the
only glycosylase that recognizes and excises 5-formylcytosine
and 5caC from DNA (5, 17–19).

Taking advantage of TDG specificity for 5caC, we developed
an in vivo assay to monitor TDG activity and explore require-
ments for TDG sumoylation and SUMO binding in BER. Our
findings reveal that neither sumoylation of TDG nor SUMO
binding by TDG are essential for its enzymatic activity under
our in vivo assay conditions and thus raise questions about
other mechanisms for relieving product inhibition and other
possible functions for TDG sumoylation.

Experimental Procedures

Materials—The G�caC DNA for TDG activity assays con-
tained a 40-mer strand, 5�-CAT GTG TCA CCA CTG CTC
A�XG TAC AGA GCT GTA GAT GCA C (X � caC), and a
40-mer complement, 5�-GTG CAT CTA CAG CTC TGT ACG
TGA GCA GTG GTG ACA CAT G. In this 40-bp duplex, 5caC
is paired with G and located in a CpG context (underlined).
Oligodeoxynucleotides were obtained from IDT or the Keck
Foundation Biotechnology Resource Laboratory of Yale Uni-
versity. Oligodeoxynucleotides were purified by reverse phase
HPLC; exchanged into buffer consisting of 0.02 M Tris-HCl,
pH 7.5, 0.04 M NaCl; and quantified by absorbance as
described (20, 21).

Human APE1 and human TDG were expressed in bacteria
(Escherichia coli) and purified essentially as described (9, 21).
The enzymes were �99% pure as judged by SDS-PAGE, and the
concentrations were determined by absorbance as described
(22).

TDG Activity Assays—Enzyme kinetics experiments were
performed using either single turnover conditions with a satu-
rating TDG concentration, to obtain the maximal rate of 5caC
base excision (kmax), or multiple turnover experiments with a
saturating substrate concentration, to obtain the maximal rate
of catalytic turnover (kcat), as described (18). The reactions were
performed at 37 °C in HEMN.1 buffer (0.02 M HEPES, pH 7.5,
0.1 M NaCl, 0.2 mM EDTA, 2.5 mM MgCl2). Reactions were
initiated by adding concentrated TDG to buffered G�caC DNA
substrate, and aliquots were removed at the desired time points
and quenched with 50% (v/v) 0.3 M NaOH, 0.03 M EDTA.
Quenched samples were heated for 15 min at 85 °C to quanti-
tatively cleave the DNA backbone at abasic sites, and the result-
ing DNA fragments were resolved by anion exchange HPLC
(21).

Single turnover experiments were performed with a sub-
strate concentration of 0.5 �M and a saturating concentration

of TDG (1.0 �M). Progress curves were fitted by nonlinear
regression to Equation 1,

fraction product � A�1 � exp��kobst�� (Eq. 1)

where A is the amplitude, kobs is the rate constant, and t is the
reaction time. Given the saturating enzyme conditions em-
ployed ([E] �� Kd; [E] � [S]), the observed rate constant reflects
the maximal rate of product formation (kobs � kmax) and is not
influenced by E-S association or by product release or product
inhibition. Previous studies show that TDG binds to DNA con-
taining a G/U mispair with a Kd � 0.6 nM (22), and the TDG
catalytic domain exhibits 7-fold tighter affinity for G�caC rela-
tive to G/U DNA (23).

Multiple turnover experiments were performed at 37 °C in
HEMN.1 buffer (with 0.1 mg/ml BSA), using a limiting concen-
tration of TDG (0.05 �M) and a saturating concentration of
G�caC DNA substrate (1.0 �M). The linear portion of the pro-
gress curve (product concentration versus time) was used to
obtain the initial velocity (v0). Under the saturating substrate
conditions used here ([S] �� Km), the Michaelis-Menten equa-
tion simplifies such that v0 reports on the maximal rate of cat-
alytic turnover (kcat � v0/[E]). Following the same approach,
multiple turnover experiments were also performed in the
presence of APE1. The reactions were initiated by adding TDG
to HEMN.1 buffer (with 5 mM MgCl2) containing G�5caC sub-
strate and APE1, and aliquots were removed and quenched as
described above. For experiments collected with APE1, fitting
was also limited to the linear region of the progress curve (	
20% product).

Cell Culture and Transfections—HEK293T and U2OS cells
were cultured in Dulbecco’s modified Eagle’s medium-high
glucose (DMEM-1
; Life Technologies) containing 4.5 g/liter
D-glucose and L-glutamine and supplemented with 10% fetal
bovine serum, 1% HEPES, phenol red, and antibiotics and
maintained at 37 °C in 5% CO2 incubator. For transient trans-
fections, the cells were plated in 6-well plates with supple-
mented DMEM-1
 culture media absent antibiotics. The Cells
were transfected using Lipofectamine 2000 (Life Technologies)
for transient overexpression or Lipofectamine RNAiMAX (Life
Technologies) for transient knockdowns per manufacturer’s
instructions. RNAi oligonucleotides were used at final concen-
trations of 20 nM.

Plasmids and Oligonucleotides—TDG was cloned into the
pcDNA3.0 expression vector with an N-terminal FLAG tag.
TDG mutant constructs were generated using QuikChange
site-directed mutagenesis (Agilent Technologies, Inc.). The
TET1catalytic domain (residues 1,418 –2,136) was inserted
into the pLEXm expression vector and contains an N-terminal
histidine tag (generously provided by R. Kohli, University of
Pennsylvania). SENP1 was expressed in pEGFP-C1 vectors, as
previously described (24). All constructs were confirmed by
DNA sequence analysis. siRNA oligonucleotides used were as
follows: (SENP1) 5�-UCCUUUACACCUGUCUCGAUGU-
CUU-3�; (SENP2) 5�-AUAUCUGGAUUCUAUGGGAUU-3�.
The commercially available NC1 oligonucleotide (Integrated
DNA Technologies) was used as a control.

Cell Lysate Preparation—HEK293T cells were cultured in
6-well plates, washed with 1
 PBS, and then lysed with 100 �l
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of modified radioimmunoprecipitation assay buffer (50 mM

Tris-HCl, pH 7.4, 150 mM NaCL, 1% Nonidet P-40, 0.25%
sodium deoxycholate, 1 mM EDTA, 0.1% SDS) supplemented
with 1 mM PMSF, 5 mM N-ethylmaleimide, and 1
 SigmaFAST
protease inhibitor mixture (Sigma-Aldrich). After incubation
for 30 min at 4 °C, lysates were sonicated to shear DNA, centri-
fuged (20,000 
 g, 4 °C, 30 min), and stored at �80 °C. Protein
concentrations of cell lysates were measured by bicinchoninic
acid assay (Pierce, Thermo Scientific).

Immunoblot Analysis—Prepared cell lysates were diluted
with 5
 SDS loading buffer (300 mM Tris-HCl, pH 6.8, 10%
SDS, 50% glycerol, 500 mM 2-mercaptoethanol, and 0.05%
bromphenol blue) and incubated for 10 min at 96 °C. For
immunoblotting, proteins were resolved by SDS-PAGE and
transferred to nitrocellulose membrane. The membranes were
blocked with 5% milk in 1
 Tris-buffered saline and 0.1%
Tween 20 (TBS-T) and then incubated with respective primary
antibodies. Antibodies were diluted in TBS-T with the follow-
ing dilutions: 1:2,000 rabbit polyclonal anti-TDG (Genetex,
GTX110473), 1:10,000 mouse monoclonal anti-FLAG (Sigma,
F1804), 1:2,000 mouse monoclonal anti-His (GE Life Sciences,
27-4710-01), 1:2,000 mouse monoclonal anti-c-Myc (Santa
Cruz, sc-40), 1:5,000 mouse monoclonal anti-GFP (Clontech
Living Colors, 632381), 1:5,000 rabbit monoclonal anti-SENP1
(Abcam, ab108981), 1:2,000 mouse monoclonal anti-�H2A.X
(Millipore, 05– 636), 1:5,000 mouse monoclonal anti-�-tubulin
(Sigma, T9026), and 1:1,000 rabbit anti-TET1 (ProSci Inc.,
7733). HRP-conjugated secondary antibodies (Jackson Immuno-
Research Laboratories) were detected by enhanced chemilumi-
nescence (Luminata Western HRP Substrates, Millipore).

Immunofluorescence Microscopy—U2OS cells were cultured
on coverslips in 6-well plates. The cells were fixed for 30 min at
room temperature with 2% formaldehyde in PBS. The cells
were then washed with PBS and permeabilized for 7 min at
room temperature with 0.2% Triton X-100 in PBS. The cells
were incubated with primary antibody (1:250 rabbit polyclonal
anti-FLAG, GenScript, A00170; 1:250 mouse monoclonal anti-
SUMO1, 21C7) (25) in TBS-T. After washing with PBS, the cells
were incubated with mouse �488 or rabbit �594 Alexa Fluor-
conjugated secondary antibodies (Invitrogen). The cells were
imaged using a Zeiss Observer Z1 microscope.

Genomic DNA Purification and 5caC Dot Blot Analysis—
Genomic DNA (gDNA) was purified from HEK293T cells
using GeneJet genomic DNA purification kit per kit instruc-
tions for mammalian cell culture (Thermo Scientific). For
5caC analysis, gDNA was denatured by incubation with NaOH
(0.4 M final) for 10 min at 95 °C. Immediately following heating,
gDNA was neutralized with NH4OAc, pH 7.2 (final concentra-
tion, 1 M) and brought to a final concentration of 5 ng/�l. DNA
concentrations were measured by NanoDrop 2000 (Thermo
Scientific).

Prepared gDNA was subsequently spotted as indicated on
nitrocellulose membrane (0.45 �m; Bio-Rad) using a Hybri-dot
manifold dot blot apparatus (96-well; Invitrogen, Life Technol-
ogies) following standard procedures. The membranes were
washed with 2
 SSC buffer (300 mM NaCl, 30 mM trisodium
citrate, pH 7). The membranes were blocked with 5% milk in
TBS-T and subsequently probed with 1:5,000 rabbit polyclonal

anti-5caC (Active Motif, 61225). Signals were detected using
fluorescent secondary antibodies, and intensities were mea-
sured and analyzed using an Odyssey Imaging System (LI-COR
Biosciences). To confirm equal loading of gDNA, membranes
were briefly incubated with methylene blue (0.02% methylene
blue, 300 mM sodium acetate, pH 5.2) at room temperature,
destained with double-distilled H2O, and imaged.

Chromatin Fractionation—HEK293T cells were cultured in
6-well plates and washed with PBS and then lysed with 100 �l of
Nonidet P-40 lysis buffer (10 mM HEPES, pH 7.4, 10 mM KCl,
0.05% Nonidet P-40) supplemented with 1 mM PMSF, 5 mM

N-ethylmaleimide, and 1
 SigmaFAST protease inhibitor mix-
ture (Sigma-Aldrich). After 30 min of incubation on ice, lysates
were centrifuged (20,000 
 g, 4 °C, 10 min), and supernatant
was saved as the Nonidet P-40-soluble fraction. The remaining
pellet was washed with Nonidet P-40 lysis buffer and then
resuspended with low salt buffer (10 mM Tris-HCl, pH 7.4, 0.2
mM MgCl2) and supplemented with 5 mM N-ethylmaleimide
and protease inhibitors. After 15 min of incubation on ice, the
suspension was centrifuged (20,000 
 g, 4 °C, 10 min), and the
supernatant was discarded. The remaining pellet was resus-
pended with 2
 sample buffer, briefly sonicated, and saved as
the Nonidet P-40-insoluble fraction.

Comet Assays—HEK293T cells were transfected with indi-
cated expression constructs and analyzed for single and double-
stranded DNA breaks using the single cell electrophoresis
CometAssay� under alkaline conditions according to the man-
ufacturer (Trevigen, Inc.). As a positive control, untransfected
cells were treated with 100 �M hydrogen peroxide for 20 min
prior to analysis. Images were collected using a Zeiss Observer
Z1 microscope.

Results

Development of an in Vivo TDG Activity Assay—To explore
the effects of sumoylation on TDG activity in vivo, we sought to
develop a TET-TDG co-expression assay that takes advantage
of the unique ability of TDG to excise TET-induced 5caC from
DNA (17) (Fig. 1A). First, we transfected 293T cells with a plas-
mid coding for a His-tagged catalytic domain of human TET1
(TETCD) and analyzed 5caC production by dot blot analysis of
purified gDNA using a 5caC-specific antibody. As expected, we
observed a dose-dependent increase in 5caC levels with
increasing levels of TETCD expression (Fig. 1B). Levels of 5caC
detection peaked with intermediate TETCD expression, sug-
gesting saturable levels of cytosine modification by TETCD.
Importantly, these results also suggest that endogenous TDG
activity is insufficient to repair and effectively reduce the levels
of 5caC induced by TETCD expression.

To investigate the ability of exogenously expressed TDG to
excise 5caC in vivo, we next co-transfected 293T cells with plas-
mids coding for His-tagged TETCD and FLAG-tagged TDG.
The cells were transfected so that they expressed a fixed level of
TETCD and increasing levels of TDG, as revealed by immuno-
blot analysis (Fig. 1C). As previously reported, two forms of
TDG were detected in transfected cells: an unmodified form
migrating at �65 kDa and a SUMO-modified form migrating at
�80 kDa (12, 26, 27). We again used dot blot analysis of gDNA
prepared from these cells to detect 5caC levels. This analysis
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revealed a dose-dependent decrease in 5caC detection, indica-
tive of dose-dependent TDG-mediated excision (Fig. 1C).
Under maximum expression conditions, FLAG-TDG levels
were �4 times above endogenous TDG, whereas relative levels
of TETCD expression could not be determined because of the
inability to detect endogenous TET1 (Fig. 1D). Our assay pro-
vides a quick and robust method for monitoring TDG activity
in vivo.

Assessment of Sumoylation and SUMO Binding on TDG
Activity in Vivo—TDG is sumoylated at Lys330 and has a SIM
that includes a VQEV motif (residues 308 and 311) (Fig. 2A).

Both SUMO conjugation and binding are proposed to affect
a conformational change in TDG that promotes enzymatic
turnover (10, 12, 14). To evaluate the effects of SUMO mod-
ification and SUMO binding on TDG activity in vivo, we
generated plasmids coding for FLAG-tagged mutant forms
of TDG. One mutant contained a K330R substitution inhib-
iting covalent sumoylation, and another contained an E310Q
substitution previously shown to interrupt noncovalent
SUMO binding (10, 26). Plasmids coding for wild type or
mutant TDG were transfected into 293T cells with TETCD so
that fixed levels of TETCD and increasing levels of TDG

FIGURE 1. TETCD expression and induction of 5caC can be used to assess TDG activity in vivo. A, schematic of the experimental approach to evaluate TDG
activity in vivo. B, expression of TETCD induces formation of 5caC in a dose-dependent manner. The cells were transfected with increasing levels of TETCD
expression vector. Protein expression and 5caC levels were monitored by immunoblot analysis. Protein and DNA loading were assessed by tubulin and
methylene blue staining, respectively. C, expression of exogenous TDG suppresses 5caC accumulation in a dose-dependent manner. The cells were transfected
with TETCD and varying levels of TDG. Protein expression and 5caC levels were monitored as in B. ** indicates sumoylated TDG. D, immunoblot analysis of
control transfected cells and cells transfected with TETCD and FLAG-TDG. The blots were probed with TET1- and TDG-specific antibodies for detection of both
endogenous and exogenous proteins. Asterisks indicate the positions of endogenous SUMO-TDG, TDG, and the predicted size of endogenous TET1 (not
detected). The ratio of TDG to FLAG-TDG was determined using ImageJ.
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expression were achieved, as revealed by immunoblot anal-
ysis (Fig. 2B). As anticipated, only unmodified TDG was
detected in cells expressing TDGK330R mutant. This was also

the case for cells expressing TDGE310Q, consistent with a
report that SUMO binding also affects covalent modification
of TDG (27).

FIGURE 2. TDG sumoylation and SUMO binding are not essential for 5caC repair. A, schematic diagram of TDG and the location of the C-terminal SIM and
sumoylation site at Lys330. B, cells were co-transfected with expression vectors for TETCD and varying levels of wild type TDG (TDG), or sumoylation (TDGK330R)
or SUMO binding (TDGE310Q) mutant TDG. Protein and 5caC levels were monitored by immunoblot analysis. ** indicates sumoylated TDG. Protein and DNA
loading were assessed by tubulin and methylene blue staining, respectively. C, analysis of wild type and mutant TDG localization by immunofluorescence
microscopy. The cells were transfected with plasmids coding for FLAG-tagged wild type TDG or sumoylation or SUMO binding TDG mutants. TDG localization
was assessed using anti-FLAG antibodies. Localization to PML nuclear bodies was assessed by co-localization with SUMO1. Bar, 5 �m.
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Because of varying reports (12, 26, 27), we also evaluated the
localizations of TDG, TDGK330R, and TDGE310Q by immuno-
fluorescence microscopy to assess possible mutual effects on
subcellular targeting (Fig. 2C). Wild type TDG localized
predominantly to the nucleoplasm and could also be detected
in promyelocytic leukemia (PML) nuclear bodies, as revealed
by co-localization with nuclear foci stained with SUMO1.
TDGK330R localization was similar to wild type, whereas
TDGE310Q localized to the nucleoplasm but was not detected in
PML nuclear bodies. The normal heterogeneity in size and
number of PML nuclear bodies detected by SUMO1 staining
was not affected by expression of wild type or mutant TDGs.

Effects of wild type and mutant TDG expression of 5caC
repair were evaluated by dot blot analysis of gDNA. As previ-
ously observed, we detected a dose-dependent decrease in 5caC
levels with increasing expression of wild type TDG (Fig. 2B). In
addition, comparable dose-dependent decreases in 5caC levels
were detected in cells expressing TDGK330R and TDGE310Q.
Notably, wild type and mutant TDG proteins were equally
active under conditions where 5caC levels were in excess (com-
pare lanes 2, 7, and 11, where TDG expression does not fully
reduce 5caC detection). Under these conditions, TDGK330R
excised 5caC as efficiently as wild type TDG even though it was
expressed at slightly lower levels (compare lanes 2 and 7). These
findings suggest that product inhibition is not simply overcome
by TDG overexpression and, moreover, demonstrate that
SUMO modification and SUMO binding are not required for
efficient TDG-mediated excision of 5caC under these in vivo
conditions.

Effect of APE1 on Catalytic Turnover of TDG—Given our
finding that SUMO modification is not needed for efficient
TDG excision of 5caC in cells, we sought to determine the effect
of APE1 on the catalytic turnover of TDG for processing a
G�caC substrate in vitro. APE1 follows TDG in the BER path-
way, and it stimulates multiple-turnover processing of G/T and
G/U mispairs by TDG (8, 9). To establish a baseline, we exam-
ined the activity of TDG in the absence of APE1. Single turn-
over kinetics experiments collected with a saturating level of
TDG give the maximal rate of 5caC excision by TDG; kmax �
0.50 � 0.03 min�1 (Fig. 3A). Notably, this maximal base exci-
sion rate is not altered by the presence of APE1 (1.2 �M), con-
sistent with findings for other substrates that APE1 effects steps
of the TDG reaction after chemistry (base excision) (8, 9).

We also collected multiple turnover kinetics experiments,
with saturating G�5caC substrate (1.0 �M) and limiting TDG
(0.05 �M), finding that TDG turnover is very low, kcat �
0.0121 � 0.0015 min�1 (Fig. 3B). The observation that kcat is
41-fold lower than kmax indicates that catalytic turnover for
G�5caC is severely limited by slow product release and/or
strong product inhibition, as observed for TDG processing of
other substrates (8, 9, 12, 13).

Using the same multiple turnover experiments, we find that
APE1, when present at a 20% molar excess relative to DNA (1.2
�M), greatly enhances the catalytic turnover of TDG, where
kcat

APE1 � 0.369 � 0.018 min�1 (Fig. 3B). Thus, APE1 stimu-
lates the turnover of TDG by 30-fold for G�5caC substrates
(kcat

APE1/kcat � 30). Moreover, APE1 provides nearly the
maximum possible stimulation of TDG turnover, as indicted by

our finding that kcat
APE1 approaches kmax (that is, kcat

APE1/
kmax � 0.74). Notably, previous studies have shown that APE1
provides a similarly high enhancement of multiple turnover
activity for human alkadenine DNA glycosylase (28).

Assessment of SENP1-mediated Desumoylation on TDG
Activity in Vivo—The current paradigm holds that to facilitate
enzymatic turnover, TDG is dynamically sumoylated and desu-
moylated to promote AP-DNA product release and enable sub-
strate binding, respectively. To identify SUMO isopeptidases
involved in TDG desumoylation, we used RNAi to knockdown
SENP1 and SENP2, the two SUMO isopeptidases that have
both SUMO1 and SUMO2 specificity (29). Cell lysates from
control and knockdown cells were analyzed by immunoblotting
with TDG, tubulin and SENP1 or SENP2 antibodies (Fig. 4A).
SENP1 was depleted by �90%, whereas each of the three major
isoforms of SENP2 recognized by our antibody (30) were
depleted by �70 – 80%. Under these knockdown conditions,
SENP1 depletion uniquely increased the ratio of SUMO-mod-

FIGURE 3. APE1 increases the catalytic turnover of TDG for processing
G�caC substrates. A, TDG excision of 5caC from a G�caC DNA substrate exhib-
its a maximal rate constant of kmax � 0.50 � 0.02 min�1. Single turnover
experiments were performed at 37 °C with 0.5 �M substrate and saturating
TDG (1.0 �M). B, catalytic turnover of TDG for a G�5caC substrate and the
stimulatory effect of APE1. Multiple turnover activity of TDG is very low in the
absence of APE1, kcat � 0.0121 � 0.0015 min�1 (E), and is dramatically
enhanced by APE1, kcat

APE1 � 0.369 � 0.018 min�1 (‚). Multiple turnover
experiments were collected at 37 °C with 1.0 �M DNA substrate, 0.05 �M TDG,
and no APE1 or 1.2 �M APE1.
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ified to unmodified TDG. Also of potential significance, SENP1
depletion led to a decrease in overall TDG protein levels.

To compliment RNAi knockdowns, we also overexpressed
SENP1 and SENP2 by transient transfection and again evalu-
ated effects on TDG sumoylation by immunoblot analysis.
Under these conditions, we found that SENP1 overexpression
reduced TDG sumoylation to undetectable levels, whereas
SENP2 overexpression reduced but did not eliminate TDG
sumoylation (Fig. 4C). Chimeras, in which the catalytic do-
mains of SENP1 and SENP2 were exchanged, revealed that
TDG recognition is determined by the SENP1 catalytic domain
(Fig. 4, B and C).

Because SENP1 overexpression effectively limits TDG su-
moylation, we used this as an alternative approach to explore
the functional significance of dynamic sumoylation and desu-
moylation on TDG-mediated BER activity in vivo. We co-ex-

pressed TETCD, TDG, and SENP1 and first evaluated effects on
TDG sumoylation by immunoblot analysis. As anticipated,
TDG sumoylation was reduced to undetectable levels when co-
expressed with SENP1 alone or with SENP1 together with
TETCD (Fig. 4D). We next evaluated effects of SENP1 overex-
pression on TDG-mediated 5caC repair by dot blot analysis of
purified gDNA. We observed nearly identical reductions in
5caC levels in cells transfected with TETCD, TDG, and SENP1
compared with cells transfected with only TETCD and TDG.
These results further indicate that coordinated sumoylation
and desumoylation of TDG is not required for its ability to
repair 5caC under these in vivo conditions.

Assessment of Hypersumoylation on TDG Activity in Vivo—
To complement studies on SENP1 overexpression and TDG
desumoylation, we also sought to identify conditions for pro-
moting and evaluating effects of TDG hypersumoylation.

FIGURE 4. SENP1 affects TDG sumoylation but not TDG-mediated repair of 5caC. A, cells were transfected with control, SENP1, or SENP2 specific siRNAs, and
effects on protein expression and TDG sumoylation were monitored by immunoblot analysis. ** indicates sumoylated TDG. B, schematic diagram of SENP1,
SENP2, and chimeric SENP1–2 proteins. C, cells were transfected with expression vectors for wild type TDG, GFP-SENP1, GFP-SENP2, or chimeric GFP-SENP1–2
proteins, as indicated. Protein expression levels and TDG sumoylation were monitored by immunoblot analysis. ** indicates sumoylated TDG. D, cells were
transfected with expression vectors for wild type TDG in the presence or absence of TETCD and GFP-SENP1 expression vectors, as indicated. Protein expression
and 5caC levels were monitored by immunoblot analysis. ** indicates sumoylated TDG. Protein and DNA loading were assessed by tubulin and methylene blue
staining, respectively.
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Toward this end, we found that overexpressing SUMO1 in the
presence of TDG led to an increase in the ratio of SUMO-
modified to unmodified TDG (Fig. 5A). To assess effects of
hypersumoylation on TDG BER activity, we evaluated 5caC lev-
els in cells co-expressing TETCD and TDG in the presence and
absence of exogenous SUMO1 overexpression. To control for
effects of hypersumoylation on proteins other than TDG, anal-
ysis was also performed in cells expressing TDGK330R. As
observed in SENP1-overexpressing cells, we observed no effect
of SUMO1 overexpression and altering the balance of sumoy-
lation and desumoylation on 5caC repair activity (Fig. 5B).

Assessment of TDG Turnover at AP Sites in Vivo—The detec-
tion of 5caC levels in purified gDNA provides an indirect mea-
sure of the step in BER proposed to be most affected by TDG
sumoylation, namely the release of TDG from AP sites follow-
ing base excision. To investigate more directly whether sumoy-
lation affects the release of TDG from AP sites, we monitored
the relative distributions of DNA-bound and soluble TDG
in the presence and absence of TETCD expression. The cells
were transfected with plasmids coding for TDG, TDGK330R, or
TDGE310Q, either alone or together with TETCD, and subse-
quently fractionated into soluble and chromatin-bound frac-

tions. These fractions were analyzed by immunoblot analysis
using antibodies to GAPDH or histone H3, as markers for sol-
uble and chromatin-bound proteins, respectively, and with
antibodies to TDG (Fig. 6A). This analysis revealed that wild
type and mutant TDGs are equally distributed between soluble
and chromatin-bound fractions in the absence of TETCD
expression and that the relative distributions do not change
significantly in the presence of TETCD. Because mutant TDGs
do not accumulate on DNA in the presence of TETCD to a
greater extent than wild type TDG, these results support the
conclusion that sumoylation and SUMO binding are not
required for release of TDG from AP sites or for efficient exci-
sion of 5caC under these in vivo conditions.

Unrepaired AP sites induce DNA damage, including DNA
strand breaks (31). Thus, we also assayed for accumulation of
AP sites in TDG and TETCD expressing cells by measuring lev-
els of DNA breaks using immunoblot analysis for phosphory-
lated histone H2AX (�H2AX) and DNA comet assays. Modest,
but comparable, increases in �H2AX levels were detected in
cells co-expressing TETCD together with wild type and mutant
TDGs, compared with cells expressing wild type and mutant
TDGs alone (Fig. 6B). Similarly, comparable low levels of DNA
strand breaks were detected by comet assays using cells trans-
fected with TETCD together with wild type or mutant TDGs
(Fig. 6, C and D). Comet assays were performed under alkaline
conditions to detect both single and double-stranded breaks
(32). The lack of increased DNA damage in cells expressing
mutant TDG defective in sumoylation or SUMO binding is con-
sistent with effective turnover of TDG and repair of TDG-gen-
erated AP sites. Collectively, these results further support the
conclusion that sumoylation of TDG is not required for its
enzymatic turnover under our in vivo assay conditions.

Discussion

Relieving TDG AP Site Product Inhibition—We developed an
assay that takes advantage of the unique specificity of TDG for
excising 5caC to investigate whether sumoylation is required
for efficient TDG-mediated BER activity in vivo. Using this
assay, we found that TDG mutants defective in covalent SUMO
modification and noncovalent SUMO binding have repair
activities indistinguishable from wild type TDG. Consistent
with the activity of these mutants, we also found that perturbing
the dynamics of TDG sumoylation, either by overexpressing
SUMO1 or the SENP1 SUMO isopeptidase, had no detectable
effects on TDG-mediated repair of 5caC. Thus, we conclude
that sumoylation is not essential for TDG-mediated BER repair
under our in vivo assay conditions. It should be noted that our
assay involves overexpression of both TET and TDG and that
further work is needed to validate our findings under condi-
tions of endogenous protein expression. Nonetheless, because
or findings also suggest that overexpression of TDG alone is not
sufficient to overcome product inhibition (Fig. 2B), they indi-
cate that other mechanisms affecting TDG turnover must be at
play.

Previous studies showed that the mammalian AP endonu-
clease APE1 stimulates multiple turnover activity of TDG in
vitro, for G/U and G/T mispairs (8, 9). We show here that APE1
also stimulates TDG catalytic turnover for G�5caC substrates.

FIGURE 5. SUMO1 overexpression affects TDG sumoylation but not TDG-
mediated repair of 5caC. A, cells were transfected with expression vectors
for wild type TDG, Myc-SUMO1, or both vectors, as indicated. Protein expres-
sion and TDG sumoylation was monitored by immunoblot analysis. B, cells
were transfected with expression vectors for TETCD together with vectors for
wild type TDG, SUMO1, or both vectors, as indicated. Protein expression and
5caC levels were monitored by immunoblot analysis. ** indicates sumoylated
TDG. Protein and DNA loading were assessed by tubulin and methylene blue
staining, respectively.
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Indeed, the APE1-stimulated turnover of TDG (kcat
APE1) is

�74% as fast as the maximal rate of base excision (kmax), indi-
cating that APE1 dramatically enhances the rate of TDG prod-
uct release and/or relieves product inhibition (by free AP-
DNA). Importantly, the result also suggests that efficient
processing of G�5caC substrates does not require SUMO mod-
ification of product-bound TDG. Because APE1 acts immediately
downstream of TDG in the BER pathway, the coupling of TDG
release with APE1 binding has the advantage of protecting AP sites
from potentially harmful damage, such as strand breaks. In con-
trast, SUMO-stimulated product release could potentially expose
abasic sites to damage, including strand breaks.

Regulation of TDG Sumoylation—Regardless of the effects of
sumoylation on TDG function, molecular mechanisms likely reg-
ulate its modification both spatially and temporally in the cell. In
the case of BER, it was proposed that sumoylation specifically tar-
gets TDG that is bound to its reaction product AP sites. In vitro
studies, however, have shown that free and DNA-bound TDG are
sumoylated at similar rates in the presence of E1 and E2 enzymes

(15). Although E3 ligases may more precisely direct TDG sumoy-
lation in vivo, the specific E3 ligases that affect TDG sumoylation,
if any, have yet to be identified or investigated.

Isopeptidases also play important roles in controlling the sta-
tus of protein sumoylation (33). Using both knockdown and
overexpression studies, we identified SENP1 as a key regulator
of TDG sumoylation levels. Consistent with the observed repair
activity of TDG mutants, overexpression of SENP1 had no
effect on 5caC repair despite severely limiting TDG sumoyla-
tion. We did, however, consistently observe effects of SENP1
depletion of TDG expression levels, suggesting a possible role
for sumoylation in affecting TDG stability. TDG stability and
expression is controlled in a cell cycle-dependent manner (34 –
36), but whether sumoylation plays a direct role in this regula-
tion remains to be determined.

The N-terminal domains of the SENP1 and SENP2 isopepti-
dases determine their subcellular localizations and are pre-
dicted to also influence substrate specificities (24). Surprisingly,
we found that it is the catalytic domain of SENP1 that mediates

FIGURE 6. Sumoylation and SUMO binding mutant TDGs are effectively turned over at AP sites in vivo. A, cells were transfected with constructs for wild type TDG
or sumoylation or SUMO binding mutant TDGs in the presence or absence of TETCD, as indicated, and fractionated into chromatin-bound (Nonidet P-40-
insoluble) or soluble (Nonidet P-40-soluble) protein fractions. The indicated proteins were detected by immunoblot analysis, with GAPDH used as a marker for
soluble cytosolic proteins and histone H3 (H3) as a marker for chromatin-bound proteins. ** indicates sumoylated TDG. Whole cell lysate (WCL) was included
as a control. Note that sumoylated TDG was apparently lost during fractionation because of incomplete inhibition of isopeptidases. B, cells were transfected
with expression constructs for wild type and mutant TDG in the presence or absence of TETCD, as indicated, and effects on histone H2AX phosphorylation
(�H2AX) were monitored by immunoblot analysis. The cells were treated with hydrogen peroxide as a positive control. C, cells were transfected with expression
constructs for wild type or mutant TDGs and TETCD, as indicated, or treated with hydrogen peroxide as a positive control. The presence of single- and
double-stranded DNA breaks was evaluated using single cell electrophoresis comet assays under alkaline conditions and fluorescence microscopy. D, quan-
titative analysis of DNA comet assays. The results represent means � standard deviation from three independent experiments. **** indicates p 	 0.0001 for H2O2
control versus transfected cells.
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TDG recognition rather than the N-terminal domain. Further
investigation of the interactions between SENP1 and TDG
could therefore provide valuable and unexpected insights into
substrate recognition by SUMO isopeptidases.

Other Effects of TDG Sumoylation—Among the most com-
monly observed effects of sumoylation on target proteins are
effects on protein-protein interaction, subcellular localization, and
protein stability (1, 2). As reported by others (26, 27), we found that
TDG localizes to PML nuclear bodies and that its localization to
these bodies is inhibited by a mutation in the SIM (TDGE310Q) that
disrupts SUMO binding. This finding has been interpreted as an
indication of functional interactions between TDG and PML that
are regulated at the level of sumoylation (27). The exact functions
of PML nuclear bodies and the possible significance of interactions
between TDG and PML, however, remain unknown. Our findings
indicate that the TDGE310Q mutant effectively repairs 5caC
despite defects in association with PML nuclear bodies. Thus, we
conclude that the association of TDG with PML nuclear bodies is
not critical for its function in BER.

Many of the factors associated with PML nuclear bodies
function in transcription regulation (37), and TDG itself has
been implicated as both a positive and negative regulator of
transcription (6). Consistent with this function, TDG associates
with multiple transcription factors, including RAR and RXR
(38), ER (39), CBP/p300 (40), and LEF1/TCF (41). Notably, each
of these factors is also regulated through sumoylation (42– 45).
Thus, it seems very likely that sumoylation and SUMO binding
could modulate the interaction of TDG with transcription
factors and its functions in regulating gene expression.
These interactions and functions could in turn be affected
through SUMO-dependent associations of TDG with PML
nuclear bodies, as demonstrated for other transcription fac-
tors (46). Functional assays evaluating effects of TDG
sumoylation and SUMO binding on transcription also rep-
resent important future studies.

In conclusion, TDG represents a fascinating and important
sumoylation substrate. Past studies of TDG have provided
novel conceptual insights into effects of sumoylation on target
proteins, and it is anticipated that future studies will continue
to reveal important findings both on the effects of sumoylation
and the mechanisms underlying its regulation.
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