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Crystal structure of thymine DNA glycosylase

conjugated to SUMO-1
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Members of the small ubiquitin-like modifier (SUMO) family can
be covalently attached to the lysine residue of a target protein
through an enzymatic pathway similar to that used in ubiquitin
conjugation’, and are involved in various cellular events that do
not rely on degradative signalling via the proteasome or lyso-
some”~. However, little is known about the molecular mechanisms
of SUMO-modification-induced protein functional transfer.
During DNA mismatch repair, SUMO conjugation of the uracil/
thymine DNA glycosylase TDG promotes the release of TDG
from the abasic (AP) site created after base excision, and
coordinates its transfer to AP endonuclease 1, which catalyses
the next step in the repair pathway®. Here we report the crystal
structure of the central region of human TDG conjugated to
SUMO-1 at 2.1 A resolution. The structure reveals a helix
protruding from the protein surface, which presumably interferes
with the product DNA and thus promotes the dissociation of TDG
from the DNA molecule. This helix is formed by covalent and non-
covalent contacts between TDG and SUMO-1. The non-covalent
contacts are also essential for release from the product DNA, as
verified by mutagenesis.

TDG initiates base excision repair by releasing thymine or uracil
from G*Tand G*U mismatches arising from the hydrolytic deamina-
tion of methyl-cytosine and cytosine bases that are paired with
guanines®. Both deamination products can be detrimental to the
cell because, unless repaired, they induce a C-to-T transition after
DNA replication. After it excises the base from these mismatches,
TDG remains stably bound to the resultant AP site, protecting this
harmful repair intermediate until it is transferred to AP endonuclease
1 (APE1) to enable the subsequent step in the repair pathway”®.
Conjugation of SUMO-1 and SUMO-2/3 to TDG markedly reduces
the affinity of TDG for the AP site’. Therefore, SUMO conjugation
probably constitutes the specific mechanism that releases TDG from
the product DNA and coordinates its transfer to APE1.

Human TDG consists of a catalytic core domain (residues 123—
300), which shares high sequence similarity with the Escherichia coli
mismatch-specific uracil DNA glycosylase (MUG). The amino- and
carboxy-terminal domains of human TDG are less conserved, with
the C-terminal domain containing the SUMO conjugation site
Lys 330, the e-amino group of which can be linked with the C
terminus of SUMO-1 via an isopeptide bond. The crystal structure
shows that E. coli MUG binds stably to DNA by forming hydrogen
bonds with the unpaired guanine residue opposite the AP site'’.
Mutational analyses have shown that structural features of the AP site
binding are conserved between E. coli MUG and mammalian TDG'".

To elucidate the molecular mechanism of the SUMO modification
(SUMOylation)-directed release of TDG from product DNA, we
have determined the crystal structure of the central region of human
TDG (residues 112-339) conjugated to SUMO-1 (hereafter referred
to as SUMO-1-TDG). A map of the electron densities at 2.1 A
resolution was obtained for all amino acids except for five and
eighteen residues at the N terminus of TDG and SUMO-1, respect-
ively, and the seven C-terminal residues of TDG (Fig. 1a; see also
Supplementary Fig. 1). The structure shows that SUMO-1-TDG
is comprised of two domains: a catalytic core domain of TDG
comprising residues 117-300, and a SUMO-containing domain,
consisting of the structured region of SUMO-1 and the C-terminal
region (residues 307-330) of TDG (Fig. 1b). These domains are
connected by a short crossover loop comprising residues 301-306 of
TDG.

The catalytic core domain, but not the C-terminal segment, of
TDG does not seem to undergo substantial structural rearrange-
ments upon conjugation. The structure of the TDG core domain
closely resembles those of mismatch DNA glycosylases, such as MUG
from E. coli and mammalian uracil DNA glycosylases (UDGs). The
root-mean-square deviation (r.m.s.d.) of 122 Ca atoms between the
TDG core donolain and E. coli MUG (Protein Data Bank (PDB) code
IMWI) is 1.4 A. The alignment of these structures superimposes the
pyrimidine-binding pocket of MUG onto a pocket of TDG,
suggesting that the pocket of the catalytic core of TDG is also
involved in the nucleotide flipping mechanism commonly used in
UDG enzymes'>'>"* (Fig. 1b). Residues that are important for DNA
binding and the catalytic activity of MUG are also effectively super-
imposed onto the TDG core domain, indicating high structural
conservation throughout evolution''. These observations also
suggest that no major structural rearrangement of the TDG core
domain occurs upon SUMO-1 conjugation. Furthermore, SUMO-1
does not undergo substantial conformational changes after conju-
gation, because the overall fold of the structured region of SUMO-1
(residues 19-97) in the SUMO-1-TDG complex is nearly identical to
that in unconjugated SUMO-1 (PDB code 1A5R), as shown by a
r.m.s.d. of the Caw atoms of 2.2 A. The 18 N-terminal amino acids for
which electron densities are not observed in the SUMO-1-TDG
crystal have been shown to be flexible in unconjugated SUMO-1 in
solution'.

The major molecular interface between TDG and SUMO-1 is
formed by the C-terminal segment (residues 307-330) of TDG. The
elongated structure of this segment wraps around SUMO-1, forming
the globular SUMO-containing domain (Fig. la, b). The segment
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Figure 1| Structure of SUMO-1-
TDG. a, Stereo ribbon diagram
of the structure of SUMO-1-
TDG. The catalytic core domain
and the C-terminal segment of
TDG are shown in purple and
orange, respectively; SUMO-1 is
shown in green. b, Surface of
SUMO-1-TDG. The colouring
and viewing angle are the same
as in a. The positions of the
protruded helix o7, putative
base-binding pocket and DNA
intercalating wedge are also
shown. ¢, Topology of the

C secondary structure elements.
Residue numbers and the N and
C termini of TDG and SUMO-1
are indicated. The colouring is
the same as in a and b.

TDG core domain

SUMO-containing domain

makes both covalent and non-covalent contacts with SUMO-1. The
covalent contact occurs at the C terminus of this segment through the
isopeptide bond, and the non-covalent contacts occur at strand 36
(residues 307-314) at the N terminus of the segment (Fig. 1c). This
strand forms an intermolecular antiparallel 3-sheet with strand 2,
an edge strand of the 3-sheet of SUMO-1, resulting in a continuous
six-stranded, mixed (-sheet. In addition to their main chain con-
tacts, the side chains of residues from TDG 6 make extensive polar
and hydrophobic contacts with those from 32 and 81 of SUMO-1

Figure 2 | Molecular interface between TDG and SUMO-1. a, Detailed
stereo view of contacts between TDG and SUMO-1. Residues from the
C-terminal segment and core of TDG are shown in orange and purple,
respectively; residues from SUMO-1 are shown in green. b, Schematic
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TDG core domain

(Fig. 2a, b). Glu310 of TDG makes bidentate hydrogen bonds to
Arg54 in SUMO-1, whereas the side chain of Val 308 packs into a
pocket formed by the side chains of Phe 36, Val 38 and Leu47 of
SUMO-1. The intermolecular contacts also involve a hydrogen bond
network formed between Arg281, Asp 284, Tyr 313 and Asp 323 of
TDG and Asp 30 of SUMO-1. The interface between SUMO-1 and
TDG is largely confined to the edge of the 3-sheet of SUMO-1.

The most prominent feature of SUMO-1-TDG is helix a7 of TDG,
which contains the conjugation site. Buttressed by this conjugation

o2

summary of contacts in SUMO-1-TDG. Hydrophobic, hydrogen bond and
electrostatic interactions are shown in green, blue and red, respectively.
Protein residues are coloured as in a.
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site at its C terminus and the intermolecular 3-sheet pairing of strand
6 flanking its N terminus, this helix is held up above SUMO-1 and
forms a large protrusion on the protein surface (Fig. 1b). In
particular, the C-terminal end of the helix makes almost no non-
covalent contacts with other parts of the proteins, and thus is raised
only by the isopeptide bond between Lys 330 and SUMO-1.

The strong conservation of tertiary structures and residues that are
important for DNA binding and catalysis between the catalytic core
domain of TDG and E. coli MUG suggests that these enzymes share a
similar mode of DNA interaction and catalytic mechanism. We
therefore constructed a model of the complex formed between
TDG and product DNA by best-fit superposition of the coordinates
of the TDG core domain to those of MUG bound to a product DNA
containing an AP site'® (see Methods). Notably, a7, the protruded
helix at the C-terminal segment of TDG, is positioned such that it
would encounter severe steric clash with the sugar-phosphate back-
bone of the bound DNA at positions +1 and +2 from the unpaired
guanine in the TDG-DNA model (Fig. 3). Furthermore, it seems
unlikely that the bound DNA could undergo a bend or deformation
to avoid this apparent steric clash, because the model suggests that
loops between strand 85 and helix a6, and between helices o1 and
o2, make contact with the sugar-phosphate backbone of the AP-site-
containing strand at positions 0 and —1, in very close proximity to
the putative clash site. Therefore, it seems most likely that this steric
clash between the protruded helix and the DNA backbone induces
the dissociation of SUMO-1-TDG from the AP site on DNA. It is
noteworthy that SUMO-1 is positioned so that it does not encounter
steric interference from any part of the DNA in the model.

Structural features of the complex suggest that maintenance of a7,

TDG core
domain

Flipped-base binding and
glycosylase catalytic site

Steric clash between TDG and DNA

Protruded helix o7

Figure 3 | Model of a complex between SUMO-1-TDG and a DNA molecule
containing an AP site. The model was constructed by superimposing the
structure of SUMO-1-TDG on that of MUG bound to a product DNA
containing an AP site'” (PDB code IMWI). A canonical B-form
conformation outside the AP sites has been assumed. The locations of the
putative base-binding pocket and DNA intercalating wedge are indicated.
The ‘protruded helix’ a7 is shown in red, and the site of putative steric clash
between the helix and DNA backbone is also indicated.
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the protruded helix, requires both SUMO-1 conjugation and -sheet
pairing between 36 of TDG and 82 of SUMO-1 (Fig. 2). Except for
these interactions, the helix makes only a few contacts with other
parts of the proteins. Therefore, the residues that form this helix are
probably unstructured when SUMO-1 is not conjugated. Consistent
with this, unconjugated TDG is more sensitive to the proteases
trypsin and thermolysin than is its SUMO-1-conjugated form
(Supplementary Fig. 2). Therefore, the formation of this protruded
helix is most probably the consequence of a structural rearrangement
of the C-terminal segment of TDG, induced by SUMO-1
conjugation.

We carried out mutational analyses that showed that the non-
covalent interactions between the C-terminal segment of TDG and
SUMO-1 are indispensable for releasing SUMO-1-TDG from the
product DNA. Glutamine substitution for Glu310 of TDG, which
makes bidentate hydrogen bonds with Arg54 of SUMO-1, largely
restored the ability of SUMO-1-TDG to bind to the product DNA
(Fig. 4a). Similarly, substitution of Arg281 of TDG—which is
involved in the hydrogen bond network formed between TDG and
SUMO-1—Dby alanine recovered the DNA binding of SUMO-1-
TDG. Notably, these residues are essential for the previously
observed’, non-covalent binding of TDG to SUMO-1, as shown by
glutathione S-transferase (GST) pull-down assays (Fig. 4b). Phe 315
is another residue for which alanine substitution resulted in a loss of
SUMO-1 binding and recovery of the DNA binding of SUMO-1-
TDG (Fig. 4a, b). Therefore, both the non-covalent and covalent
interactions that fix the C-terminal segment of TDG seem to be
essential for the release of DNA from SUMO-1-TDG.

Notably, strand 86, the major intermolecular contact region of
TDG, contains a sequence (VQEYV, residues 308—311; Fig. 2b) that is
not identical, but is similar, to the recently proposed SUMO-binding
motif (SBM)'®. The SBM has the consensus sequence V/I-X-V/I-V/I
and is found in proteins that bind to SUMO family proteins.
Mutagenesis has confirmed that residues in the SBM-like sequence
are important for non-covalent SUMO-1 binding (Fig. 4b). These
observations suggest that the SBM found in other proteins may bind
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Figure 4 | DNA and SUMO-1 binding activity of TDG. a, Electrophoretic
mobility shift assay examining the DNA-binding capacity of different
TDG mutants conjugated to SUMO-1. b, GST pull-down assay examining
the SUMO-1 binding capacity of different mutants of unconjugated
TDG. The concentration of TDG and its mutants as well as SUMO-1 was
10 uM.
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to SUMO family proteins through the formation of an intermole-
cular 3-sheet, similar to that seen in SUMO-1-TDG. Consistent with
this, it has been shown that residues from strand 32 of SUMO-1
display marked perturbations in chemical shifts upon binding to an
SBM-containing peptide'®. Of note, many SUMOylated proteins
contain an SBM consensus sequence'. This raises the possibility
that protein segments between the SBM and the SUMOylation site of
these proteins may undergo a conformational rearrangement similar
to that seen in SUMO-1-TDG. In conclusion, the structure of
SUMO-1-TDG suggests that SUMO-1 conjugation induces the
formation of the protruded helix in TDG, which allows its dis-
sociation from the product AP site. It cannot be ruled out that
formation of the helix may also induce larger conformational
changes in the enzyme that facilitate its functional transfer.

METHODS

Crystallization and structure determination. Proteins are expressed and
purified as described'” (see also Supplementary Methods). Crystals of
SUMO-1-TDG were grown in 25% PEG3350, 0.2 M MgCl, and 0.1 M Tris-HCI
(pH8.5) at 20°C by using a micro-seeding technique. The crystals belong to
space group P2,2,2; with unit-cell dimensions of a = 42.2 A, b=7044 and
¢=106.4A. X-ray diffraction data were collected at beamline BL6A of the
Photon Factory (Tsukuba, Japan) with a Quantum R4 CCD detector (ADSC) at
wavelength 1.0 A. The diffraction data were processed with MOSFLM'® and
scaled with SCALA®. The 2.1A resolution structure of SUMO-1-TDG was
solved by molecular replacement with MolRep®® using E. coli MUG'® (PDB code
IMUG) and yeast Smt3 (ref. 21) (PDB code 1EUV) as search models. The model
building was done with program O** and refined with CNS*. The Ramachan-
dran plot of the final model shows that 93.8% of the residues are in the most
favoured regions, and 6.2% in additionally favoured regions. The current model
gives Ryor and R g values of 20.5% and 24.5%, respectively. The data collection
and refinement statistics are summarized in Supplementary Table 1. Figures 1a,
b, 2a and 3 were made with the program PyMOL*.

Model building of a SUMO-1-TDG-DNA complex. The model of a complex
between SUMO-1-TDG and a DNA molecule containing an AP site was
constructed by superimposing the structure of SUMO-1-TDG on that of
MUG bound to a product DNA containing an AP site'” (PDB code IMWI).

We assumed that the DNA adopts a canonical B-form conformation, because

DNA molecules in MUG complexes have been supposed to maintain B-form
conformations outside the AP sites'®*. We found that most of the protein
residues that make DNA contacts and form the pyrimidine-binding pocket are
located at similar positions relative to the DNA in the MUG-DNA complex and
in the model, supporting the validity of our model.
Biochemical assays. A fluorescein isothiocyanate (FITC)-labelled 35-mer
double-stranded oligonucleotide substrate containing a U-G mismatch (5'-
GGCAATCAGTTCACTTCGAGCCCAGGTATTTAGCC-3'; 5'-FITC-GGCT
AAATACCTGGGCTUGAAGTGAACTGATTGCC-3") was chemically syn-
thesized and annealed in a buffer containing 10 mM Tris-HCl, 5 mM MgCl,
and 0.1 mM EDTA (pH?7.5). An oligonucleotide containing an AP site was
generated by incubating 10 pmol of the duplex containing the U-G base pair with
1 unit of uracil DNA glycosylase (New England Biolabs) in a buffer containing
20 mM Tris-HCl, 1 mM EDTA and 1 mM dithiothreitol (DTT) (pH 8.0) for 2h
at 37 °C. The accuracy and completion of AP site formation were analysed by
NaOH treatment and denaturing gel electrophoresis. For the electrophoretic
mobility shift assay, 4 pmol of TDG proteins were incubated in 10 pl of reaction
mixture (25 mM HEPES-NaOH, 150 mM NaCl, 5mM MgCl,, 0.01% Triton
X-100, 1 mM EDTA, 5% glycerol, 1 mM DTTand 0.1 mg ml ™' BSA; pH 7.5) with
1 pmol of the oligonucleotide duplex containing an AP site and 5 pmol of the
non-labelled homoduplex competitor. After incubation for 30 min at 30 °C, the
samples were immediately loaded onto 8% native polyacrylamide gels in
0.5 X TBE at 100 Vat room temperature. The fluorescent probes were visualized
by using a luminescent image analyser LAS-1000 Plus (Fuji Photo Film) in the
fluorescence mode.

The non-covalent interactions between SUMO-1 and TDG were analysed by
GST pull-down experiments. Purified GST-SUMO-1(1-97) was immobilized
onto glutathione-sepharose beads. Various TDG mutants were added to the
beads and incubated at 4°C for 1h in a buffer containing 25 mM HEPES,
150 mM NaCl, 1 mM DTT and 0.05% NP-40 (pH7.5). The beads were then
washed three times with the same buffer and analysed by SDS—polyacrylamide
gel electrophoresis with Coomassie brilliant blue stain. The standard condition
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used 50 pl of the beads and 100 pl of the GST fusion protein and various TDG
mutants (10 pM).
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