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ABSTRACT: Thymine-DNA glycosylases (TDGs) initiate base excision repair by debasification of the
erroneous thymine or uracil nucleotide in G ·T and G ·U mispairs which arise at high frequency through
spontaneous or enzymatic deamination of methylcytosine and cytosine, respectively. Human TDG has
furthermore been shown to have a functional role in transcription and epigenetic regulation through the
interaction with transcription factors from the nuclear receptor superfamily, transcriptional coregulators,
and a DNA methyltransferase. The TDG N-terminus encodes regulatory functions, as it assures both G ·T
versus G ·U specificity and contains the sites for interaction and posttranslational modification by
transcription-related activities. While the molecular function of the evolutionarily conserved central catalytic
domain of TDG in base excision repair has been elucidated by determination of its three-dimensional
structure, the mechanisms by which the N-terminus exerts its regulatory roles, as well as the function of
TDG in transcription regulation, remain to be understood. We describe here the residual structure of the
TDG N-terminus in both contexts of the isolated domain and the entire protein. These studies lead to the
characterization of a small structural domain in the TDG N-terminal region preceding the catalytic core
and coinciding with the region of functional regulation of TDG’s activities. This regulatory domain exhibits
a small degree of organization and is implicated in dynamic molecular interactions with the catalytic
domain and nonselective interactions with double-stranded DNA, providing a molecular explanation for
the evolutionarily acquired G ·T mismatch processing activity of TDG.

Base excision repair (BER)1 pathways are crucial to
maintain genomic integrity in face of constant physical and
chemical DNA damage with mutagenic potential. Several

enzymes with high substrate specificity are required for this
type of DNA repair. Among them, uracil-DNA glycosylases
(UDGs), which are highly conserved during evolution,
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specifically recognize and initiate removal of uracil bases in
DNA (1–3). Uracil occurs in DNA principally because of
cytosine deamination (4). Like every base carrying an
exocyclic group, cytosine is sensitive to spontaneous hydro-
lytic reactions resulting in G ·U mismatches. Similarly,
methylated cytosine (meC) undergoes spontaneous or enzy-
matic deamination resulting in G ·T mismatches in DNA at
an even higher rate than cytosine (5). This transition bears
even more potential havoc for the cell as not only a G ·T
mismatch carries an ambiguity as to the original sequence
but also epigenetic information stored in the meC base might
be lost. Indeed, G ·meC to A ·T transitions lead to a global
loss of CpG islands and modification of DNA methylation
profiles found to be associated with some cancers and genetic
diseases (6). Thymine-DNA glycosylases (TDGs), proteins
of the Escherichia coli MUG family (7, 8), have the ability
to detect and repair thymine bases in DNA in the context of
G ·T mismatches in addition to a G ·U repair activity. The
human TDG (9, 10) and MBD4/MIG (11, 12) proteins
thereby display lower G ·T than G ·U repair activity, which
indicates, in conjunction with their high homology to UDGs,
an adaptive evolution on the structural and functional levels
to satisfy the increasing physiological need for G ·T repair
following the emergence of epigenetic regulation through
cytosine methylation.

Interestingly, the acquired thymine specificity in G ·T
mismatches is encoded by the TDG N-termini which are
either not present or highly different from prokaryotic MUG
and UDG enzymes (13). Unlike the catalytic domains that
exhibit an evolutionarily conserved sequence and fold (14–18),
the N- and C-termini of TDG are more variable and thought
to be unfolded. It has been proposed that the low structural
definition of the TDG N-terminus confers a higher adapt-
ability and consequently a larger range of recognized
substrates. In particular, it has been suggested that the TDG
N-termini could directly interact with DNA in a non-
sequence-specific manner while scanning for G ·T and G ·U
mismatches, thereby reinforcing DNA binding to allow
processing of less favorable substrates at the expense of
enzymatic turnover (19, 20). This hypothesis is, however,
yet unproven but supported by the observation that TDGs
also remain tightly associated with the abasic site produced
by the glycosylase reaction (7, 14). Moreover, this strong
binding to AP sites also indicates that human TDG might
have other related cellular activities. In this respect the fact
that TDG functionally interacts with the retinoic acid (21)
and estrogen (22) receptor transcription factors, as well as
with the transcription coregulators SRC-1 (23) and CBP/
p300 (24), is particularly interesting. Indeed, TDG has been
shown to positively stimulate transcription activity of these
molecules. The mechanism by which TDG exerts its
functional role in transcription regulation is today, however,
not understood, but again preliminary evidence seems to
point toward stabilizing protein-DNA complexes (21).
Another indicator of the second role of the TDG N-terminus
in transcription regulation is the fact that the basic lysine-
rich N-terminal domain of TDG is specifically targeted by
the universal transcription coregulator CREB-binding protein
(CBP). CBP and the highly related p300 protein are capable
of specifically binding and, via their histone acetyltransferase
activities, acetylating the TDG N-terminus at four distinct
lysine residues, thereby inhibiting the CBP/TDG interaction

(24). Moreover, CBP-dependent acetylation of the TDG
N-terminus downregulates the replacement of the cytotoxic
abasic site that occurs as the second step in the BER process
through the recruitment of the endonuclease APE1 (24). This
latter observation supports a model in which not only TDG
has distinct activities in BER and transcription regulation
but also how those activities could be coupled at sites of
G ·T mispairs and hence sites that had previously undergone
epigenetic regulation through cytosine methylation. No direct
evidence highlighting such a coupling between epigenetic
regulation of transcription and BER was available until
recently, when functional interactions between TDG and
Dnmt3a were described linking BER with DNA methylation.
Dnmt3a was found to enhance TDG glycosylase activity on
G ·T mismatches; conversely, TDG downregulates Dnmt3a
methyltransferase activity, potentially preventing erroneous
remethylation of cytosines nearby the restored site. Remark-
ably, the TDG N-terminus was implicated in Dnmt3a binding
as well as parts of the catalytic domain (25).

Another posttranslational enzymatic modification of TDG
has recently been described and characterized. The SUMO
conjugation at a unique K330 consensus site located within
the C-terminal region of TDG is involved in a structural
modification of the nearby active site (14, 15) and seems to
have a remote control on the N-terminal conformation and
function (19). Interestingly, TDG sumoylation has also direct
impact on the enzymatic activity by selectively preventing
G ·T mismatch repair (26). The structural rearrangement of
the active site upon sumoylation was also found to be
associated with an increase in enzymatic turnover during
G ·U repair, probably by facilitating TDG’s dissociation from
the abasic site (14, 26). Furthermore, since SUMO conjuga-
tion, similarly to N-terminal truncation, strongly decreases
DNA binding, it has been proposed that the long-range
conformational change of the N-terminus upon sumoylation
at the C-terminus could modulate the structural and functional
properties of the N-terminus with respect to DNA interaction
and its influence on enzymatic turnover (19, 20, 26). Like
many sumoylated proteins TDG can engage in noncovalent
interactions with SUMO through two SUMO binding motifs
located in the enzymatic domain (14, 27). The SUMO-
binding capacity could promote self-sumoylation of TDG
and/or TDG binding to other sumoylated proteins (28). Once
more, the N-terminus of TDG interferes with this process
through a downregulation of TDG/SUMO-1 interactions (27).
Interestingly, SUMO conjugation inhibits interactions with
CBP whereas it enhances the stimulating effect of APE1 on
TDG function in BER (26). Therefore, N-terminal acetylation
and C-terminal sumoylation could compete with each other
to regulate TDG function during DNA repair and transcription.

Taken together, these findings point to a fundamental role
of the N-terminus as a key regulator of TDG’s different
cellular activities. The N-terminus thereby not only serves
as a dynamic protein interacting surface but also undergoes
reversible enzymatic modifications. These dynamic, context-
dependent processes have a determining effect on TDG
localization and activity. However, without exception, for
none of the different functional roles that can so far be
associated to the TDG N-terminus molecular details are
known. This is certainly in part caused by the fact that the
low structural complexity and possible conformational
dynamics of this part of TDG have so far eluded structural
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determination. We present here a detailed NMR study of
the TDG N-terminus in the context of the entire protein as
well as isolated. We have observed that a region encompass-
ing 60 residues immediately preceding the catalytic domain
and specifically required for G ·T repair undergoes a dramatic
dynamic change in the context of the entire protein. Even
though the isolated N-terminus exhibits an overall extended
conformation, this same region still adopts a small degree
of organization and is able to bind small double-stranded
DNA molecules in a sequence-independent manner. In
contrast, region 1-50 of the N-terminus adopts a totally
disordered structure. This region is neither affected by the
absence of the catalytic domain nor interacts with DNA, but
its deletion as well as the deletion of the full C-terminus
leads, as suggested by previous works, to a significant
increase of TDG glycosylase activity.

MATERIALS AND METHODS

Peptide Synthesis. Peptides corresponding to residues
52-71 and 72-95 of hTDG protein (see Figure 1 for a
description of the primary sequences) were synthesized by
solid-phase chemistry (on Rink amide resin; novabiochem)
with HOBt/TBTU activation for coupling of protected amino
acids, followed by TFA cleavage. Peptide mixtures were
purified by reverse-phase chromatography on a C18 Zorbax
300-SB (5µm) column equilibrated in a 0.05% aqueous TFA
buffer (buffer A). Separation of peptides in the crude mixture
was carried out using a 60 min linear gradient of 0-40%
acetonitrile in buffer A at a flow rate of 4 mL/min.
Homogeneous fractions, as checked by RP-HPLC on a C18
nucleosil column, capillary electrophoresis, and MALDI-TOF
mass spectrometry, were pooled and lyophilized to provide
peptides of greater than 95% purity.

Expression and Purification of Recombinant TDG and
TDG Domains. TDG proteins corresponding to residues
1-410 (full-length TDG), 1-339 (TDG-∆C), 1-111 (TDG-
N), and 51-339 (TDG-∆N[1-50]/∆C) (see Figure 1 for a
schematic description of TDG domains) were overexpressed
in the BL21(DE3) strain as GST fusion proteins. The cDNA
of TDG was amplified by PCR using oligonucleotides
containing a BamHI site at the 5′-end and a EcoRI site at
the 3′-end and then cloned between the BamHI/EcoRI sites

of the pGEX-6P-1 plasmid. Bacteria were grown at 37 °C
in M9 minimal medium reconstituted with 2g/L glucose, 1
g/L 15N-labeled ammonium chloride, 1 mM MgSO4, MEM
vitamin cocktail (Sigma), and 100 mg/L ampicillin (or in
LB medium for the production of unlabeled proteins). Protein
expression was performed with overnight IPTG induction
(0.5 mM final concentration of IPTG) at 20 °C. Then, cells
were harvested and resuspended in extraction buffer (PBS,
10% glycerol, 1% Triton X-100, 10 mM EDTA, 2 mM DTT)
complemented with a protease inhibitor cocktail (Complete;
Roche). Cell lysates were obtained by incubation of 0.25
mg/mL lysozyme with the cell suspension in extraction buffer
complemented with RNase and DNase and followed by a
brief sonication step. The soluble extract was isolated by
centrifugation. GST fusion proteins were purified on
glutathione-Sepharose (GE Healthcare). Soluble extracts
were incubated for 3 h at 4 °C with 25-100 µL resin/mL of
soluble extracts. Unbound proteins were extensively washed
away with a GST wash buffer (PBS, 5% glycerol, 1% Triton
X-100, 10 mM EDTA), and proteins were eluted by digestion
with Prescission protease 25 µg/mL resin (GE Healthcare)
in one bead volume of elution buffer (50 mM Tris-HCl, pH
8.0, 150 mM NaCl, 2% glycerol, 0.1% NP-40, 10 mM
EDTA, 5 mM DTT) at 4 °C for 20 h. Then beads were eluted
twice with one bead volume of elution buffer. The pooled
fractions were concentrated and purified by gel filtration on
a preparative Superdex75 column (GE Healthcare) equili-
brated in the NMR sample buffer. Homogeneous fractions
checked on a 12% SDS-polyacrylamide gel were pooled
and concentrated to obtain final protein concentrations of
100 µM. The molecular mass of proteins and isotopic
labeling were verified by MALDI-TOF mass spectrometry.

NMR Spectroscopy. NMR experiments were performed at
293 K on a Bruker DMX 600 MHz spectrometer (Bruker,
Karlsruhe, Germany) equipped with a cryogenic triple
resonance probe head. All 1H spectra were calibrated with 1
mM sodium 3-trimethylsilyl-3,3′,2,2′-d4-propionate as a
reference. Samples containing 2 mM peptide in aqueous
buffer (100 mM NaiPO4 pH 6.6, 0.5 mM EDTA, 5% D2O)
were used for resonance assignment. Standard water-flipback
NOESY and TOCSY experiments, with 400 and 69 ms
mixing times, respectively, were recorded for peptide as-

FIGURE 1: Schematic representation of hTDG, hTDG domains, and hTDG peptides involved in this study. The hTDG regulatory domain is
indicated by a dotted region in various hTDG constructs. TDG[52-71] and TDG[72-95] peptides are represented by gray-shaded zones
encompassing corresponding regions of the regulatory domain, and their primary sequences are indicated below. CBP-mediated acetylation
sites are indicated by asterisks, and the sumoylation site is indicated by an arrowhead.
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signment. DQF-COSY experiments were acquired with 8K
points in the detection dimension to calculate the 3JHN-HR
coupling constants. 1H-15N HSQC spectra at nitrogen natural
abundance were recorded with 256 scans per increment and
256 points in the nitrogen dimension.

Spectra on 15N-labeled proteins were recorded on 100 µM
samples in the same buffer as for peptides. Conventional
assignment strategies using triple resonance experiments
[HNCACB, CBCA(CO)NH, HNCA, HN(CO)CA, HNCO,
HN(CA)CO, HNCANNH] have been performed at 600 MHz
on uniformly 13C/15N-labeled proteins to correlate the CR,
C�, or CO of a given residue with that of its next neighbor.
Spectral windows were 16 ppm for proton and 36.54 ppm
for nitrogen, centered at 4.7 and 118 ppm, respectively, and
sampled with 1024 and 104 complex points. All spectra were
recorded with eight scans per increment. The 33.1 ppm CR
window in the HNCA and HN(CO)CA spectra was centered
at 51.7 ppm and was sampled with 96 complex points.
Similarly, the 16.6 ppm CO window was centered at 172.5
ppm and was sampled with 48 complex points. Finally, the
66.26 ppm combined C� and CR window in the CBCANH
and CBCA(CO)NH spectra was centered at 37.4 ppm and
was sampled with 192 complex points. Because of the high
degeneracy of carbon resonances in such unfolded proteins,
assignments were performed in a pairwise manner previously
described (29–31). All spectra were processed with 2048
complex points in the proton dimension and 512 in the
indirect nitrogen and carbon dimensions. HNHA experiments
were acquired on uniformly 15N-labeled proteins at 800 MHz
to determine 3JHN-HR coupling constants with spectral
windows of 24 ppm for the detection proton dimension and
8.9 and 36.54 ppm for the indirect proton and nitrogen
dimensions and sampled with 2048, 128, and 112 points,
respectively.

The chemical shift perturbations of individual resonances
were calculated with eq 1, taking into account the relative
dispersion of the proton and nitrogen chemical shifts (1 and
20 ppm, respectively).

∆δ(ppm)) √[∆δ(1H)]2 + 0.05[∆δ(15Ν)]2 (1)
3JHN-HR couplings were derived at (3 Hz from intensity

ratios of HN-HR cross-peaks (Scross) and corresponding
HN-HN diagonal peaks (Sdiag) using eq 2 with a total
evolution time 2� of 26.1 ms and a scaling factor f of 1 (32)
for these very flexible protein domains.

JHNHR
3 )

arctan√-(Scross/Sdiag)

2π�f
(2)

Heteronuclear NOEs were measured with the standard
refocused HSQC pulse sequence in the presence or absence
of proton decoupling during a 5 s relaxation delay on a 200
µM sample of TDG-N. Hetero-NOE values were derived
from the intensity ratios of the cross-peak with and without
proton decoupling.

TDG Double-Stranded DNA Binding. Annealing of oli-
gonucleotides was performed by heating 1 mM solutions for
5 min at 100 °C and cooling the mixtures slowly to room
temperature to get double-stranded 25-mers containing either
a central Watson-Crick G ·C pair or G ·T/U mispairs. These
solutions were lyophilized and dissolved at 80 µM final
concentration in a 20 µM solution of 15N-TDG-N in a buffer

constituted by 100 mM NaiPO4, pH 6.6, 1 mM DTT, and 1
mM EDTA. The interactions between TDG-RD in the
context of the entire protein and a dsDNA substrate were
measured on a 20 µM solution of 15N-TDG containing 50
µM dsDNA with a canonical G ·C pair in the presence of
5% glycerol.

Glycosylase ActiVity on G ·T/U Mismatches. A modified
DNA nicking assay was performed on 25-mer dsDNA
containing either G ·T or G ·U mispairs or a G ·C pair as a
control. The oligonucleotides were labeled on the primary
amine modified 3′-end of the T/U/C strand with the Alexa-
Fluor 488 dye (Invitrogen, Molecular Probes). TDG proteins
were incubated at 0.5 µM final concentrations with oligo-
nucleotides at 5 µM in 80 µL of nicking buffer (25 mM
Hepes-KOH, pH 7.8, 1 mM EDTA, 1 mM DTT) at 37 °C.
Twenty microliter aliquots were withdrawn at different
incubation times, and oligonucleotides were precipitated in
70% ethanol and 300 mM NaCl (final concentrations) and
incubated for 30 min at 50 °C with 0.01 N NaOH solution.
Oligonucleotides were then analyzed by denaturing poly-
acrylamide gel electrophoresis.

RESULTS

NMR Study of the Human TDG. The size of human
thymine-DNA glycosylase (hTDG, 410 amino acids, 46
kDa; a schematic of the protein primary sequence is shown
in Figure 1) is a priori not compatible with structural studies
by NMR. A 1H-15N HSQC spectrum of hTDG reveals,
however, 100 resonances characterized by relatively narrow
lines for a protein of this size (Figure 2A, black resonances).
The superposition of the spectrum acquired on the full-length
protein with a 1H-15N HSQC spectrum on the isolated
N-terminus of hTDG (hTDG-N, amino acids 1-111, Figure
1) shows that the resonances observed with hTDG correspond
in part to residues located in hTDG-N (Figure 2A, red
resonances). Using a hTDG truncated for the C-terminus
(hTDG-∆C, amino acids 1-339, Figure 1), we can show
that the remainder of the observed resonances in the hTDG
spectra, not accounted for by the N-terminal amino acids
1-111, corresponds to residues located in the C-terminal
part of the protein as they disappear using hTDG-∆C (Figure
2A, blue resonances). Both N- and C-termini of hTDG,
according to the poor dispersion of 1HN resonances (around
1 ppm), seem to adopt little to no tertiary structure. In
contrast to the N- and C-terminus, the central catalytic
domain of hTDG (amino acids 112-326) is completely
invisible from the 1H-15N HSQC spectra most likely due to
the conserved globular structure it adopts (14, 15). Neither
the deuteration of nonexchangeable protons of TDG full-
length protein nor the use of a 1H-15N TROSY pulse
sequence leads to a significant improvement of resonance
detection. Only a small refinement of some resonance line
widths was observed, leading to detection of few new
resonances (data not shown). These additional resonances
observable on the 15N-1H TROSY spectrum of the 15N,2H-
labeled TDG could be those of the RD but shifted as
compared to the RD resonances of TDG-N. Unfortunately,
their intensities are not sufficient to envisage their assignment
using the triple resonance experiments. However, it must be
noticed that these new resonances appear in the same limited
range as the N- and C-terminal domain chemical shifts.
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hTDG N-Terminal Conformation. Using the conventional
triple resonance experiments we have partially assigned the
resonances of hTDG and the hTDG N-terminus (Figure 2A).
In the entire hTDG protein, we have assessed the extended
structure of region 1-50 in the N-terminus and the entire
C-terminus (residues 328-410) using two independent sets
of data. First, the 13CR and 13C� resonances of both regions
fall within 1 ppm range around the random coil chemical
shifts, indicating few perturbations of their chemical environ-
ment when compared to random coil structures (33, 34). We
have calculated the secondary structure propensity (SSP)
score of the TDG N- and C-terminus based on 13CR and
13C� values (35). An overall total of 3.9% R-structure and
11.8% �-structure has been found for the 50 first N-terminal
residues of the full-length TDG and a total of 5.8%
R-structure and 1.7% �-structure for the C-terminus (residues
328-410). The N-terminus exhibits less than 20% R-struc-
ture propensities for the 1-30 region and up to 65%
�-structure propensities for the 40-50 residues while the
C-terminus has propensity mainly for R-structure with,
however, overall low scores (lower than 20%) (Figure 2B).
Then, the 3JHN-HR coupling constants of residues 1-50 in
hTDG-∆C and in the isolated N-terminus are very similar
and comprised in the range of 5-8 Hz, corresponding to
disordered structures (see Supporting Information, Figure
S1). Together, these results indicate that both regions are
largely unfolded.

Concerning the hTDG N-terminal resonances, we observed
two different behaviors when comparing the isolated N-

terminus to the entire protein. The resonances for amino acids
1-50 of hTDG remain mostly unchanged in both cases
(Figure 2A), whereas the resonances for amino acids 51-111
are significantly broadened in the context of hTDG when
compared to hTDG-N (the line widths at half-height are
comprised between 21 and 25 Hz for hTDG-N resonances
and at least twice higher for hTDG), and most of them fail
to be detected. Given the high sensitivity of the chemical
shifts to their chemical environment, these observations allow
to conclude upon a conformational change in the region
encompassing amino acids 51-111 when the N-terminal
region is isolated from the remainder of the protein.
Furthermore, the line width of these resonances is an
indicator of interactions with the catalytic domain in the
context of the entire protein. Since the structural domain
encompassing amino acids 51-111 coincides with the region
of hTDG that had previously been shown in functional
studies to exert a regulatory effect upon TDG activity, we
shall refer to this domain from here on as the regulatory
domain of hTDG (hTDG-RD, Figure 1) (13, 16, 19, 21, 24, 25).
The conformational dynamics observed in hTDG-RD when
comparing hTDG-N to hTDG cannot simply be explained
by a border effect of the catalytic domain. It has been
previously shown that such border effects have a small
effective range of two to three amino acids in the case of a
simple primary sequence modification in an unfolded polypep-
tide without any impact on tertiary structure (29, 31). By

FIGURE 2: (A) 1H-15N HSQC spectra of the full-length hTDG (black), hTDG-∆C (blue), and hTDG-N (red). Some resonances corresponding
to residues of the N-terminus are annotated in bold and residues of the C-terminus in italic. Resonances of the Glu42 residue related to the
Pro41 cis and trans conformers are annotated with “c” and “t” letters, respectively. (B) Secondary structure propensity (SSP) score (35)
along the primary sequence of TDG calculated with the 13CR and 13C� values. Positive values indicate a propensity to R-structure and
negative values a propensity to �-structure. The extreme N-terminus (residues 1-25) would likely have R-propensities, and the region
going from residue 40–50 would preferentially have �-propensities. (C) Circular dichroism spectra of the full-length hTDG (2) and the
isolated N-terminus (9).
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contrast, the effect of the catalytic domain on the N-terminus
extends over 60 amino acids encompassing the entire
regulatory domain. Moreover, this effect is characterized by
a variation and/or broadening of the observed resonances,
indicating a substantial conformational change and different
conformational dynamics. It is also worthwhile noticing that
some resonances of the regulatory domain (A57, Q55, E75,
S85, G86, S88, A89) that are not detectable in hTDG appear
in the hTDG-∆C HSQC even though they are still broad
(Figure 2A). In contrast, there is no change in the resonances
of residues 1-50 when comparing the entire hTDG and
hTDG-∆C. These data indicate also a slight modification of
the regulatory domain dynamics upon C-terminal truncation,
raising the possibility of N- and C-terminal cross-talk.

Interestingly, residues 1-50 of TDG-N adopt the same
profile of secondary structure propensities as the full-length
TDG. The isolated N-terminus exhibits less than 20%
R-structure propensities for the residue 1-25 region and up
to 70% �-structure for the 40-86 residues encompassing
the regulatory domain (see Supporting Information, Figure
S2A). Furthermore, the 3JHN-HR coupling constants calcu-
lated from HNHA experiments (32) on the uniformly 15N-
labeled protein fall within the range of 5-8 Hz corresponding
to disordered structures (see Supporting Information, Figure
S2B). These observations are accompanied by a low propor-
tion of R-helices and �-sheets detected by circular dichroism
in the N-terminus when compared to the full-length protein
(Figure 2C). Furthermore, we have investigated the dynami-
cal aspect of the TDG-N backbone with the measurement
of heteronuclear NOE. The small hetero-NOE values,
comprised between -0.3 and 0.2, suggest an overall high
degree of flexibility all along the isolated N-terminus. More
particularly, the region from residue 44 to residue 95,
encompassing the regulatory domain, has negative 15N-{1H}
NOE values while the region comprising residues 9-25 is
relatively more rigid with positive 15N-{1H} NOE values
(see Supporting Information, Figure S3).

Proline Conformational Heterogeneity in hTDG. In both
hTDG and hTDG-N 1H-15N HSQC spectra, a doubling of
resonances in the region between positions 15 and 20 is
observed (Figure 2A). A cis/trans conformational heteroge-
neity of a proline residue at position 21 could explain this
phenomenon, and these two sets of resonances could further
reflect a slow exchange between both conformations. When
analyzing the 13CR and 13C� resonances of the Pro21 residue
(63.47 and 31.48 ppm, respectively) on the 13C strips
extracted from the Phe22 1H-15N resonance in the HNCACB
spectrum, we found that the signals of higher intensities
correspond to a conformer where Pro21 is in the trans
conformation. The integration of the corresponding sig-
nals reveals that the hTDG conformer with the Pro21 in the
trans conformation accounts for ∼60% of the total protein.
This ratio is unchanged whether the isolated N-terminus or
the entire protein is analyzed. The proportion of cis isomer
is thus relatively important compared to what is generally
observed in nonstructured peptides or proteins where cis
conformers represent up to some 23% of the total molecules
when an aromatic residue precedes a proline (36).

Similar to the above Pro21 cis/trans conformers we have
also observed in both the isolated N-terminus and the entire
hTDG two signals for the glutamate at position 42 which
follows a proline. This Pro41 also is present in cis (corre-

sponding values: 62.74 ppm for the 13CR and 34.15 ppm for
the 13C�) and trans (13CR, 62.93 ppm; 13C�, 32.08 ppm)
conformations with the cis conformer accounting for 20%
of the total Pro41 population (37).

Protein-Protein Interactions between the Regulatory and
Catalytic Domains of TDG. Because of the disappearance
or broadening of the regulatory domain resonances, a
molecular contact with the catalytic domain exists, resulting
in broadened resonances for this region and mimicking the
NMR behavior of the TDG catalytic core. Furthermore, these
protein-protein interactions are confined to the regulatory
domain as the initial 50 amino acids of the TDG N-terminus
remain very flexible and conserve identical resonances with
narrow lines. In order to prove an interaction between TDG-
RD and TDG-CAT, we investigated the capacity of the
isolated TDG-N to compete with TDG-RD for the core of
the protein. We found that the regulatory domain of TDG
undergoes little conformational change in the presence of a
50-fold excess of hTDG-N. Indeed, some resonances of the
hTDG-RD in the 15N-labeled full-length protein are detect-
able but are still less intense than those of the TDG 1-50
region (data not shown). Remarkably, they are found to be
identical to those of the isolated N-terminus indicating that
(i) the isolated N-terminus is able to only partially displace
interactions between the catalytic and the regulatory domains
and (ii) the displaced TDG-RD adopts the same conformation
as in the isolated TDG N-terminus.

Given that the TDG-RD contains a high proportion of
basic residues (i.e., 16 lysine and 5 arginine for a total of 60
residues, that is one-third of the TDG-RD residues), we have
searched negative patches at the surface of TDG-CAT that
could serve as potential binding sites for the positively
charged TDG-RD. On the basis of the three-dimensional
structure of TDG-CAT conjugated to SUMO-1 (14), we have
calculated the electrostatic potential surface of TDG-CAT
in a search for a negative patch. A surface enriched in acidic
residues (E194, D126, D177, D178, E170) located at the
opposite side of the TDG active site would be accessible to
the TDG-RD and could potentially mediate electrostatic
interactions with TDG-RD (see Supporting Information,
Figure S4).

Residual Structure of the hTDG N-Terminus. We have
measured, by calculating the secondary structure propensity
with 13CR and 13C� values (35), an overall content of 2.9%
R-structure and 11.7% �-structure within the isolated N-
terminus of TDG (see Supporting Information, Figure S2A).
Given the propension of TDG-N to adopt �-structure, we
decided to compare the corresponding resonances with those
of two small peptides produced by solid-phase chemistry
encompassing the 52-71 and 72-95 regions of the regula-
tory domain (Figure 1) which represent a large part of the
region having a marked �-structure propensity as determined
by the SSP score (see Supporting Information, Figure S2A).
The peptide resonances were assigned following the con-
ventional strategy of sequential assignment using the two-
dimensional homonuclear experiments TOCSY and NOESY,
the DQF-COSY sequence for calculating the 3JHN-HR
coupling constants, and the acquisition of 1H-15N HSQC
spectra at natural abundance. For these short peptides of
about 20 amino acids the absence of structure was easily
confirmable using the NOESY spectra where only the
HN-ΗR correlations were observable. Furthermore, the
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coupling constants 3JHN-HR measured by DQF-COSY (with
8K points in the detection) are comprised between 6 and 8
Hz, indicating a disordered structure (see Supporting Infor-
mation, Figure S2B). The comparison of the hTDG-N
1H-15N HSQC spectrum with those obtained for the two
peptides hTDG[52-71] and hTDG[72-95] shows small
variations in the chemical shifts (Figure 3A,C). The reso-
nances of the lysine residues that lie within an overcrowded
region of hTDG-N HSQC were confirmed with the acquisi-
tion of a 1H-15N HSQC spectrum on a selectively 15N-Lys-
labeled protein (Figure 3B). Strong chemical shift perturba-
tions are observed for the first residues in each peptide
primary sequence (Figure 3C). These variations reveal a
small border effect consistent with the absence of the flanking
residues when dealing with peptides as compared to the entire
hTDG-N protein. For other residues, weaker but significant
perturbations are observed and indicate that the regulatory
domain does not adopt a totally random structure in the
context of the isolated TDG N-terminus. It must be noticed,
however, that such a residual structure concerning the regions
encompassed by residues 60-68 and 78-93 failed to be
detected with the chemical shift index (34) and 3JHN-HR
couplings. Both regions have strong �-structure propensity
as indicated by their SSP score (35) that could explain such
a residual structure observed for the isolated TDG N-
terminus. Together, these data show that the regulatory
domain has a potential to adopt a �-structure in the full TDG
context.

In the peptides, the relative proportions of cis conformers
for prolyl residues match with those of hTDG-N. In the
hTDG[52-71] peptide, the cis conformers of prolines at the
N- and C-termini were found in relatively high quantities
(8% for Pro53 and 6% for Pro70) when comparing to those
prolines in the middle of the sequence (4% for Pro58 and
3% for Pro65). In the hTDG[72-95] peptide, the Pro73 cis
conformation is relatively low (2%), and the Pro76 and Pro79
cis conformers are undetectable. These cis populations are

compatible with those generally found in small disordered
peptides (38).

To further corroborate the hTDG-RD residual structure,
we also investigated the conformational stability of the TDG
N-terminus in the presence of glycerol. It has been shown
that such a polyhydric alcohol used for many years as a
protein stabilizer may have a denaturing effect targeting
primarily hydrophobic residues in proteins. The recently
elucidated mechanism of these effects indicates that poly-
hydric alcohols do not interact directly with proteins but
rather alter the hydration layer around polypeptide chains
(39). At 5% final concentration of glycerol we observe
conformational effects only on resonances of the regulatory
domain, the remaining 50 residues of hTDG-N being
unaffected albeit containing a higher content of hydrophobic
residues (Figure 4B). This effect does not seem to be
fortuitous as the regulatory domain is the region contacting
the catalytic domain and also displaying a dramatic structural
change in the presence of the latter. Surprisingly, with 5%
glycerol, the residues of the regulatory domain adopt the
same conformation as those of both TDG[52-71] and
TDG[72-95] peptides described above as their resonances
perfectly match (Figure 4A). This loss of the residual
structure of the hTDG-RD is reversible: removing glycerol
from the sample by dialysis restores the chemical shifts of
the regulatory domain (data not shown). These data dem-
onstrate that hTDG-N retains a residual structure in its
regulatory domain located between residues 51 and 111 even
when isolated from the remainder of the protein. Similarly,
we have investigated the effect of glycerol on the RD
conformation in the context of the entire TDG. No significant
modifications of RD resonances have been detected, but
subtle perturbations of the TDG-RD conformation cannot
be excluded (Figure 5D, black spectrum). We suppose that
the RD/CAT interactions stabilize the RD structure suf-
ficiently to counteract the effect of glycerol at this
concentration.

FIGURE 3: Comparison of 1H-15N HSQC spectra of the hTDG-N (black), uniformly 15N-labeled (A) and selectively 15N-Lys-labeled (B)
with TDG[52-71] (red) and TDG[72-95] (blue) peptides. (C) Graphical representation of the chemical shift variations between the hTDG
N-terminus and the TDG[52-71] (red) or TDG[72-95] (blue) peptide.
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The TDG-RD Has a Potential To Interact with DNA. In
an effort to explain the requirement of the N-terminus of
TDG for G ·T mismatch processing activity, as well as the
evolutionary adaptation of G ·U processing enzymes to a
broader substrate specificity, it had been suggested that the
N-terminus of TDG could directly and specifically interact
with DNA (13, 19, 20). This interaction was proposed to
strengthen the overall DNA binding affinity of TDG in order
to allow processing of less favorable substrates at the expense
of the enzymatic turnover (19, 20). In order to determine
whether the N-terminal domain of TDG retains a DNA
binding activity outside of the remaining protein, we have
investigated the interactions of hTDG-N with a homoduplex
DNA or heteroduplexes containing G ·T or G ·U mispairs.
We have found that in the presence of a 4-fold excess of
25-mer dsDNA the resonances corresponding to the hTDG-
RD are perturbed while the resonances of the 1-50 N-
terminal region remain unchanged (Figure 5A-C). More-
over, we did not observe any significant differences in the
hTDG-RD chemical shift perturbations when comparing the
three DNA substrates (Figure 5A-C). These chemical shift
variations of TDG-RD clearly indicate that this region of
TDG has a potential to directly interact with DNA in Vitro
in a sequence-independent manner and with a relatively low
affinity even in the absence of TDG-CAT. Furthermore, as
one would expect, the regulatory domain of TDG when
isolated from its protein context is not able to distinguish
between nonmismatched and mismatched dsDNA, nor exerts
a mismatch-selective binding activity.

In the context of the full TDG protein, a 2.5-fold excess
of dsDNA substrate containing a canonical G ·C pair induces
a dramatic conformational change of the TDG-RD, leading
to the appearance of new resonances corresponding to the
RD domain in the TDG 15N-1H HSQC spectrum, while the

1-50 region of the N-terminus and the full C-terminus do
not exhibit any chemical shift perturbations (Figure 5D,E).
Remarkably, these additional resonances perfectly match with
those of the isolated TDG-RD interacting with the same
substrate even though they are broader (Figure 5D,E). These
data indicate a partial dissociation of the TDG-RD from the
catalytic domain induced by DNA and indiscriminate with
respect to the presence or absence of a G ·T/U mismatch.
Under these conditions, TDG-RD appears as at least two
conformers in slow exchange: a “closed” form, bound to the
catalytic domain, undetectable on the 15N-1H HSQC spec-
trum and an “open” form in which the molecular contacts
with the catalytic domain are disrupted. In the latter form,
the TDG-RD adopts the same conformation as in the isolated
N-terminus, preserving its residual structure and its ability
to bind DNA in a nonselective manner.

The N- and C-Termini Inhibit TDG Glycosylase ActiVity.
It has been known for some time that truncation of the entire
N-terminus of TDG results in increased G ·U processing
activity while it strongly reduces the G ·T repair (13, 19).
Furthermore, the C-terminus of TDG has no effect on G ·U
and G ·T glycosylase reactions (19). In light of our observa-
tion that the TDG-RD interacts with DNA, we sought to
investigate the different contributions of the extreme N-
terminus, the RD, and the C-terminus on TDG G ·T and G ·U
processing activity. Using a DNA nicking assay, we have
observed strong modifications of the G ·T and G ·U glyco-
sylase activity of TDG when removing the 1-50 region of
the N-terminus and the full C-terminus. In the case of the
G ·T glycosylase activity, we have determined an increase
of 25% and 55% for TDG-∆C and TDG-∆N[1-50]/∆C,
respectively. In the case of the G ·U activity, the increase is
of 40% and 100%, respectively (Figure 6A,B). The G ·U
activities of TDG-∆C and TDG-∆N[1-50]/∆C are charac-

FIGURE 4: Upper panel: Comparison of 1H-15N HSQC spectra of the hTDG N-terminus (black), in presence of glycerol 5% (red), and the
isolated hTDG peptides (blue). Lower panel: Graphical representation of the chemical shift variations of hTDG-N resonances induced by
5% glycerol.
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terized by turnover rates of 0.0112 and 0.0180 min-1,
respectively, while that of the full-length enzyme is of 0.0056
min-1, and the turnover rates related to G ·T activities are
significantly lower (Figure 6C) as is in accordance with the
model of an evolutionarily acquired G ·T processing capacity
through additional stabilization of TDG/DNA complexes by
the TDG-RD (13). Moreover, the glycosylase kinetics of
TDG-∆N[1-50]/∆C on the G ·U substrate (Figure 6B) is
similar to those described previously for the SUMO-modified
TDG or the N-terminally truncated protein (19, 26). Interest-
ingly, in this case, the plateau characteristic of product
inhibition of enzymatic activity is not observed (Figure 6B).

The RD/CAT Intramolecular Interaction Is Not Essential
for G ·T Repair and Limits the Enzymatic TurnoVer. We next
investigated whether the glycosylase activity of TDG is
dependent on the TDG-RD conformation or not. Given that
the N-terminus inhibits the G ·U processing while allowing
the G ·T repair (13, 19) and glycerol in presence of DNA
modifies the RD conformational equilibrium, more particu-
larly the RD/CAT intramolecular interactions, a modification
of TDG glycosylase activity and/or kinetics upon glycerol
addition could be expected mimicking the full N-terminus

truncation. Hence, we have performed the glycosylase
kinetics in the presence of 5% glycerol with TDG full-length
and TDG-∆N[1-50]/∆C proteins (Figure 6). A significant
increase in G ·U and G ·T activities is detected upon glycerol
addition as well as a modification of the kinetic profiles.
Interestingly, the impact of glycerol on G ·U activity of the
entire TDG is of the same order on the enzymatic turnover
than the N[1-50]- and C-terminal truncations while only a
slight increase on the G ·T repair was measured with no
modification of the enzymatic turnover. The same difference
between the G ·U and G ·T activities was measured for TDG-
∆N[1-50]/∆C, however, with equal turnover rates (Figure
6C). Surprisingly, in the case of the G ·U activity, both effects
(i.e., the constitutive N[1-50]-/C-terminal truncation and the
glycerol-induced conformational perturbation) are additional
after 1 h incubation (Figure 6B) while they are synergistic
in the case of the G ·T activity (Figure 6A). This discrepancy
between G ·U and G ·T repair indicates that the RD/CAT
intramolecular interaction (i) is the target of the glycerol-
induced perturbations and (ii) is not essential for G ·T repair
but rather has an inhibitory effect on both G ·T and G ·U
repair.

FIGURE 5: In Vitro DNA binding to the TDG N-terminus. (A-C) Interactions between TDG-N and 25-mer dsDNA. Comparison of 15N-1H
HSQC spectra of 15N-TDG-N alone (black) and in the presence of a 4-fold excess of DNA containing (A) a G ·T (red) or (C) a G ·U (green)
mispair or (B) a canonical G ·C pair (blue). Resonances of TDG-N affected by the interactions with DNA are annotated. (D, E) Conformational
modification of the RD domain within full-length TDG upon DNA binding. (D) 15N-1H HSQC spectra of 15N-labeled TDG in the presence
of 5% glycerol without substrate (black) or with a 2.5-fold excess of a dsDNA substrate containing a G ·C pair (red). (E) Comparison of
15N-1H HSQC spectra of 15N-labeled TDG in the presence of 5% glycerol with a 2.5-fold excess of a dsDNA substrate containing a G ·C
pair (red) and 15N-labeled TDG-N in the presence of a 4-fold excess of G ·C-containing dsDNA (blue). The TDG-RD resonances are
indicated in bold characters and those of the N[1-50]- and C-terminal regions, that are not affected by DNA, are annotated in italic. The
RD residues of the isolated N-terminus submitted to a “border effect” due to the absence of the catalytic domain are indicated in parentheses.
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DISCUSSION

Using NMR spectroscopy we have shown here that the
N-terminus of TDG, previously considered to have little
structural organization (40), indeed adopts a detectable and
distinct conformation in the context of the entire protein with
the potential to regulate TDG function. The structural
organization of the TDG N-terminus is limited to a region
comprised between amino acids 51 and 111 and remains
detectable even in the absence of the remainder of the protein.
This region is known to be essential for G ·T but not G ·U
DNA repair activity (13) and had previously been implicated
not only in the regulation of TDG activities in BER but also
in transcription and acts as a domain mediating numerous
protein-protein interactions (21–24). Given that the func-
tional activity of this part of TDG is matched with a distinct
structural identity, we refer to the hTDG 51-111 region as
the regulatory domain (TDG-RD). In contrast, the extreme
N-terminal region from amino acids 1-50 preserves its
conformation in both the absence or presence of the catalytic
domain (TDG-CAT) and C-terminus of TDG with the
1H-15N resonances being strictly identical (Figure 2A). Two
proline cis/trans isomerizations with a relatively high level
of cis content are detected in this part of the molecule at
positions Pro21 and Pro41, however, with unknown signifi-

cance. Again, the isomerization equilibrium of both prolines
is not modified by the presence or absence of the catalytic
domain.

Previously, two distinct hypotheses concerning the function
of the RD in establishing G ·T repair specificity did exist:
(i) where the RD would directly interact with DNA to
stabilize TDG on DNA substrates, thereby allowing G ·T
processing activity, and (ii) an allosteric mechanism with a
direct interaction and complementation of the CAT active
site by the RD (13, 19, 26, 40). Our demonstration of an
interaction between the CAT and the RD, even in the absence
of DNA substrate, seemed to favor a priori the latter
hypothesis. Moreover, given the fact that a large excess of
TDG-N (50-fold) displaces only partially the interactions
between the regulatory and catalytic domains, it is likely that
these interactions are intramolecular and relatively strong.
Interestingly, using a model of the electrostatic potential
surface of the TDG-CAT domain, we were able to identify
a negative patch on the CAT surface just adjacent to the
N-terminal junction which could provide for the interaction
surface with the RD (see Supporting Information, Figure S4).
The regulatory domain could thus add supplementary
substrate recognition surfaces, notably with the additional
methyl group of the thymine, that allow TDG to adapt

FIGURE 6: In Vitro TDG glycosylase activity in base excision repair. Activity of 10% molar ratio of full-length TDG (full squares), TDG-
∆C (full triangles), TDG-∆N[1-50]/∆C (full diamonds), or TDG (open squares) and TDG-∆N[1-50]/∆C (open diamonds) in the presence
of 5% glycerol on G ·T (A) and G ·U (B) containing 25-mer dsDNA. (C) Graphical representation of the enzymatic turnover rates of the
three enzymes on G ·T (dark gray bars) and G ·U (light gray bars) substrates and ratio of G ·U over G ·T activity (circles and dotted line).

FIGURE 7: Schematic illustration summarizing the different conformers and their activity. The regulatory domain (RD) is shown in red.
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substrates containing a G ·T mismatch. Such interactions had
been postulated and proposed to allow processing of less
favorable substrates at the expense of the enzymatic
turnover (13, 19), which is in accordance also with our
enzymatic turnover rate measurements (Figure 6C). On the
other hand, we have detected direct interactions of the
isolated RD with double-stranded DNA carrying or not a
G ·T/U mismatch (Figure 5). Similarly, the RD in its protein
context was able to bind a DNA substrate containing a
canonical G ·C pair (Figure 5D). Moreover, this DNA
substrate is able to partially compete with the RD/CAT
interaction, resulting in a conformational exchange between
a “closed” form, where the RD contacts the catalytic domain
of TDG, and an “open” form, identical to the isolated RD
exhibiting an overall extended conformation with little
residual structure (Figure 5E), which is still able to bind DNA
in a nonselective manner.

It has been shown that the full N-terminus, while adding
G ·T processivity (13), significantly lowers the processing
of G ·U substrates (19). Our results indicate that the
regulation of DNA binding as well as G ·T/U recognition
and repair by TDG involves two different mechanisms
mediated by the N-terminus. First, our data show that the
1-50 region, in combination with the full C-terminal domain
(residues 340-410), does not interact directly with DNA but
rather destabilizes the TDG/DNA interactions, hence inter-
fering with the enzymatic activity (Figures 5 and 6). The
high flexibility and mobility of these two regions conferred
by their extended and disordered nature likely induce steric
hindrance that hampers the molecular contacts between TDG
and DNA, leading to a lower activity for the full-length
protein as compared with TDG-∆N[1-50]/∆C. Remarkably,
this effect has a more pronounced consequence on the repair
of G ·U substrates. Second, we have shown that the regula-
tory domain has a nonselective DNA binding activity when
the molecular contacts with the catalytic domain are dis-
rupted. Since the enzymatic reaction on G ·T and G ·U
substrates leads to identical products (i.e., AP sites) and the
TDG-RD binding affinity of the “open” conformer is of the
same order for both substrates (Figure 5), the difference
between both processing activities of TDG-∆N[1-50]/∆C
indicates different recognition modes that are likely mediated
by the TDG-RD in its “closed” conformation. Indeed, an
overall increase of glycosylase activities and enzymatic
turnover was observed upon glycerol addition similarly to
the deletion of the full N-terminus (19), with the exception
that the glycosylase activity on G ·T mismatches is not
abolished, indicating more likely a conformational effect on
the RD/CAT interaction. This upregulation of both activities
suggests that the RD/CAT intramolecular interaction is not
essential for the G ·U and, more interestingly, for the G ·T
processing but rather has an inhibitory effect probably by
improving the efficiency of DNA binding with, as a result,
a limitation of the turnover rate. The discrepancy between
G ·U and G ·T repair efficiency is increased upon N[1-50]/
C-terminus deletion and/or glycerol addition, indicating that
the RD has, as expected, a stronger impact on G ·T
processing. The schematic representation shown in Figure 7
illustrates and summarizes these findings. In conclusion, the
RD enhances the DNA binding affinity of TDG to allow
G ·T repair at the expense of the G ·U activity and enzymatic
turnover.

In this context it is also most interesting to note that SUMO
binding is influenced by the N-terminal domain (27, 28) and
sumoylation of TDG impairs G ·T processivity while in-
creasing G ·U repair activity (26). This strongly suggests that
SUMO binding and sumoylation are determined by the
regulatory domain and have consequences for its autonomous
DNA binding capacity or its ability to complement the active
center for G ·T substrate recognition or both. Whereas at
present we cannot determine here the cause and effect
relationship, it seems likely that sumoylation directly or
indirectly regulates TDG binding to DNA and also APE1
recruitment (26) in order to have a selective effect on G ·T
repair. These hypotheses are significantly corroborated by
the observation that CBP interaction and CBP-mediated
acetylation of TDG-RD are inhibited by sumoylation of TDG
(27) and even more so by the fact that in turn acetylation of
TDG prevents APE1 recruitment (24). The effects of CBP
binding and acetylation of TDG hence are mutually exclusive
with those for SUMO binding and sumoylation.

Moreover, the intricate mechanism of G ·U versus G ·T
mismatch repair specificity and the role of the TDG-RD in
its regulation underline the importance of fine-tuning TDG
activity by subtle structural dynamics. The fact that G ·T
mismatches in DNA arise almost exclusively at sites of
epigenetic regulation by cytosine methylation, in conjunction
with ample evidence of TDG’s role in transcription (21–24),
as well as the recent observation of a direct interaction
between TDG and Dnmt3a (25), supports the idea of a
regulated link between epigenetic regulation and transcription
via the intermediary of TDG and its G ·T repair activity, and
thus the need to specifically regulate G ·T versus G ·U
processing activity, through the regulation of the RD
conformation and its inter- and intramolecular interactions.
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