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Cytosine methylation at CpG dinucleotides produces m5CpG, an
epigenetic modification that is important for transcriptional reg-
ulation and genomic stability in vertebrate cells. However, m5C
deamination yields mutagenic G�T mispairs, which are implicated in
genetic disease, cancer, and aging. Human thymine DNA glycosy-
lase (hTDG) removes T from G�T mispairs, producing an abasic (or
AP) site, and follow-on base excision repair proteins restore the G�C
pair. hTDG is inactive against normal A�T pairs, and is most effective
for G�T mispairs and other damage located in a CpG context. The
molecular basis of these important catalytic properties has re-
mained unknown. Here, we report a crystal structure of hTDG
(catalytic domain, hTDGcat) in complex with abasic DNA, at 2.8 Å
resolution. Surprisingly, the enzyme crystallized in a 2:1 complex
with DNA, one subunit bound at the abasic site, as anticipated, and
the other at an undamaged (nonspecific) site. Isothermal titration
calorimetry and electrophoretic mobility-shift experiments indi-
cate that hTDG and hTDGcat can bind abasic DNA with 1:1 or 2:1
stoichiometry. Kinetics experiments show that the 1:1 complex is
sufficient for full catalytic (base excision) activity, suggesting that
the 2:1 complex, if adopted in vivo, might be important for some
other activity of hTDG, perhaps binding interactions with other
proteins. Our structure reveals interactions that promote the strin-
gent specificity for guanine versus adenine as the pairing partner
of the target base and interactions that likely confer CpG sequence
specificity. We find striking differences between hTDG and its
prokaryotic ortholog (MUG), despite the relatively high (32%)
sequence identity.

CpG site � DNA repair � G�T mismatch � deamination � 5-methylcytosine

Human thymine DNA glycosylase (hTDG) belongs to the
uracil DNA glycosylase (UDG) superfamily of enzymes that

share a common �/� fold and promote genomic integrity by
removing mutagenic uracil bases from DNA (1, 2). Initiating the
base excision repair pathway, these enzymes use a remarkable
nucleotide-flipping mechanism to extrude damaged nucleobases
from the DNA helix and cleave the base-sugar (N-glycosidic)
bond, producing an abasic (or AP) site in the DNA (3). Together,
hTDG and the Escherichia coli mismatch-specific uracil DNA
glycosylase (eMUG) are the most thoroughly characterized
members of the TDG/MUG family (4–6). These enzymes excise
a variety of damaged bases (X), and typically exhibit a strong
preference for lesions in G�X versus A�X pairs (7–12). Like its
eukaryotic orthologs, hTDG (410 residues) contains a conserved
catalytic core (residues 121–300) flanked by more divergent N-
and C-terminal domains (6); the former enhances DNA binding
and G�T repair activity to some extent (13, 14), and the latter
contains a site for SUMO conjugation (K330), a modification
that decreases the DNA-binding affinity of hTDG (15, 16).

A recent structure of the hTDG catalytic domain (residues
117–332, conjugated to SUMO-1) reveals strong similarity to the
structure of eMUG (16, 17), consistent with the 32% amino acid
sequence identity. Nevertheless, the specificity of these enzymes
differs remarkably. They both act on G�U mispairs, but only

hTDG has significant activity for G�T mispairs (5, 9). Specificity
for damage at CpG dinucleotides also distinguishes hTDG from
eMUG and the vast majority of other DNA glycosylases (7, 8, 12,
17). The sole exception, MBD4, recognizes G�T mispairs and
other lesions with specificity for CpG sites (18–21). The CpG
specificity suggests that the predominant biological substrate for
hTDG may be G�T mismatches arising from m5C deamination
(22), because cytosine methylation occurs selectively at CpG
sites in vertebrate cells. Because hTDG excises thymine, it must
also employ a stringent mechanism to avoid acting on the huge
(millionfold) excess of undamaged A�T base pairs. We recently
showed that hTDG activity is 18,000-fold lower for A�T versus
G�T pairs and sharply reduced for other lesions in an A�X versus
G�X context (12). However, the preferential excision of bases
paired with G also demands a mechanism to minimize the
excision of C from normal G�C pairs. Our recent studies indicate
that specificity for G�T over G�C pairs is largely attributable to
the greater base–sugar (N-glycosidic) bond stability for deoxy-
cytidine versus deoxythymidine, rather than selective base rec-
ognition or an inability of hTDG to flip cytosine into its active
site (11). Our findings here provide a structural basis of the
specificity for G�T versus A�T pairs (and G�X versus A�X pairs)
and for lesions that arise in a CpG sequence context.

Results and Discussion
Overall Structure. We obtained crystals of hTDG catalytic domain
(hTDGcat, residues 111–308) bound to 22-bp DNA containing a
tetrahydrofuran nucleotide (THF), a chemically stable mimic of the
natural AP product. Previous studies showed that hTDG binds
tightly to DNA containing G�THF, as it does to G�AP DNA (23).
We solved the structure by molecular replacement using the
structure of hTDG conjugated to SUMO-1 (16), and refined it to
a crystallographic R factor of 23.0% and an Rfree of 27.6%, at a
resolution of 2.8 Å [supporting information (SI) Table S1]. We
found that hTDGcat crystallized in a 2:1 complex with the DNA, one
subunit positioned at the abasic site (product complex), as expected,
and the other at an undamaged or nonspecific (NS) site (Fig. 1 and
Fig. S1). This was surprising, because 2:1 binding had not previously
been reported for hTDG, eMUG, or UDG. Fig. 2A provides a
schematic overview of the enzyme–DNA interactions and the
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binding site for each hTDGcat subunit. In the 2:1 complex, the
protein subunits form a symmetrical dimer interface, burying �290
Å2 of accessible surface area (ASA) per monomer (�3% of total

ASA) with no apparent hydrogen bonds or salt bridges (Fig. 2B).
The small size of this interface indicates that the hTDGcat dimer is
weak in the absence of DNA (24). This is confirmed by sedimen-
tation velocity analytical ultracentrifugation experiments (Fig. S2),
which show that hTDGcat is fully monomeric at a concentration of
118 �M. Thus, the initial DNA-binding event likely involves a
monomer of hTDGcat. Residues contributing to the dimer inter-
face, determined by buried surface area, include L143, M144, and
Y147 of helix �1, and T196, T197, and P198 of the �2–�4 loop (Fig.
1). These residues are strictly conserved for vertebrate TDGs but
not with TDG from Drosophila or fission yeast (Saccharomyces
pombe) (10) or with eMUG (Fig. S3). Our structure raises the
questions of whether 2:1 binding is observed in solution and
whether it is required for catalytic activity.

Biochemical Studies. We performed single-turnover kinetics using
two G�U-containing substrates (Fig. 3A), a 28-bp duplex (G�U28)
that can accommodate all of the observed protein–DNA inter-
actions for each hTDGcat subunit (see Fig. 2 A) and a 15-bp
substrate (G�U15) that lacks the entire binding site for the NS
subunit. The activity of hTDGcat is identical for the G�U28 and
G�U15 substrates, kmax � 1.0 � 0.2 min�1 (Fig. 3B). Likewise,
full-length hTDG exhibits nearly the same activity for G�U28,
kmax � 2.9 � 0.3 min�1, as for G�U15, kmax � 2.0 � 0.3 min�1.
Thus, the 2:1 complex observed in the crystal structure is not
required for full catalytic activity. However, this does not exclude
the possibility of 2:1 binding at substrate sites. The NS subunit
might bind even if it is not needed for catalysis. Alternatively, the
2:1 complex might arise at abasic sites; hTDG binds tightly to its
abasic DNA product (25).

We investigated the latter possibility using isothermal titration
calorimetry (ITC), with DNA identical to G�U28 and G�U15
except that THF replaces dU. The ITC results (Fig. 3C and Table
1) indicate that binding of hTDG (and hTDGcat) to THF15 or
THF28 is endothermic, thus driven by favorable entropy (T�S �
0) that compensates for the large unfavorable enthalpy (�H �
0) (at 5°C), consistent with previous findings for proteins that
distort DNA (26). It is important to note that in Fig. 3C, the scale
for the THF28 data (red, left axis) is twofold greater than that
for THF15 (blue, right axis), to illustrate the near doubling of �H
for THF28 versus THF15 binding to either hTDG or hTDGcat.
A similar (nearly twofold) change in T�S is seen for THF28
relative to THF15. Our results indicate that hTDG and hTDGcat

Fig. 2. Schematic overview of the enzyme–DNA interactions and the dimer interface. (A) The 22-bp DNA is yellow with phosphates shown as orange circles.
The adjoining DNA fragment (purple) shows contacts with K246 and K248 from the NS subunit. The arrows represent hydrogen bonds involving side-chain or
main-chain (mc) atoms of the enzyme. In the product complex, the flipped abasic nucleotide (THF) is a red pentagon, the ‘‘opposing G’’ is magenta, and the ‘‘3�-G’’
is cyan. A277 intercalates the complementary strand, disrupting base-stacking interactions between the opposing G and its 5� neighbor. Contacts involving N157,
S273, and A274 for hTDGcat are topologically conserved with contacts in the eMUG product complex (17), and the N157, K232, S271, and S273 contacts are
conserved with those in the UDG product complex (29). (B) Close-up view of the dimer interface, with the G�THF-bound subunit in green and the nonspecific
subunit in cyan. The N termini of each subunit (T123) are indicated.

Fig. 1. Overview of the structure. hTDGcat binds the DNA in a 2:1 complex: one
subunit at the abasic site (product complex) and the other at an undamaged site
(nonspecific complex). DNA shown includes a full 22-bp duplex and part of the
adjacent duplex joined by 3� A/T overhangs (blue arrow, see Fig. 2A ). The
secondary structure isalso shownwiththeaminoacidsequence inFig.S3.Overall,
the two subunits are highly similar (rms deviation of 0.8 Å for C� positions).
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form a 2:1 complex with THF28, as seen in the crystal structure,
whereas only one enzyme subunit interacts with THF15. Al-
though the n � 0.5 (DNA/protein) stoichiometry observed for
hTDG binding to THF15 suggests a protein dimer, the thermo-
dynamic and structural results indicate one hTDG subunit
interacting with DNA. Previous ITC results for a DNA glyco-
sylase (Fpg) that is known to bind DNA with 1:1 stoichiometry,
�H � 14.2 kcal/mol and T�S � 23.5 kcal/mol (5°C) (27), are
remarkably similar to our results for THF15, consistent with our
conclusion that THF15 interacts with one enzyme subunit, and
THF28 interacts with two. An electrophoretic mobility shift
assay (EMSA) (Fig. 3D) indicates that hTDG and hTDGcat can
form 1:1 or 2:1 complexes with THF28 DNA. The 1:1 complex

is more stable than the 2:1 (at least under EMSA conditions),
particularly for hTDGcat. Together, the ITC and EMSA results
suggest that the protein dimer may be stronger for hTDG than
for hTDGcat. Intriguingly, the close proximity of the N termini
of hTDGcat seen in the crystal structure (Fig. 2B) suggests that
this might be due to interactions between the N-terminal do-
mains of full-length hTDG. Absent a clear role in catalysis, it is
conceivable that the 2:1 complex, if adopted in vivo, could be
important for some other function of hTDG. The enzyme is
known to interact with proteins involved in transcriptional
regulation, with the Dnmt3a/b methyltransferases and the Rad9-
Rad1-Hus1 cell cycle checkpoint complex (6, 14, 28). Additional
studies are needed to fully explore conditions that favor 2:1
binding and its potential biological role(s).

Overall Enzyme–DNA Interactions in the Product Complex. As shown
in Fig. 4 and Fig. S1, hTDGcat dramatically distorts the DNA in
the product complex, predominantly at the abasic (THF) site.
The abasic nucleotide is f lipped completely out of the helix and
into the active site, and the DNA helix is bent by �43°. Notably,
human UDG imposes a similar 45° kink in the DNA (3, 29), but
eMUG imparts little DNA bending (17, 30). hTDGcat forms
numerous contacts with the abasic strand, involving phosphodi-
ester groups flanking the abasic nucleotide, the abasic sugar, and
both guanines of the CpG site, burying a surface area of 1,107
Å2 and 1,056 Å2 for the DNA and protein, respectively. Although
the overall structure of hTDGcat bound to G�THF DNA closely
resembles that of eMUG bound to G�AP DNA (17), with an rms
deviation of 1.4 Å for C� positions, large and unexpected
differences in the protein-DNA interactions are observed, as
detailed below.

As shown in Fig. 2 A, hTDGcat contacts two backbone phos-
phates in the complementary strand at positions 8 and 9 on the
5� side of the G�THF site, by using the side chains of K246 and
K248. This explains the previous observation from biochemical
(DNase I footprinting) studies that hTDG ‘‘protects’’ 10 nucle-
otides positioned 5� to the G of a G�U site (31). Moreover, the
contacts are consistent with our observation that maximal
catalytic activity is reduced by �10-fold for DNA containing 6
bp as compared with 9 bp on the 5� side of the G in G�U substrate
DNA (data not shown). Notably, K246 and K248 are strictly
conserved in vertebrate TDGs, but not eMUG or UDG. Ac-
cordingly, these long-range phosphate contacts are not seen for
DNA complexes of eMUG or UDG (17, 32) and are indeed rare
for any DNA glycosylase (3).

As shown in Figs. 2 A and 4, hTDGcat contacts five backbone
phosphates of the target strand in the product complex, two
located 5� of the target (THF) site (P1 and P2) and three on its
3� side (P-1, P-2, and P-3). The hTDG residues that provide these
interactions and the phosphate nomenclature are given in Fig.
2A. As shown in Fig. 4, the phosphate belonging to the abasic
nucleotide (P1) is displaced from the DNA helix and resides
deep within the active-site pocket. Additionally, the phosphates
flanking the abasic nucleotide (P2 and P-1) are compressed
together by nearly 5 Å. This ‘‘phosphate pinch’’ was previously
observed for UDG and eMUG and is thought to promote
nucleotide flipping (17, 29, 30, 32). The phosphate pinch may
also contribute to the chemical step by optimally positioning the
phosphates relative to the AP sugar. Studies on UDG show that
at least three flanking phosphates (P2, P1, and P-1, and perhaps
P-2) provide electrostatic stabilization to the cationic sugar and
repel the anionic leaving group in the transition state of the
reaction, accounting for perhaps half of the observed enzymatic
rate enhancement (3, 33, 34). Importantly, the distances between
these phosphates and C1� of the abasic nucleotide in our
structure are nearly identical to those observed for UDG (32,
34). Moreover, hTDGcat fully buries the P-1 and P-2 phosphates

Fig. 3. Enzyme kinetics and binding studies. (A) G�U-containing DNA sub-
strates used for single-turnover kinetics. The 28-bp (G�U28) DNA contains the
nonspecific binding site as seen in the crystal structure, but the 15-bp (G�U15)
does not. The THF28 and THF15 used for ITC and EMSA are identical to G�U28
and G�U15, except that THF replaces dU. (B) Progress curves and fitted data
from representative single-turnover kinetics for hTDGcat or hTDG (2.5 �M)
acting on G�U28 (F) or G�U15 (Œ) (250 nM). (C) Isothermal titration calorimetry
data for hTDG or hTDGcat binding to THF28 (red, F) or THF-15 (blue, Œ). Note
carefully that the scale for THF28 data (red, left axis) is twofold greater than
the scale for THF15 data (blue, right axis) to illustrate the near doubling of �H
for binding THF28 relative to THF15. (D) EMSA was performed with 200 nM
THF28 (6-FAM labeled) and the enzyme concentrations shown. Arrowheads
indicate the apparent 1:1 (Lower) and 2:1 (Upper) protein:DNA complexes.
The 2:1 complex for hTDGcat (23 kDa for monomer) has mobility similar to that
of the 1:1 complex for hTDG (46-kDa monomer).
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and reduces the accessible surface area for P1 and P2 by 9- and
4-fold, respectively, enhancing their catalytic effect.

Strikingly, the R275 side chain deeply penetrates the DNA minor
groove, plugging the space vacated by the flipped abasic nucleotide
and contacting both the P2 and P-1 phosphates (Fig. 4). The
corresponding ‘‘plug’’ for eMUG and hUDG is a Leu side chain,
which is thought to ‘‘push’’ the target nucleotide into the active site
(29, 32) or at least stabilize its extrahelical conformation (35). For
hTDG, the electrostatic contacts from R275 to P2 and P-1 may
enhance its promotion of nucleotide flipping and increase DNA
binding affinity by stabilizing the insertion of the side chain within
the DNA helix and by enforcing the phosphate pinch.

Importantly, previous sequence alignments of hTDG and
eMUG suggested an entirely different role for R275; it was
thought to intercalate the complementary strand adjacent to the
guanine that pairs with the target base (opposing G in Fig. 4), as
does R146 of eMUG (10, 17, 30). However, a new structure-
based alignment (Fig. S3) reveals that A277, not R275, is
topologically conserved with R146 of eMUG. As discussed
below, A277 does invade the complementary strand at the
opposing G. These two residues are part of a loop (�5-�6, Fig.
4) that inserts into the helix and serves many important roles in
substrate recognition and catalysis. Strikingly, this ‘‘insertion
loop’’ accounts for 67% of the buried surface area for hTDGcat

in the product complex. The insertion loop is absolutely con-
served within vertebrate TDGs, but poorly conserved with

eMUG (Fig. S3). For eMUG, the ‘‘insertion loop’’ residues were
identified from crystal structures as 139-PNPSGLSR-146 (17,
30), and previous alignments indicated that the corresponding
hTDG residues were 268-VMPSSSAR-275 (2, 36). However, our
structure establishes that the corresponding hTDG residues are
actually 270-PSSSARCA-277 (Fig. S3), an important distinction
with implications for some previous conclusions about the
catalytic role of these residues. For example, M269 was impli-
cated in substrate recognition based on its previous alignment
with a key His residue in UDG (36). However, an M269H
mutation produced only a modest decrease in substrate binding
(36), and we find that M269 does not contact the DNA in the
hTDGcat product complex nor does it appear likely to contact a
nucleobase flipped into the active site in an enzyme-substrate
complex. However, the residue that replaces M269 in the new
alignment, S271, does contact the P-2 phosphate in the hTDGcat

product complex, as indicated in Fig. 2 A.
The flipped abasic nucleotide is stabilized by many interac-

tions in the active-site pocket (Fig. 4). The edge of the THF ring
is surrounded by I139, N140, and G142 from the highly con-
served motif 138-GINPG-142 (17). Residues 198–200 cover the
face of the abasic nucleotide and appear to pose a barrier to its
retrograde flipping back into the helix. Removal of N140 by
site-directed mutagenesis showed that it plays a key role (36),
likely by positioning the nucleophilic water molecule for attack
at the deoxyribose C1� upon rupture of the glycosidic bond
and/or by providing electrostatic stabilization to the positively
charged deoxyribose in the transition state of the reaction (2, 3,
36). Accordingly, C1� of THF is proximal (�3.2 Å) to both the
side chain and backbone carbonyl oxygens of N140 (Fig. 4).
Although it has been suggested that the very slow catalytic
turnover of hTDG (7, 8, 12) is attributable largely to nonspecific
DNA interactions involving the N-terminal �120 residues (13),
the catalytic core (hTDGcat) is also strongly product inhibited (6,
14, 37). The extensive interactions observed here with the abasic
nucleotide and backbone phosphates of both DNA strands,
including the R275 side-chain contacts, offer a structural expla-
nation for the slow turnover of hTDGcat and hTDG.

Enzyme–DNA Interactions in the Nonspecific Complex. As shown in
Fig. 2A and Fig. S4, the NS subunit interacts predominantly with
the complementary strand, and the contacts are less extensive than
for the product complex. Although a nucleotide is not flipped into
the active site, the P-2 and P-3 phosphate contacts seen in the
product complex are present in the NS complex, as are the
long-range contacts with K246 and K248. This allows identification
of the ‘‘target’’ site in the NS complex (colored brown in Fig. 2A),
which is displaced by 5 bp from the central G�THF site. Although
the ‘‘target’’ happens to be cytosine for the DNA used here, there
is no evidence that the NS complex is specific for G�C at this
position. The phosphate contacts at P1, P2, and P-1 are absent in
the NS complex, and, consistent with the absence of nucleotide
flipping, the phosphates flanking the target nucleotide are not
‘‘pinched,’’ and the insertion loop does not penetrate the minor
groove. Nevertheless, the NS complex buries a surface area of 705
Å2 and 706 Å2 for the DNA and protein, respectively (35% less than

Fig. 4. Close-up view of the hTDGcat-G�THF product complex. The enzyme is
represented as a semitransparent surface, showing key residues in stick for-
mat. DNA is represented in stick format with the abasic strand colored green
and the complementary strand colored yellow (oxygen red, nitrogen blue,
phosphorus orange). Phosphates are labeled according to their position with
respect to the target site (THF). Hydrogen bond interactions between the R275
side chain and the P2 and P-1 phosphates are indicated by black dashed lines.
The orange dashed line indicates the ‘‘phosphate pinch,’’ where the distance
between P2 and P-1 is reduced to 7.8 Å from an average of 12.7 Å for the DNA
overall.

Table 1. Thermodynamic parameters for hTDG and hTDGcat binding to abasic DNA

Enzyme DNA
�H,

kcal/mol
T�S,

kcal/mol �G, kcal/mol N

hTDGcat THF28 34 � 1 43 � 1 �8.9 � 0.1 0.58 � 0.04
hTDGcat THF15 14.6 � 0.1 24.2 � 0.2 �9.6 � 0.1 0.81 � 0.05
hTDG THF28 29.5 � 0.9 39.9 � 0.9 �10.23 � 0.03 0.52 � 0.03
hTDG THF15 17.3 � 0.4 24.8 � 0.7 �10.34 � 0.06 0.50 � 0.02

Values represent mean � SD determined from at least three independent experiments.
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the product complex), and the DNA helix is bent by �25°. This
significant deformation seems partially attributable to the insertion
loop, which presses against the minor groove, with A277 disrupting
the stacking between the G at the target site and its 5� neighboring
base.

Specificity for Guanine as the Pairing Partner of the Target Base.
Returning to the product complex, Fig. 5 shows how the
insertion loop provides specificity for guanine versus adenine
as the pairing partner of the target base, i.e., for G�X versus
A�X base pairs. Notably, the opposing G remains in the helix,
stacked with its 3� neighbor. However, the insertion loop
(predominantly A277) displaces the 5� cytosine base and forms
a cleft that surrounds the opposing G at its 5� face and its
Watson–Crick and minor-groove edges. The N1H and N2H2 of
the opposing G are contacted by the backbone oxygens of
A274 and P280; the A274 interactions are topologically con-
served with eMUG, but the P280 contact is not. These
interactions with the Watson–Crick regions of the opposing G
can be formed only when the target nucleotide is f lipped into
the active site, and they are not compatible with adenine. In
addition, these interactions may stabilize the insertion loop
within the DNA helix, enhancing the lifetime of a substrate
nucleotide f lipped into the active site. Notably, the enzyme
does not contact N7 of the opposing G, consistent with
previous biochemical (methylation interference) studies (31).

Specificity for Damage Located at CpG Sites. As shown in Fig. 5, the
insertion loop also contributes to the CpG-sequence specificity
of hTDG, an unusual capability that is not evident in eMUG
(17, 30). Previous work shows that hTDG activity is maximal
for G�T and other G�X lesions having a 5� C�G pair, i.e., CpG�X
(7, 8, 12). The effect of altering the 5�-neighboring base pair
is particularly large for G�T mispairs, where the maximal
excision rate decreases by 37-, 96-, and 582-fold for TpG�T,
GpG�T, and ApG�T, respectively, compared with CpG�T (8,
12). As shown in Fig. 5, hTDGcat contacts the guanine
positioned 3� to the target nucleotide ( 5�-CpG-3�/5�-XpG-3�).
Strikingly, hTDGcat does not contact the cytosine positioned 5�

to the opposing G (5�-CpG-3�/5�-XpG-3�), indicating that
hTDG cannot discern the methylation status of a CpG site,
consistent with previous biochemical findings (31). The inser-
tion loop (R275, C276, A277, Q278) provides a cleft that
interacts with the 5� face and minor-groove edge of the 3�-G.
The 3�-G remains stacked with the 3�-f lanking base and
hydrogen bonded to its cytosine partner (the 5�-C). The
major-groove edge of the 3�-G is proximal to the K201
side chain (Figs. 4 and 5), consistent with methylation inter-
ference studies indicating that N7 is protected by hTDG (31).
The exocyclic N2H2 of the 3�-G is contacted by the A277
backbone and the Q278 side chain. The interactions formed
with the 3�-G promote nucleotide f lipping and/or the chemical
step of the reaction (12), likely by stabilizing the insertion loop
within the DNA helix and increasing the lifetime of a substrate
nucleotide f lipped into the active site. K201 and Q278 are
absolutely conserved for vertebrate TDGs, which require
CpG-sequence specificity to recognize G�T lesions caused by
m5C deamination, but they are not conserved in TDG from
fission yeast or in eMUG (Fig. S3), which have no such
requirement.

Materials and Methods
Materials. Full-length hTDG was purified as described (12). The 23-kDa
catalytic domain of human TDG (hTDGcat, residues 111–308) was expressed
and purified essentially as described (11, 12) (SI Text). DNA was synthesized,
purified, and hybridized as described (12) (SI Text).

Crystal Growth, Data Collection, and Structure Determination. Crystals were
grown and prepared for x-ray diffraction as described (SI Text). X-ray diffraction
data were collected at beamline 9-1 of the Stanford Synchrotron Radiation
Laboratory and processed with DENZO and SCALEPACK (38) (Table S1). The
structure of the hTDGcat–DNA complex was solved at 2.8 Å resolution by molec-
ular replacement by using Phaser (39) and the structure of hTDG (117–332)
conjugated to SUMO-1 as a search model (PDB ID code 1WYW, SUMO-1 subunit
removed) (16). The DNA molecule was built manually into the difference density.
The structure was subjected to simulated annealing and initial refinement with
CNS (40), followed by restrained refinement with TLS in Refmac (41). Model
building was done with Coot (42). Solvent-accessible surface area calculations
were performed by using the program GETAREA (43). The structural figures were
prepared with PyMOL (www.pymol.org).

Biochemical Studies. Single-turnover kinetics were performed as described (11,
12). ITC experiments were performed by using a MicroCal VP-ITC instrument.
ProteinandDNAsamplesweredialyzedversus ITCbuffer [10mMTris�HCl (pH7.5),
0.1 M NaCl, 0.5 mM TCEP-HCl] and degassed. Experiments comprised an initial
2-�l injection followed by a series of 10-�l injections of DNA (15–30 �M) into a
1.4-ml volume of enzyme (2–4.5 �M) maintained at 5°C. Data were analyzed by
using python scripts with improved baseline estimates in raw heat data and
automatic evaluation of dilution heat as a fitting parameter. The stoichiometry
(N), free energy (�G), and enthalpy of binding (�H) were determined as inde-
pendent parameters, and the entropy of binding (�S) was determined separately
by replacing �G with it as an independent parameter. For the EMSA, THF28 (with
6-FAM at 3� end of the THF strand) was incubated with varying amounts of hTDG
or hTDGcat (200–3,200 nM) for 30 min at room temperature. Samples (10 �l) were
loadedontoa10%nativepolyacrylamidegel thatwascastwith0.5�TBEplus5%
glycerol and run with 0.5� TBE for 160 min, 100 V, at 4°C. Gels were imaged by
using a Typhoon 9400 (GE Healthcare) using the blue-excited (488 nm) fluores-
cence mode.
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Fig. 5. Recognition of the opposing G and the CpG context. In the product
complex, hTDGcat contacts the guanine positioned 3� to the abasic nucleotide
(3�-G, cyan) and the guanine across from the (THF) target site (i.e., the opposing
G, magenta). hTDGcat does not contact the cytosine partner of the 3�-G. The
enzyme and DNA are rendered and colored as in Fig. 4. Dashed lines represent
hydrogen bonds indicated by the structure. The N2H2 and N1H of the opposing
G are contacted by the backbone oxygen of A274 and P280, and the N2H2 of the
3�-G is contacted by the Q278 side chain carbonyl and the A277 backbone amide
(N–H bond vector nearly perpendicular to plane of 3�-G base).
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