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Background: Post-translational SUMO modification of TDG weakens its DNA binding and was proposed to regulate
dissociation of a tight enzyme-product complex.
Results: In vitro sumoylation of TDG by SUMO-1 and SUMO-2 is efficient for free and DNA-bound TDG.
Conclusion: E2-mediated sumoylation is not selective for product-bound TDG but could potentially stimulate product release.
Significance: Our findings inform the mechanism and role of TDG sumoylation.

Thymine DNA glycosylase (TDG) initiates the repair of G�T
mismatches that arise by deamination of 5-methylcytosine
(mC), and it excises 5-formylcytosine and 5-carboxylcytosine,
oxidized forms of mC. TDG functions in active DNA demethy-
lation and is essential for embryonic development. TDG forms a
tight enzyme-product complex with abasic DNA, which severely
impedes enzymatic turnover. Modification of TDG by small
ubiquitin-like modifier (SUMO) proteins weakens its binding to
abasic DNA. It was proposed that sumoylation of product-
bound TDG regulates product release, with SUMO conjugation
and deconjugation needed for each catalytic cycle, but this
model remains unsubstantiated. We examined the efficiency
and specificity of TDG sumoylation using in vitro assays with
purified E1 and E2 enzymes, finding that TDG is modified effi-
ciently by SUMO-1 and SUMO-2. Remarkably, we observed
similar modification rates for free TDG and TDG bound to aba-
sic or undamaged DNA. To examine the conjugation step
directly, we determined modification rates (kobs) using pre-
formed E2�SUMO-1 thioester. The hyperbolic dependence of
kobs on TDG concentration gives kmax � 1.6 min�1 and K1/2 �

0.55 �M, suggesting that E2�SUMO-1 has higher affinity for
TDG than for the SUMO targets RanGAP1 and p53 (peptide).
Whereas sumoylation substantially weakens TDG binding to
DNA, TDG�SUMO-1 still binds relatively tightly to AP-DNA
(Kd �50 nM). Although E2�SUMO-1 exhibits no specificity for
product-bound TDG, the relatively high conjugation efficiency
raises the possibility that E2-mediated sumoylation could stim-
ulate product release in vivo. This and other implications for the
biological role and mechanism of TDG sumoylation are
discussed.

DNA glycosylases liberate modified or mismatched bases
from DNA by cleaving the N-glycosidic bond, producing an
apurinic/apyrimidinic (AP)2 site, and DNA integrity is restored
by follow-on base excision repair (BER). Many DNA glycosy-
lases form a tight enzyme-product complex with AP-DNA,
which can prevent the processing of additional substrates (i.e.
enzymatic turnover). A prominent example is thymine DNA
glycosylase (TDG), which removes derivatives of 5-methylcyto-
sine (mC) arising from deamination or oxidation. TDG excises
thymine from G�T mispairs (1, 2) as needed to protect against
C3T mutations caused by mC deamination. It also partici-
pates in active DNA demethylation, which likely accounts for
findings that depletion of TDG causes embryonic lethality in
mice (3, 4). One established pathway for active DNA demethy-
lation involves TDG excision of 5-formylcytosine or 5-carboxy-
lcytosine (5, 6), oxidation derivatives of mC generated by TET
(ten-eleven translocation) enzymes (6 –10).

The in vitro activity of TDG is severely hampered by tight
binding to its AP-DNA product (under limiting enzyme condi-
tions) (11–15), and it was proposed that this problem is circum-
vented in vivo by post-translational modification. TDG is mod-
ified by small ubiquitin-like modifier (SUMO) proteins at a
single lysine residue (Lys-330, human) (16). Sumoylation of
TDG weakens its binding to DNA substrates and abasic prod-
uct (16 –18). As shown in Fig. 1, crystal structures of sumoy-
lated TDG (catalytic domain) indicate that SUMO stabilizes an
otherwise transient �-helix that suppresses DNA binding via
steric effects (17, 18).

Remarkably, sumoylation of TDG was found to modestly
enhance its G�U glycosylase activity under limiting enzyme
(steady-state) conditions (16). This seemingly contradictory

* This work was supported, in whole or in part, by National Institutes of Health
Grants R01-GM72711 (to A. C. D.) and R01-GM060980 (to M. J. M.).

1 To whom correspondence should be addressed. Tel.: 410-706-8118; E-mail:
adrohat@som.umaryland.edu.

2 The abbreviations used are: AP, apurinic/apyrimidinic;E1, human SAE1/
UBA2; E2, human UBC9; 5FU, 5-fluorouracil; mC, 5-methylcytosine; NE,
nuclear extracts; NS, nonspecific; PDB, Protein Data Bank; RanGAP1, Ran
GTPase-activating protein; S2A, SUMO-2 aldehyde; SENP, SUMO-specific
protease; SIM, SUMO interacting motif; SUMO, small ubiquitin-like modifi-
ers; TDG, thymine DNA glycosylase; TET, ten-eleven translocation.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 22, pp. 15810 –15819, May 30, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

15810 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 22 • MAY 30, 2014



finding can likely be explained by the high affinity of TDG for
G�U mispairs (19, 20). Sumoylation weakens but does not pre-
clude binding to G�U mispairs, 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 (20, 21), and sumoylation of TDG com-
pletely diminishes its G�T glycosylase activity (16).

As such, a model was needed to explain how sumoylation
might enhance G�T glycosylase activity. It was proposed that
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
(16). Thus, glycosylase activity for G�T and other substrates was
proposed to involve sumoylation and subsequent desumoyla-
tion of TDG for each catalytic cycle of the enzyme.

This model has gained much attention (22–24), given that
TDG is the only enzyme for which catalytic turnover is thought
to be regulated by sumoylation, and one of only two enzymes
(25) for which enzymatic activity is altered by interactions with
SUMO isoforms. In most cases, sumoylation serves other func-

tions, including effects on subcellular localization and protein
interactions (26, 27), with roles in processes such as chromatin
remodeling, DNA repair (28, 29), apoptotic signaling (30), and
localization to promyelocytic leukemia protein bodies (31, 32).

Although 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 substan-
tiated, for G�T mispairs or any other TDG substrate. To begin
the process of testing this model, we employed standard in vitro
sumoylation assays using purified SUMO-activating and -con-
jugating enzymes (E1 and E2). We examined the efficiency of
modification by SUMO-1 versus SUMO-2 and tested the pre-
diction 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, as a function of TDG con-
centration, and in the presence and absence of DNA. Our
results provide new insight into the mechanism and role of
TDG sumoylation.

EXPERIMENTAL PROCEDURES

Materials—Procedures for bacterial expression and purifica-
tion of the numerous proteins used in this work have been
described previously, including human E1-activating enzyme
(SAE1/UBA2) (33), human E2-conjugating enzyme (Ubc9) (34),
mature forms of human SUMO-1 (34) and SUMO-2 (35), human
TDG (36), and a construct of mouse Ran GTPase-activating pro-
tein (RanGAP1) containing residues 420–589 (RanGAP1-N�419)
(33). TDG modified with SUMO-1 (TDG�SUMO-1) was pro-
duced in Escherichia coli by co-transforming cells with a plas-
mid for human TDG (36) and a plasmid for expressing human
SUMO-1 (mature), E1, and E2 (37), and purifying TDG-
�SUMO-1 as described for unmodified TDG (36). The pro-
teins were purified to homogeneity as judged by SDS-PAGE,
flash frozen, and stored at �80 °C. Protein concentration was
determined by UV absorbance (20) for E1, E2, SUMO-1, TDG,
and TDG�SUMO-1, a Bradford assay (Bio-Rad) for RanGAP1-
N�419, or by SDS-PAGE (Coomassie staining) versus a BSA
standard for SUMO-2.

Duplex DNA containing a 5-fluorouracil-guanine (5FU�G)
mispair and nonspecific DNA (no mismatch) was prepared
from purified synthetic 28-mer (Keck Biotechnology Resource
Laboratory, Yale University) and 60-mer oligodeoxynucle-
otides (Integrated DNA Technologies), as described previously
(16, 38).

In Vitro Sumoylation Assays—The assays were carried out in
sumoylation assay buffer A (20 mM HEPES, pH 7.3, 110 mM

potassium acetate, 2 mM magnesium acetate, 1 mM EGTA) with
0.1 �M E1, 1 �M E2, 10 �M SUMO-1 or SUMO-2, and 2 �M

target protein (TDG or RanGAP1-N�419). The reactions were
performed at room temperature (22 °C) or 37 °C and were ini-
tiated by the addition of ATP (final concentration of 2.5 mM).
To monitor reaction progress, 8-�l samples were removed at
selected time points, mixed with 2 �l of 5� SDS-PAGE sample
buffer and incubated at 90 °C for 3 min (34), and analyzed by
SDS-PAGE using precast Novex 10% Tris-glycine gels (Invitro-
gen) for 1 h at 100 V. Gels were stained with GelCode Blue Safe
Protein Stain (Thermo Scientific) for 1 h, destained, and imaged
using a Kodak EDAS 290 (Kodak Scientific Imaging Systems).

FIGURE 1. Putative mechanism by which sumoylation of TDG suppresses
binding to DNA. Because a crystal structure has not been solved for sumoy-
lated TDG bound to DNA, we show a model of this complex to illustrate how
sumoylation likely suppresses DNA binding. The model was generated by
aligning the structure of sumoylated TDG (PDB ID code 1WYW) with the struc-
ture of TDG bound to abasic DNA (PDB ID code 2RBA); only sumoylated TDG
is shown. The graphic depiction of full-length TDG shows structured regions
as rectangles (colored to correspond with the model below), whereas unstruc-
tured regions are depicted as lines. The catalytic core (117–300) and C-termi-
nal region (301–332) of human TDG are colored cyan and blue, respectively,
and SUMO-1 is colored magenta. The �-strand and �-helix in the unstructured
C-terminal region of TDG (blue) are thought to be stabilized by SUMO-1, and
the helix would likely form a steric clash with DNA (circled in blue). The abasic
site is flipped into the active site of the catalytic domain (circled in red).
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The images shown are representative of at least three indepen-
dent experiments.

Assays using HeLa nuclear extract contained 5 �l of 4�
buffer A, 15 �g (7.5 �l) of HeLa nuclear extract (Millipore) or
7.5 �l of H2O (for reactions without extract), 0.1 �M E1, 0.5 �M

E2, 0.8 �M TDG, and 5 �M SUMO-1 in a 20-�l reaction volume.
Where indicated, reactions contained 5 �M SUMO-2 aldehyde
(S2A) as a protease inhibitor. Reactions were performed at
30 °C and were initiated with addition of ATP (final concen-
tration of 10 mM). Samples were removed at selected time
points, diluted 10-fold into 1� buffer A, mixed with 5� SDS-
PAGE sample buffer, and incubated at 90 °C for 3 min. Sam-
ples were analyzed by SDS-PAGE using 10% Tris-glycine gels
as described above. Immunoblotting was performed after
transfer to nitrocellulose membranes. Membranes contain-
ing modified and unmodified TDG were incubated for 1 h at
room temperature with anti-His6 mouse monoclonal anti-
body (Clontech). Membranes were then washed and incu-
bated for 30 min at room temperature with Cy3-labeled goat
anti-mouse IgG (GE Healthcare). After drying, membranes
were scanned at 532 nm using a Typhoon FLA 9500 scanner,
and images were processed and analyzed using ImageQuant
TL (GE Healthcare). The enzyme-product complex was pre-
pared by incubating TDG (11.8 �M) with a 1.25 molar excess
of 28-mer or 60-mer DNA containing a 5FU�G mispair (14.8
�M) for 2 h at room temperature. This yielded TDG that was
fully saturated with AP-DNA product, given the rapid exci-
sion of 5FU by TDG (kmax � 6 s�1) (39) and very high affinity
of TDG for AP-DNA (Kd �1 nM) (15, 20). A complex of TDG
and nonspecific DNA (NS-DNA) was prepared by incubat-
ing TDG (11.2 �M) with a 2-fold molar excess of NS-DNA
28-mer or 60-mer (22.8 �M). This yielded TDG saturated
with NS-DNA, given the binding affinity of Kd � �0.2 �M

(20).
In Vitro Sumoylation Using Preformed E2-SUMO Thioesters—

To monitor the E2-mediated conjugation step directly, sumoy-
lation reactions were initiated with a preformed E2�SUMO
thioester. The E2�SUMO thioesters were generated by adding
ATP (10 �M final concentration) to buffer B (see below) con-
taining 0.1 �M E1, 1.0 �M E2, and 1.0 �M SUMO-1, and incu-
bating for 15 min at 37 °C. Then, a sample (3 �l) from this
reaction was diluted 10-fold into buffer C containing TDG
(varying concentrations). Reactions were run for up to 15 min
at room temperature. To monitor reaction progress, 4-�l sam-
ples were removed at selected time points, mixed with 2� sam-
ple buffer containing 4 M urea, incubated 10 min at 37 °C (40),
and analyzed by SDS-PAGE using precast 10% Tris-glycine gels
(Novex) run for 1 h at 100 V. Buffer B contained 20 mM HEPES,
pH 7.5, 50 mM NaCl, 5 mM MgCl2, 0.1% Tween 20. Buffer C is
identical to buffer B except that MgCl2 is replaced with 5 mM

EDTA. The complexes of TDG with AP-DNA and NS-DNA
were prepared as described above.

Immunoblotting was performed after transfer to nitrocellu-
lose membranes. Membranes containing SUMO-1 conjugates
were incubated for 1 h at room temperature with anti-SUMO-1
mouse monoclonal antibody 21C7 (Invitrogen). Membranes
were then washed and incubated for 30 min at room tempera-
ture with Cy3-labeled goat anti-mouse IgG (GE Healthcare).

After drying, membranes were scanned and analyzed as
described above.

The data were analyzed by measuring fluorescence inten-
sity of TDG�SUMO formation and disappearance of
E2�SUMO thioester. Time points of a given experiment
where TDG�SUMO intensity appeared to reach a maximum
but E2�SUMO was no longer measurable were treated as com-
plete, and TDG�SUMO fluorescence intensity was averaged
for those time points to obtain a 100% complete value. Fluores-
cence intensities of all earlier times points were then divided by
the averaged intensity of the completed time points to obtain a
percentage of completed TDG�SUMO formation. Only data
points that fell along a linear range of TDG�SUMO formation
were used to determine the kobs values. The images and data are
representative of at least three independent experiments.
Kinetic parameters were derived using GraFit 5 (Erithacus
Software).

Electrophoretic Mobility Shift Assays—Creation of AP-DNA
using human uracil DNA glycosylase was performed as
described (20) using the 28-bp DNA described above with a
3� 6-FAM tag on the uracil-containing strand. Modification
reactions were carried out overnight at room temperature as
above, with 0.5 �M E2. AP-DNA was diluted (20 nM) in bind-
ing buffer (20 mM HEPES, pH 7.5, 100 mM NaCl, 1 mM EDTA,
5% glycerol, 1 mM DTT). TDG or TDG�SUMO-1 was mixed
with AP-DNA in binding buffer to give a final DNA concen-
tration of 10 nM and protein concentrations of 5–500 nM.
Samples were incubated at room temperature for 30 min,
loaded onto a 6% native polyacrylamide gel, and run for 60
min, 100 V at 4 °C. Gels were imaged using a Typhoon FLA
9500 (GE Healthcare) as described previously (41).

RESULTS

In Vitro Sumoylation of TDG and RanGAP1—Although pre-
vious studies show that TDG can be sumoylated in vitro using
purified proteins (E1, E2, SUMO-1) (13, 42), the kinetics of
sumoylation, the relative efficiency of SUMO-1 versus SUMO-
2/3 modification, and the specificity for free versus product-
bound TDG were not addressed. Fig. 2A shows the results for
SUMO-1 modification of TDG, and for comparison, RanGAP1,
an established SUMO target for which in vitro modification has
been well characterized (26, 27, 43). Both targets were effi-
ciently modified by SUMO-1 at room temperature (22 °C);
RanGAP1 was almost fully modified in 15 min, whereas com-
plete modification of TDG took approximately 120 min. Both
targets were modified more slowly by SUMO-2 relative to
SUMO-1, and modification by SUMO-2 was slower for TDG
versus RanGAP1 (Fig. 2B). Whereas RanGAP1 was fully modi-
fied by SUMO-2 in 30 min, TDG was only partially modified
(�30%) in 120 min. Moreover, TDG was only approximately
50% modified by SUMO-2 after a 24-h incubation period at
room temperature (Fig. 2C).

We also examined the effect of varying the concentration of
reaction components. We found that doubling the concentra-
tion of E1 or E2 (to 0.2 and 2 �M, respectively) does not increase
the rate of TDG sumoylation by SUMO-1 (data not shown).
TDG was modified more slowly when the concentration of
SUMO-1 or SUMO-2 was decreased, and the effect was far
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more pronounced for SUMO-2. The amount of TDG modi-
fied in 120 min was reduced from �100% to �30% as the
SUMO-1 concentration decreased from 10 to 2.5 �M. How-
ever, no modification was detected in the same time frame
for reactions using SUMO-2 concentrations of 2 �M or less
(Fig. 2D).

Sumoylation of TDG (and RanGAP1) by either SUMO-1 or
SUMO-2 was substantially faster at 37 °C compared with 22 °C.
This result is in part due to E2-mediated effects observed in
previous studies (44). The time required for complete TDG
modification by SUMO-1 was 60 min at 37 °C (Fig. 3A) com-
pared with 120 min at 22 °C (Fig. 2A). In contrast to findings at
22 °C, the fraction of TDG modified in 15 min was similar for
SUMO-1 and SUMO-2 (Fig. 3A). However, as seen at room
temperature, TDG was not fully modified by SUMO-2 at 37 °C.
Indeed, after 60 min, the reaction with SUMO-2 was �50%
complete compared with 100% complete for SUMO-1 (Fig. 3A).
Thus, modification of TDG by SUMO-2 was efficient to a point,
but full modification was suppressed by a mechanism that is
presently unclear. By comparison, we found that sumoylation
of RanGAP1 was complete in �15 min with either SUMO-1 or
SUMO-2 at 37 °C (Fig. 3D), consistent with previous studies
(34, 35, 45). Modification by SUMO-1 was approximately

6-fold faster for RanGAP1 relative to TDG (compare Fig. 3, A
and D).

In Vitro Sumoylation of TDG Bound to Abasic or Undamaged
DNA—We sought to test the proposal that TDG is selectively
sumoylated when it is bound to abasic DNA, i.e. in an enzyme-
product complex. This model would predict faster sumoylation
of TDG when it is bound to AP-DNA. In contrast, we found that
modification by SUMO-1 or SUMO-2 was no faster for TDG in
the enzyme-product complex (Fig. 3B) than free TDG (Fig. 3A).
We also asked whether sumoylation rates are impacted by the
binding of TDG to undamaged or nonspecific DNA (NS-DNA),
given that TDG binds relatively tightly to NS-DNA (Kd � �0.2
�M) (20, 21) and could potentially reside largely on undamaged
DNA in vivo. As shown in Fig. 3C, modification of TDG by
SUMO-1 or SUMO-2 was not altered by the presence of a sat-
urating concentration of NS-DNA. TDG sumoylation was
slightly faster in the presence of 60 bp relative to 28 bp DNA, be
it abasic or undamaged DNA (Fig. 3, B and C, right panels) and
in the presence of plasmid relative to 28 bp DNA (not shown).
Similar findings were reported for PARP-1, another DNA
repair enzyme (46).

Notably, control reactions showed that sumoylation of Ran-
GAP1 is not affected by the presence of AP-DNA or NS-DNA at

FIGURE 2. Sumoylation of RanGAP1 and TDG at 22 °C. A and B, in vitro sumoylation experiments performed for modification of RanGAP1-N�419 and TDG by
SUMO-1 (A) or SUMO-2 (B) and monitored by electrophoresis. The first lane of each gel contains pure TDG, and the second lane contains pure SUMO-1-modified
TDG (TDG�SUMO-1 or TDG-S). Reactions were initiated by adding ATP (2.5 mM) to buffer containing E1 (0.1 �M), E2 (1 �M), SUMO-1 or SUMO-2 (10 �M), and
either RanGAP1-N�419 or TDG (2 �M). C, in vitro sumoylation of TDG with SUMO-2 over a 24-h time course. Samples were extracted at the time points given.
D, in vitro sumoylation of TDG with SUMO-1 and SUMO-2 using SUMO concentrations of �10 �M. SUMO concentrations for a given assay are listed above each
set of time points. Samples were extracted from the reaction and quenched at the indicated times (given in minutes), and the reaction progress was analyzed
by SDS-PAGE under reducing conditions.
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the same concentrations used for TDG modification (data not
shown), indicating that the DNA does not impact any step of
the in vitro sumoylation reactions leading to formation of the
E2�SUMO thioester. Thus, our findings indicate that the
E2�SUMO thioesters are not specific for modifying TDG in an
enzyme-product complex (16).

Given the previous report that AP-DNA stimulates the mod-
ification of recombinant TDG by HeLa nuclear extracts (NE)
(16), we sought to examine the effect of HeLa NE using our in
vitro assay. We found that the addition of HeLa NE slowed
sumoylation of DNA-free TDG (Fig. 4, left), as well as TDG
bound to nonspecific DNA (Fig. 4B, left) or abasic DNA (Fig.
4C, left), due potentially to sumoylation of other proteins in the
NE or desumoylation of TDG by a SUMO-specific protease
(SENP) in the NE. Consistent with the latter possibility, TDG
modification in the presence of NE was modestly enhanced by
the addition of S2A, a specific inhibitor of SENPs (Fig. 4, A–C,
right panels) (47). S2A modestly slowed the reactions collected
without NE, presumably by inhibiting E1 activity given that S2A
is nearly identical to SUMO-2 and was used at the same con-
centration as SUMO for these reactions. Although additional
studies are warranted, we found no evidence that a component
of HeLa NE enhanced TDG modification or conferred specific-
ity for modifying TDG when it is bound to AP-DNA.

Sumoylation of Free and DNA-bound TDG by E2�SUMO—
Given that the rates of the multiple-turnover reactions above
could be influenced by multiple steps of two enzymatic reac-
tions or the concentration of free SUMO, we sought to monitor
the conjugation step directly, i.e. modification of TDG by the
E2�SUMO thioester. We followed a previously reported pro-

tocol to generate the E2�SUMO thioester (45, 48), using a
2-fold longer incubation time to maximize the yield of
E2�SUMO and minimize the amount of free SUMO. A sam-
ple from this reaction was then diluted 10-fold into reaction
buffer containing TDG (2 �M), giving a maximum initial
E2�SUMO-1 concentration of �0.1 �M and 1.8 �M unmodi-
fied TDG. As shown in Fig. 5A, modification of TDG by the
E2�SUMO-1 was quite rapid, with the reaction reaching com-
pletion in about 60 s at 22 °C. Modification by E2�SUMO-1
was somewhat slower when TDG was bound to AP-DNA or
NS-DNA (Fig. 5A). This finding is more clearly illustrated by
fitting the data by linear regression (Fig. 5B), which gives rate
constants of kobs � 1.1 	 0.01 min�1 for free TDG, kobs �
0.78 	 0.03 min�1 for TDG bound to AP-DNA, and kobs �
0.53 	 0.06 min�1 for TDG bound to NS-DNA.

As expected, the formation of TDG�SUMO-1 was accom-
panied by the concomitant disappearance of E2�SUMO-1
(data not shown). In addition, control reactions performed by
diluting E2�SUMO-1 into buffer lacking TDG showed that the
thioester persisted for 15 min (Fig. 5A), indicating that its dis-
appearance in the reactions with TDG is due to modification of
TDG rather than spontaneous decay of the thioester, consistent
with previous studies (49).

Dependence of Sumoylation Rate on TDG Concentration—
To better understand the efficiency of TDG modification by
E2�SUMO thioesters, we examined the effect of varying the
TDG concentration on the rate of sumoylation (kobs). As shown
in Fig. 6, fitting the dependence of kobs on TDG concentration
to a hyperbolic equation gives a maximal rate constant of
kmax � 1.55 	 0.16 min�1 and K1/2 � 0.55 	 0.17 �M, indicating

FIGURE 3. Sumoylation of TDG at 37 °C in the presence and absence of DNA. A–C, in vitro sumoylation reactions for modification of TDG by SUMO-1 or
SUMO-2 performed at 37 °C in the absence of DNA (A) or in the presence of abasic DNA (B) or nonspecific (undamaged) DNA (C), and monitored by electro-
phoresis. The first lane of each gel contains pure TDG, and the second lane contains pure SUMO-1-modified TDG (TDG�SUMO-1 or TDG-S). The sumoylation
reactions were initiated by adding ATP (2.5 mM) to buffer containing E1 (0.1 �M), E2 (1 �M), SUMO-1 or SUMO-2 (10 �M), TDG (2 �M), with no DNA or with abasic
DNA (2.5 �M) or nonspecific DNA (4.1 �M). D, in vitro sumoylation of RanGAP1-N�419 at 37 °C. Samples were extracted from the reaction and quenched at the
indicated times (given in minutes), and the reaction progress was analyzed by SDS-PAGE under reducing conditions.
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that E2�SUMO-1 has substantial affinity for TDG. By compar-
ison, other SUMO targets are modified faster but have lower
affinity for E2�SUMO-1, including RanGAP1 (kmax � 40 	 9
min�1 and K1/2 � 2.9 	 1.0 �M), a p53 peptide containing its
sumoylation motif (kmax � 1.3 	 0.1 min�1 and K1/2 � 40 	 6
�M) (45), and phosphorylated myocyte-enhancement factor 2
(pMEF2) (kmax � 3.2 	 0.1 min�1 and K1/2 � 240 	 30 �M)
(50).

Effect of Sumoylation on DNA Binding by TDG—We exam-
ined the effect of SUMO-1 modification on the binding of TDG
to abasic DNA, using TDG�SUMO-1 produced with the in
vitro reactions described above and recombinant TDG-
�SUMO-1 produced using an in vivo sumoylation system in
E. coli. Unmodified TDG (Fig. 7A, left) possesses high affinity
for AP-DNA as reported previously (20). As expected, TDG
that is fully modified by SUMO-1 using the in vitro reaction
(Fig. 7B) exhibited much weaker affinity for AP-DNA (Fig. 7A,
center), as did recombinant TDG�SUMO-1 (Fig. 7A, right).
However, TDG�SUMO-1 still bound fairly tightly to AP-
DNA, with a Kd of �50 nM, in contrast to previous reports
that SUMO-modified TDG has little or no detectable affinity
for AP-DNA (16, 17).

DISCUSSION

TDG Modification by SUMO-1 and SUMO-2—Given that
mammalian cells have been shown to contain TDG modified by

SUMO-1 and by SUMO-2/3 (16), we investigated the efficiency
and specificity of sumoylation by the two SUMO paralogs using
multiple turnover assays with purified E1 and E2 enzymes.
Whereas modification of TDG was faster for SUMO-1 versus

FIGURE 4. Sumoylation of free and DNA-bound TDG in the presence and
absence of HeLa nuclear extract. A–C, immunoblot analysis of TDG modifi-
cation in the presence and absence of nuclear extract for free TDG (A), TDG
bound to nonspecific DNA (B), and TDG bound to AP-DNA (C). Reactions were
performed in sumoylation buffer A with 0.1 �M E1, 0.5 �M E2, 0.8 �M TDG, and
5 �M SUMO-1 and were initiated by the addition of 10 mM ATP. As indicated,
some reactions contained 15 �g of HeLa NE and/or 5 �M S2A (a SENP inhibi-
tor). Samples were extracted from the reaction at the indicated time points,
diluted 10-fold into buffer A, and quenched with 5�sample buffer before
separation via SDS-PAGE under reducing conditions and transfer to nitrocel-
lulose membranes. TDG was detected via immunoblotting with anti-His anti-
body and a fluorescent secondary antibody.

FIGURE 5. Single-turnover assays of TDG modification by preloaded
E2�SUMO-1. A, immunoblot analysis of TDG modification by preformed
E2�SUMO-1 in the presence or absence of DNA. Preformed E2�SUMO-1
conjugate was generated by adding ATP (10 �M) to buffer containing E1 (0.1
�M), E2 (1 �M), and SUMO-1 (1 �M). Reactions were incubated for 15 min at
37 °C. Then, TDG modification reactions were initiated by adding 3 �l of the
E2�SUMO-1 reaction to 27 �l of buffer containing TDG (2 �M) and EDTA (5
mM). Samples were extracted from the reaction and quenched at the indi-
cated times (given in seconds), and the formation of TDG�SUMO-1 was ana-
lyzed by SDS-PAGE under nonreducing conditions. Detection of SUMO-1 con-
jugates was performed via immunoblotting with anti-SUMO-1 primary
antibody, followed by blotting with a fluorescent secondary antibody. B,
kinetics for modification of TDG by preformed E2�SUMO-1 in the presence or
absence of DNA. Linear regression analysis provides initial rate constants of
kobs � 1.1 min�1 (no DNA), 0.78 min�1 (AP-DNA), and 0.53 min�1 (NS-DNA).
Error bars represent 1 S.D. The asterisk indicates the 60-s time point for free
TDG, which was not used in data fitting.

FIGURE 6. Dependence of modification rate on TDG concentration. Immu-
noblot analysis of TDG modification by preformed E2�SUMO-1 was per-
formed in the absence of DNA at TDG concentrations of 0.12 �M, 0.23 �M, 0.45
�M, 0.90 �M, 1.8 �M, and 3.6 �M. The kobs values were obtained by linear
regression analysis of at least three time points per experiment. Error bars
represent 1 S.D. Where error bars are not visible, they are smaller than the
symbols. Data were fitted to a hyperbolic equation, kobs � kmax[TDG]/(K1/2 

[TDG]). The fitting yields kmax � 1.55 	 0.16 min�1 and K1/2 � 0.55 	 0.17 �M.
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SUMO-2 at 22 °C (Fig. 2), initial modification rates were the
same at 37 °C (Fig. 3A, up to 15 min). Likewise, RanGAP1 was
modified faster by SUMO-1 versus SUMO-2 at 22 °C, but mod-
ification at 37 °C proceeded at about the same rate for either
paralog. Perhaps the most remarkable finding regarding para-
log specificity was that TDG was modified to a maximum level
of �50% by SUMO-2, regardless of temperature or reaction
time, whereas it was fully (100%) modified by SUMO-1. Nota-
bly, under our reaction conditions, RanGAP1 was completely
modified by either SUMO paralog, at rates that were compara-
ble with one another and agreed with previous findings (34, 35,
45). Additional studies are warranted to explore the mechanism
and potential biological relevance of our findings regarding
SUMO-2 modification of TDG.

SUMO Modification of DNA-bound TDG—To examine the
proposal that sumoylation was specific for product-bound
TDG, we compared the modification rates for free TDG and
TDG bound to a saturating concentration of undamaged DNA
or AP-DNA. Using a multiple turnover assay with E1 and E2
enzymes, the sumoylation rates were the same for free and
DNA-bound TDG (Fig. 3). Sumoylation of TDG by preformed
E2�SUMO-1 thioester was slower when TDG was bound to
AP-DNA or NS-DNA (Fig. 5). Thus, we found no evidence that
the E2-conjugating enzyme Ubc9 has inherent specificity for
sumoylating DNA-bound TDG. Notably, recent studies find
that, although Ubc9 does not bind DNA, Ubc9-mediated
sumoylation of PARP-1 is enhanced when PARP-1 binds
undamaged but not damaged DNA, due presumably to a con-
formational change in PARP-1 that is unique to undamaged
DNA and recognized by Ubc9 (46). However, our results indi-
cated that if specificity for product-bound TDG occurs in vivo,
as has been proposed (16), it likely requires additional factors,
which may include an E3 ligase. Notably, the SUMO ligase Siz2
is required for DNA damage-induced sumoylation of homolo-
gous recombination proteins, as needed for repair of double
strand breaks in Saccharomyces cerevisiae (51). This requires
localization of Siz2 on DNA via a stress-activated protein
domain. Additional studies are needed to determine whether
an E3 ligase could provide specificity for sumoylating product-
bound TDG.

Together, the results here and previous findings suggest that
the SUMO modification site is not blocked when TDG binds to
DNA. Previous studies show that SUMO motifs typically reside

in a disordered region of the target protein, consistent with
findings that they adopt an extended conformation when
bound to Ubc9 (43). The sumoylation motif of TDG
(329VKEE332; human) is located in its C-terminal region, which
lies outside the catalytic domain (Fig. 1) and is disordered (52).3
This could account for findings here that modification is not
substantially hindered when TDG is bound in a tight and slow
dissociating product complex with abasic DNA (11–15).

Efficient Sumoylation of TDG by Ubc9—Whereas ubiquitin
E2-conjugating enzymes typically require an E3 ligase for spec-
ificity, the SUMO E2 can conjugate some targets in the absence
of an E3 ligase (43). Our results provide the first evidence that
TDG can be modified efficiently by Ubc9 in vitro without an E3
ligase. We show that sumoylation by E2�SUMO-1 is efficient
for TDG relative to other SUMO targets; kmax/K1/2 is 3
�M�1�min�1 for TDG (Fig. 6), 14 �M�1�min�1 for RanGAP1,
0.033 �M�1�min�1 for p53 (peptide) (45), and 0.013
�M�1�min�1 for pMEF2 (50). Given that Ubc9 contacts regions
of RanGAP1 in addition to the four-residue sumoylation motif
(53), our observation that Ubc9�SUMO-1 has relatively high
affinity for TDG suggests that Ubc9 (or Ubc9�SUMO-1) could
make additional contact with TDG in a similar manner.
Although our results indicate that E2�SUMO modifies TDG
efficiently relative to other SUMO targets in vitro, they do not
exclude the possibility that sumoylation of TDG in vivo involves
an E3 ligase, which could potentially facilitate association of
E2�SUMO and TDG, among other potential functions.

TDG�SUMO-1 Displays Weakened yet Significant Affinity
for AP-DNA—Contrary to previous reports (16, 17), we showed
that TDG�SUMO-1 binds relatively tightly to AP-DNA (Kd �
�50 nM, Fig. 7). Nevertheless, sumoylation weakens the bind-
ing affinity of TDG for AP-DNA such that dissociation (koff) of
the enzyme-product complex is likely faster for TDG�SUMO
relative to unmodified TDG, in keeping with the idea that
sumoylation of product-bound TDG could potentially enhance
enzymatic turnover. Our finding that TDG�SUMO-1 retains
substantial affinity for AP-DNA highlights the need for addi-
tional studies to determine the impact of sumoylation, by
SUMO-1 and SUMO-2/3, on substrate binding and catalysis by
TDG for its various DNA substrates.

3 A. Maiti and A. C. Drohat, unpublished observations by NMR.

FIGURE 7. EMSA analysis of AP-DNA binding by unmodified TDG and TDG�SUMO-1. A, electrophoretic mobility assays (EMSAs) performed with 10 nM

AP-DNA and varying concentrations (5–500 nM) of unmodified TDG (left panel), in vitro modified TDG (center panel), and recombinant TDG�SUMO-1 (right
panel). The dotted line below the TDG�SUMO-1 lanes aligns with the midpoint of TDG-bound DNA in a 1:1 complex, indicating a slight, but clear, reduction in
mobility for DNA bound to TDG�SUMO-1 compared with unmodified TDG. B, SDS-PAGE analysis of an overnight in vitro sumoylation reaction performed to
obtain the 100% modified TDG�SUMO-1 used in the EMSA shown in A, center panel.
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Biological Role(s) of TDG Sumoylation—Fig. 8 summarizes
our results and previous findings regarding sumoylation of
TDG. We found that E2�SUMO can rapidly sumoylate free
TDG and TDG bound to either abasic or undamaged DNA,
showing that SUMO-charged E2 has no inherent specificity for
product-bound TDG (Fig. 8A). Thus, selective modification of
product-bound TDG, as proposed in a previous model (16),
would require an E3 ligase or another specificity factor. How-
ever, our findings raise the possibility that specificity for
sumoylating only product-bound TDG might not be required
to stimulate product release. The E2-mediated modification of
product-bound TDG (kobs � 0.8 min�1, Fig. 5B) is orders of
magnitude faster than the product dissociation rate (koff) sug-
gested by the very slow steady-state enzymatic turnover of TDG
(kcat � 0.00034 min�1; G�T substrates) (12, 14), and sumoyla-
tion would likely trigger rapid product release (16, 17).
Although product release (koff) is probably faster than enzy-
matic turnover (kcat) and may be enhanced by the follow-on
base excision repair enzyme APE1 (AP endonuclease 1) (12, 14),
koff for unmodified TDG could still be far slower than E2-me-
diated sumoylation. Thus, sumoylation of product-bound
TDG, even in the absence of an E3 ligase, could potentially
enhance enzymatic turnover, particularly for G�T substrates.

Findings that sumoylated TDG has no activity for G�T mis-
pairs (16) and greatly reduced activity for some other sub-
strates4 indicate that efficient SENP-mediated removal of
SUMO is needed to maintain a sufficient pool of unmodified
TDG. Observations that TDG is largely unmodified in human
cells (16), even as E2-mediated sumoylation is relatively effi-
cient for free and DNA-bound TDG, indicate that SENPs can
quickly desumoylate TDG, although this could also reflect
unidentified factors that regulate sumoylation of TDG.

Of course, it is plausible that sumoylation of TDG serves
purposes other than (or in addition to) regulating product
release. Many proteins that interact with TDG are also SUMO
targets and/or contain a SUMO-interacting motif (SIM),
including p53 and p300, to name well studied examples (Fig.
8B) (42, 54 –56). Sumoylation of TDG could potentially modu-
late interactions with other proteins in at least two ways. It
could stabilize binding to targets that contain a SIM, a common
function of protein sumoylation. For example, sumoylation of
TDG enhances its affinity for promyelocytic leukemia protein
(32). However, sumoylation of TDG could potentially hinder its
interaction with other sumoylated proteins. Because the single

4 M. E. Fitzgerald and A. C. Drohat, unpublished observations.

FIGURE 8. Summary of findings from these and previous studies regarding TDG sumoylation. A, our results showed that E2�SUMO efficiently modifies
free and DNA-bound TDG, exhibiting no substantial specificity for product-bound TDG. Thus, the previous proposal that TDG is selectively sumoylated when
it is bound to AP-DNA (just after base excision) would require an unidentified E3 or other selectivity factor (16). Nevertheless, modification of product-bound
TDG by E2�SUMO is relatively efficient and could potentially stimulate dissociation of the product complex (in the absence of an E3), thereby enhancing
enzymatic turnover. Given our finding that TDG�SUMO-1 still binds AP-DNA with high affinity, it is possible that TDG�SUMO-1 shuttles on and off of AP-DNA
(or undamaged DNA), rather than dissociating completely (as indicated by dotted lines and question mark). However, because TDG�SUMO lacks G�T activity
and E2 modifies free and DNA-bound TDG, efficient desumoylation (by SENPs) is needed to maintain a pool of catalytically active TDG. B, sumoylation of free
TDG can modulate its interactions with other proteins (P), which can depend on whether they contain a SIM or are themselves sumoylated. Crystallographic
studies (17, 18) indicate that for sumoylated TDG, the covalently tethered SUMO domain occupies its own SIM, which could potentially suppress interactions
with a sumoylated partner protein, unless it also contains a SIM. Potential SUMO-mediated interactions of free and modified TDG with sumoylated and/or
SIM-containing partners are shown. Checkmarks (in green) indicate allowed SUMO/SIM interactions, question marks indicate interactions that would require a
change in SUMO conformation to occur, and crosses (in red) indicate SUMO/SIM-mediated interactions that should not occur.
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SUMO modification site of TDG (Lys-330) flanks its canonical
SIM (Val-308 –Val-311), the covalently tethered SUMO
domain can occupy the SIM of TDG (Fig. 8B), as indicated by
crystal structures (Fig. 1) (17, 18). This could explain findings
that sumoylation of TDG suppresses its binding to free SUMO
(32) and hinders its association with (and acetylation by) p300
(42). TDG interacts with many additional proteins that func-
tion in transcriptional regulation, including the retinoic acid
receptor, retinoid X receptor (57), estrogen receptor � (58),
SRC1 (59), c-Jun (60), and TCF4 in the Wnt pathway (61).
Notably, retinoid X receptor �, estrogen receptor �, and c-Jun
are all targets for sumoylation (62– 65). It is presently unclear
whether these interactions might be enhanced by, perturbed
by, or independent of TDG sumoylation. Further studies are
needed to understand the potential role of sumoylation in
regulating these protein interactions and the catalytic activ-
ity of TDG.
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