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Background: TDP2 is the only known tyrosine 5�-phosphodiesterase.
Results:Recombinant humanTDP2 preferentially processes single-strandedDNAends. Its catalytic site is similar toAPE-1 and
consists of at least four essential residues Asn-120, Glu-152, Asp-262, and His-351 and two divalent metals.
Conclusion:We elucidated the catalytic mechanisms of TDP2 and its substrate preference.
Significance: TDP2 is critical for the repair of trapped topoisomerase complexes.

TDP2 is a multifunctional enzyme previously known for its
role in signal transduction as TRAF and TNF receptor-associ-
ated protein (TTRAP) and ETS1-associated protein 2 (EAPII).
The gene has recently been renamed TDP2 because it plays a
critical role for the repair of topoisomerase II cleavage com-
plexes (Top2cc) and encodes an enzyme that hydrolyzes 5�-ty-
rosine-DNA adducts that mimic abortive Top2cc. Here we fur-
ther elucidate the DNA-processing activities of human
recombinant TDP2 and its biochemical characteristics. The
preferred substrate for TDP2 is single-stranded DNA or duplex
DNA with a four-base pair overhang, which is consistent with
the known structure of Top2cc or Top3cc. The kcat/Km of TDP1
andTDP2was determined. Itwas found to be 4� 105 s�1M�1 for
TDP2 using single-stranded 5�-tyrosyl-DNA. The processing of
substrates as short as five nucleotides long suggests that TDP2
can directly bind DNA ends. 5�-Phosphodiesterase activity
requires a phosphotyrosyl linkage and tolerates an extended
group attached to the tyrosine. TDP2 requires Mg2� or Mn2�

for efficient catalysis but is weakly active with Ca2� or Zn2�.
Titration with Ca2� demonstrates a two-metal binding site in
TDP2. Sequence alignment suggests that TDP2 contains four
conserved catalytic motifs shared by Mg2�-dependent endo-
nucleases, such as APE1. Substitutions at each of the four
catalytic motifs identified key residues Asn-120, Glu-152,
Asp-262, and His-351, whose mutation to alanine signifi-
cantly reduced or completely abolished enzymatic activity.
Our study characterizes the substrate specificity and kinetic
parameters of TDP2. In addition, a two-metal catalytic mech-
anism is proposed.

DNA topoisomerases are ubiquitous enzymes that regulate
DNA supercoiling and resolve DNA entanglements (knots and

catenanes) by forming reversible DNA cleavage complexes.
DNA cleavage results from the formation of covalent tyrosyl-
phosphoribose bonds between the enzymes and theDNAback-
bone.With the exception of type IB topoisomerases (Top1 and
Top1mt), which forms 3�-phosphotyrosyl bonds, all other
mammalian topoisomerases (Top3�, Top3�, Top2�, and
Top2�) form 5�-tyrosyl-DNA linkages (1–5). Topoisomerase
cleavage complexes are normally very short lived (milliseconds)
and reverse upon nucleophilic attack from the sugar hydroxyl
end of the broken DNA after completion of the DNA topo-
isomerization reactions. Thus, reversal reactions are critically
dependent upon the proper alignment of the brokenDNAends.
This explains why drugs that bind at the enzyme-DNA inter-
face trap topoisomerase cleavage complexes (6) and why DNA
alterations (mismatches and base lesions) also generate persis-
tent cleavage complexes (7–10). An important class of anti-
cancer drugs, the Top2 inhibitors, which include etoposide,
doxorubicin, daunorubicin, and mitoxantrone, target and sta-
bilize Top2 cleavage complexes (11).
TDP2 (also known as TTRAP and EAP II) was discovered as

a human 5�-tyrosyl-DNA phosphodiesterase that specifically
cleaves off tyrosine from the 5�-end of DNA, leaving a phos-
phate group ready for religation (12). It was named following
the prior discovery byNash and coworkers (14) of TDP1, which
repairs Top1 cleavage complexes (Top1cc) by cleaving 3�-ty-
rosyl-DNA bonds (14). TDP2 was initially named TTRAP and
EAPII because of its role in NF-�B (15) and MAPK-ERK (16)
signaling transduction, in transcription regulation (17), in
zebrafish development (18), and in HIV-1 integration (19). It
also promotes cancer cell proliferation (20) and regulates rRNA
biogenesis (21). The 5�-tyrosyl-DNA phosphodiesterase activ-
ity of TDP2 and its function in the repair of trapped topo-
isomerase II cleavage complexes (12, 22) suggests the impor-
tance of TDP2 as a target for anticancer therapy. It was recently
shown that TDP2 is up-regulated in p53 mutant tumor cells
(23).
In this study we investigated the biochemical and substrate

characteristics of TDP2 and generated point mutants to eluci-
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date the catalytic residues involved in the 5�-tyrosyl-phospho-
diesterase activity.

EXPERIMENTAL PROCEDURES

DNAConstructs—Full-lengthTDP2 open-reading framewas
cloned into pET151/D-TOPO (Invitrogen) after PCR amplifi-
cation from pCMV6-TDP2-Entry (OriGene, Rockville, MD)
using the following primers: TDP2-Fwd, 5�-CAC CAT GGA
GTTGGGGAGTTGCCTGGAGGGCGGGAGGGAG-3�,
and TDP2_Rvs, 5�-GTACGTTACAATATTATATCTAAG
TTG CAC AGA-3�. Mutations were introduced into pET151/
D-TDP2 with the QuikChange Lightning site-directed
mutagenesis kit (Stratagene, Santa Clara, CA). The primers
used for site-directed mutagenesis are listed in supplemental
Table S1. Primers fromCortes Ledesma et. al (12) were used for
E152A and D262A.
Purification of Recombinant Human Proteins—N-terminal

histidine-tagged recombinant human TDP2 and mutants were
expressed frompET151/D-TOPO inBL21 (DE3) cells andpuri-
fied by gravity-flow chromatography on nickel-nitrilotriacetic
acid columns (Qiagen, Valencia, CA). Briefly, Escherichia coli
BL21(DE3) carrying the constructs with TDP2 or mutants was
grown in Terrific Broth at 37 °C until the absorbance at 600 nm
reached 0.2. The culture was cooled to room temperature and,
after the addition of IPTG to 1mM, was grown at 25 °C for 16 h.
The bacteria were harvested by centrifugation at 4000 rpm for
30 min at 4 °C and resuspended in binding buffer (40 mM Tris-
HCl, pH 7.5, 10% glycerol, 300 mM NaCl, 0.05% Tween-20, 1
mMdithiothreitol (DTT(, 30mM imidazole)with the addition of
protease inhibitor and lysozyme. The cells were lysed by incu-
bating on ice for 30 min with occasional stirring until the sus-
pension becomes viscous. Then the lysate was clarified by son-
ication on ice for 2 min with 50% power and centrifugation at
16,000 rpm at 4 °C for 30min. The supernatant was applied to a
1 ml nickel-nitrilotriacetic acid column, which was pre-equili-
brated with binding buffer. The columnwas washed with 10ml
of binding buffer and eluted with elution buffer (binding buffer
plus 250 mM imidazole). The peak fractions containing the
recombinant protein, tested by SDS-PAGE, were pooled and
dialyzed against storage buffer (25 mM Tris-HCl, pH 7.5, 100
mMNaCl, 1mMDTT, 50% glycerol). Protein concentrationwas
measured byNanoDrop using the extinction coefficient of 43�
103 cm�1M�1 (Thermo Scientific, Wilmington, DE). The pro-
tein was stored at �80 °C in aliquots for future use. Human
Tdp1 was expressed in E. coli BL21 (DE3) cells and purified as
described (24).
Preparation of DNA Substrates and in Vitro Repair Reactions—

Oligonucleotides with 5�-phosphotyrosine linkage were syn-
thesized by Midland (Midland, TX). All other oligonucleotides
were synthesized by Integrated DNA Technologies (Coralville,
IA). Terminal deoxynucleotidyltransferase (Invitrogen) and
[�-32P]cordycepin-5�-triphosphate (PerkinElmer Life Sci-
ences) were used for 3�-end labeling. The sequences of the oli-
gonucleotides used in experiments are listed in supplemental
Table S1.
One nanomolar labeled DNA substrates in a 10-�l reaction

volumewas incubated with indicated concentrations of recom-
binant human TDP2 for 30 min at 25 °C in TDP2 reaction

buffer containing 80mMKCl, 5mMMgCl2, 0.1mMEDTA, 1mM

DTT, 40 �g/ml bovine serum albumin, 50 mM Tris-HCl, pH
7.5, and 0.01% Tween 20. Reactions were terminated by adding
1 volume of gel loading buffer (formamide containing 5 mM

EDTA). The oligonucleotide (N14Y) and conditions used for
TDP1 reaction are described in Dexheimer et al. (25). Samples
were subjected to 16% denaturing PAGE. Gels were dried and
exposed on phosphorimaging screens. Imaging and quantifica-
tion were done using a Typhoon 8600 imager (GE Healthcare)
and ImageJ software (National Institutes of Health, Bethesda,
MD).
Metal titration of TDP2 activity was performed under assay

conditions mentioned above. The ratios of MgCl2 and CaCl2
were varied as described in the legend of Fig. 4C. The combined
divalent metal ion concentration was 1 mM in the mixed metal
reactions. Visualization and quantification of substrates and
products were carried out as above.
Determination of Kinetic Parameters—The initial velocity

was determined by incubating 0.79 nM TDP2 with various con-
centrations of single-stranded Y19 (ssY19)2 substrate under
standard conditions. Briefly, 1 nM radiolabeled ssY19 plus 500,
1,000, 5,000, or 10,000 nM unlabeled ssTY19 for up to 120 min.
Reactionswere stopped at different timepoints and quantitated
as described above. Kinetic parameters, such as Vmax (M/s), kcat
(s�1), Km (M), and kcat/Km (s�1M�1) for substrates were
obtained using Lineweaver-Burk plot.

RESULTS

TDP2 Prefers Single-stranded DNA Substrates—An illustra-
tion of TDP2 reactions is shown in Fig. 1A. Because TDP2 is
active over a wide range of temperature (supplemental Fig. S1),
all the following reactions were carried out at 25 °C.
Because Top2 dimers cleave double-stranded DNA with a

5�-overhang of 4 bases (1, 3, 4, 11), we reasoned that the phys-
iological substrate for TDP2 would be a tyrosine linked to a
protruding 5�-DNA end. The catalytic efficiency of TDP2 was
examined on the following DNA substrates: ssY19, duplex with
a 4-base overhang (Y19-B15), and duplex with blunt-end
(dsY19), all bearing a 5�-phosphotyrosine terminus. TDP2 pro-
cessed ssY19 andY19-B15with nearly 8-fold higher efficiencies
than dsY19 (Fig. 1, B and C). These results show that TDP2
clearly prefers DNA substrates with single-stranded character-
istics on the 5�-end. This is consistent with the fact that Top2
generates cleaved DNA molecules with 4-base overhangs on
the 5�-ends (26). All substrates used in the rest of the studywere
single-stranded oligonucleotides unless otherwise stated.
TDP2 Substrate Specificity—First, we tested oligonucleotides

of different lengths, Y5, Y11, Y19, and Y37, all sharing the same
DNA sequence in the vicinity of the 5�-tyrosine. TDP2 pro-
cessed all substrates but wasmore efficient with the longer sub-
strates, suggesting its binding to single-stranded DNA (Fig. 2).
Human TDP1, the counterpart of TDP2, hydrolyzes the

phosphodiester bond between aDNA3�-end and a tyrosylmoi-
ety but has also been shown to remove a broad spectrum of 3�
adducts fromDNA, including 3�-tetrahydrofuran and 3�-biotin
adducts (25, 27, 28). Therefore, we asked whether TDP2 could

2 The abbreviations used is: ssY19, single-stranded Y19.
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remove 5� adducts other than a tyrosine. To test this possibility,
TDP2 was incubated with single-stranded 19-mer oligonucleo-
tides bearing a 5�-fluorescein, 5�-biotin, or 5�-digoxigenin.
TDP2 failed to show any activity on these adducts (Fig. 3,A and
B). This is in an agreementwith a previous study (12) employing
abasic site or 5�-AMP substrates, which could arise in vivo.
However, TDP2 lacked AP endonuclease or 5�-deadenylase
activity.
TDP2 efficiently cleaved the 5�-digoxigenin moiety when it

was linked via phosphotyrosyl linkage (Fig. 3B), indicating its
selectivity for 5�-phosphotyrosyl linkage. Because the labeling
reaction of Y19with digoxigeninwas partial, the substrate actu-
ally contained a mixture of Y19 and 5�-digoxigenin tyrosine.
The size difference allowed direct comparison of TDP2 proc-
essing efficiency for the two substrates. TDP2 processed the
5�-digoxigenin-tyrosine substrate more efficiently than Y19,
suggesting that TDP2 could potentially remove longer peptides
attached to the tyrosine, as the proteolytic processing of abor-
tive Top2 (or Top3) complexes is unlikely to cleave down to the
last amino acid residue.

Metal Selectivity and Two Metal Binding Mechanisms of
TDP2—Caldecott and co-workers (12) showed in their land-
mark publication that TDP2 5�-phosphodiesterase activity
requires Mg2�. To understand the specificities of TDP2 for
metals, substrate-processing efficiencies with different metal
ions and with combinations of metal ions were assessed. Our
results show that TDP2 is inactive in the absence of divalent
metal, and that its activity is maximal in the presence of Mg2�

and Co2� (Fig. 4,A and B). Mn2� was also an effective cofactor,
whereas Ca2� or Zn2� enabled less than 50% activity even at
enzyme concentrations almost 2 orders of magnitude higher
(Fig. 4, A and B). Mg2� concentration as low as 0.1 mM was
sufficient for efficient cleavage of ssY19 substrate (Fig. 4C) (29).
Metal ion titration assays have been used to distinguish

between one and two metal ion involvement in catalysis (30,
31). For an enzyme that has twometal binding sites, the affinity
for metals at each site may differ. Presumably only one of the
two metal binding sites can be substituted with a non-produc-
tive metal. Therefore, titration with a non-productive metal
should yield a biphasic response with stimulation at low con-

FIGURE 1. Processing of single-stranded DNA, DNA duplex with a 4-base overhang on the 5�-terminus, or blunt end DNA duplex by recombinant
human TDP2. Increasing concentrations of rTDP2 were incubated with 1 nM

32P-labeled DNA substrates in TDP2 reaction buffer containing 5 mM Mg2� at 25 °C
for 30 min. A, shown is a schematic illustration of the TDP2 reaction. B, a representative denaturing PAGE gel shows TDP2-mediated removal of the tyrosine
attached to the 5�-end of a single-stranded 19-mer oligonucleotide (ssY19), a duplex oligonucleotide with a 4-base overhang at the 5�-end (Y19-B15), or a
19-mer double-stranded oligonucleotide (dsY19). Cleavage leaves a phosphate group at the 5�-end (p-19). C, dosimetric quantification of 5�-end processing for
the different substrates is shown. The dotted line indicates 50% processing.
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centrations of the productive metal and inhibition at high con-
centrations. To determine whether a second metal is involved
in TDP2 catalysis, we tested TDP2 activity in the presence of
Mg2� alone or varied ratios of Mg2� and Ca2�. Titration with
non-productive calcium ions yielded a dose-response curve
characteristic of a two-metal-ion mechanism (Fig. 4C). At
higher ratios of Ca2�/Mg2� (0.0001–0.08mMMg2�), Ca2� led
to stimulation of activity relative to the Mg2� alone controls.
However, with increasing Mg2�, Ca2� exerted an inhibitory
effect. The biphasic model by nonproductive calcium ions pro-
vides biochemical evidence for a two-metal-ionmechanism for
TDP2.
Kinetic Characterization of the Tyrosyl Phosphodiesterase

Activities of Human TDP2 and TDP1—To determine the
kinetic parameters of TDP2, increasing concentrations of
ssY19 substrate were incubated with TDP2, and the rate of
processingwasmeasured for each substrate concentration. The
kinetic parameters, including Km (M), kcat (s�1), and kcat/Km
(M�1s�1), were obtained from the double reciprocal Lin-
eweaver-Burk plot (Fig. 5). The kcat of TDP2 for Y19 was 3 s�1

with a Km of 8.18 � 10�6 M. The resulting specificity constant,
kcat/Km, was calculated as 4 � 105 M�1s�1. In comparison, the
kcat of TDP1 for a 14-mer single-stranded oligo with a 3�-phos-

photyrosine (N14Y) under comparable conditions was 7 s�1

with a Km of 8 � 10�8 M, giving rise to a kcat/Km of 9 � 107
M�1s�1 (Table 1, supplemental Fig. S2).
TDP2 Catalytic Site Residues—Because TDP2/TTRAP has

been related to the cation-dependent endonuclease family (32),
we aligned the amino acid sequence of TDP2 with APE1 and
exonuclease III (ExoIII) (Fig. 6). Sequence alignment of human
TDP2, APE1, and thermophilic exonuclease III shows that
TDP2 contains all four conserved catalyticmotifs that are char-
acteristic of these nucleases (Fig. 6, boxes). We mutated one
conserved residue in each motif (Fig. 6, arrowheads) and tested
the activity of themutants. ChangingGlu-152, Asp-262, orHis-
351 to alanine completely abolished TDP2 activity, whereas the
N120Amutant retained some activity, albeit 6000-fold reduced
compared with wild type TDP2 (Fig. 7). On the other hand,
mutating the less conserved aspartic acid residue Asp-122 near
box I (Fig. 6) only reduced TDP2 activity by 4-fold (Fig. 7C).
These results suggested that Asn-120, Glu-152, Asp-262, and
His-351 likely form the catalytic active sites of TDP2.

DISCUSSION

Top2 can relax superhelical DNA either positively or nega-
tively coiled, and unknot and decatenate DNA via concerted

FIGURE 2. Effect of oligonucleotide length on the 5�-tyrosyl-DNA phosphodiesterase activity of human recombinant TDP2. A, processing of ssY5, ssY11,
ssY19, and ssY37 by rTDP2 is shown. The 5-, 11-, 19-, and 37-base oligonucleotides bearing a tyrosine at the 5�-end are shown above each reaction. Reactions
were run on the same gel but exposed differently for ssY5 due to the impurity and low labeling efficiency for this substrate. The nonspecific band is indicated
by an asterisk (*). B, dosimetric quantification of the 5-end processing for the different substrates is shown.
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breakage and rejoining of both strands of the DNAdouble helix
simultaneously (1, 3–5, 33). The critical roles that Top2 plays in
DNA metabolism and genomic integrity make it an important
target for cancer therapy. Drugs targeting Top2 can be
divided into two classes: Top2 inhibitors that eliminate Top2
catalytic activities and Top2 poisons that increase the level
of Top2-DNA covalent complexes (4, 11). The latter
includes most of the clinically active drugs, such as etopo-
side, doxorubicin, and mitoxantrone. Proficient repair of the
lesions caused by Top2 poisons may result in drug resist-
ance. There are two major enzymatic pathways to remove
the topoisomerase-linked DNA damage: nucleases and
phosphodiesterases. Work in Schizosaccharomyces pombe
suggested a role for Mre11 and CtIP in removal of trapped

Top2 from DNA (34). Nucleases remove a stretch of DNA
containing the trapped topoisomerase, whereas TDP2 can
specifically cleave the phosphotyrosyl linkage initially
formed during Top2-mediated cleavage of DNA. Our data
suggest that the 5�-tyrosyl-DNA phosphodiesterase activity
of TDP2 is robust under various conditions including broad
pH range and low Mg2� or Mn2� concentrations (29).

The recently resolved crystal structure of trapped Top2 has
shown that a single etoposide molecule intercalated at the
cleavage sites of Top2 dislodges the two cleaved DNA ends,
thereby disfavoring religation (35). Products of such disturbed
reactions are DNA double-strand breaks with protruding
4-base 5�-overhangs attached to the catalytic active residue
tyrosine 821 of Top2 (1, 3–5, 33, 35). This should be the phys-

FIGURE 3. Specificity of human recombinant TDP2 for the 5�-phosphotyrosine group. A, shown is a schematic illustration of fluorescein, biotin, or tyrosine
linked to the 5�-end of the 19-mer oligonucleotide DNA substrate and representative denaturing PAGE gel of 5�-end processing reactions. FAM, 6-carboxy-
fluorescein. B, shown is differential processing of substrates containing a digoxigenin (Digo) directly attached to the 5�-end of the oligonucleotide or through
a tyrosine.
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iological substrate for TDP2. Our data are consistent with this
possibility, as we find that TDP2 prefers a single-strandedDNA
end for 5�-tyrosyl processing as well as the 5�-staggered over-
hang substrate over the blunt end duplex (see Fig. 1). Further-

more, the fact that TDP2 can process an oligonucleotide sub-
strate as short as 5 nucleotides (see Fig. 2) and a one-base
surrogate substrate (36) also indicates that a long DNA frag-
ment is not required for TDP2 recognition. Although theKm of
TDP2 (8 � 10�6 M) for its substrate appears large, it is possible
that ssY19 is not the optimal substrate. Alternatively, the pres-
ence of cofactors could also improve theKm value ofTDP2, thus
enhancing its in vivo efficiency. Additionally, a kcat/Km of 4 �
105 s�1M�1 also suggests that ssY19 may not be the optimal
substrate for TDP2. An example of a highly specific enzyme is
APE1, the closest relative to TDP2, which yields a kcat/Km value

FIGURE 4. Metal selectivity of human recombinant TDP2. A, representative denaturing PAGE gels show the processing of the ssY19 with the presence of 5
mM Mg2�, Co2�, Mn2�, Ca2�, Zn2�, or without metal ions. B, dosimetric quantification of 5�-end processing for the different substrates is shown. C, TDP2
processing activity in the presence of mixed metals is shown. 5�-Tyrosyl-DNA phosphodiesterase activity of TDP2 was assayed in the presence of varying
concentrations of Mg2� in the absence or presence of Ca2�. The reactions were carried out using 7.9 nM TDP2 and stopped at 2 min. In the mixed metal
reactions, the total amount of metals was 1 mM.

FIGURE 5. Lineweaver-Burk plot of the 5�-tyrosyl-DNA phosphodiesterase activity of human recombinant TDP2. TDP2 (0.79 nM) was incubated in the
presence of 1 nM radiolabeled ssY19 substrate plus the indicated concentrations of unlabeled ssTY19 for up to 2 h. kcat, Km, and kcat/Km were calculated from
Lineweaver-Burk plots. The catalytic parameters are summarized beneath the plot.

TABLE 1
Kinetic parameters of TDP2 and TDP1

Enzyme Substrate kcat Km kcat/Km

s�1 M M�1s�1

TDP2 ssY19 3 8 � 10�6 4 � 105
TDP1 N14Y 7 8 � 10�8 9 � 107
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on the order of 107–108 s�1M�1 on AP site-containing oligonu-
cleotide substrates (37, 38).
TDP2 knockdown cells are hypersensitive to etoposide but

not camptothecin or MMS. In addition, TDP2 is inactive on
abasic sites or 5�-AMP in nicked DNA (12), suggesting it is
specific for tyrosine. Results from our study show that TDP2

only recognizes the bulky adduct attached to a tyrosine but not
those directly attached to DNA and cleaves from the phospho-
tyrosine bond (see Fig. 3). We believe this is physiologically
important because it suggests that TDP2 is not only specific but
also efficient in recognizing and processing trapped Top2
cleavage complexes even in the form of a longer peptide. This

FIGURE 6. Alignment of human TDP2, APE1 and thermophilic exonuclease III (ExoIII) amino acid sequences. The conserved motifs characteristic of the
Mg2�/Mn2�- dependent phosphodiesterase superfamily are indicated in the boxes. The four conserved putative catalytic residues (Asn-120, Glu-152, Asp-262,
and His-351) mutated in this study are indicated by arrows and summarized in the table with the corresponding residues in APE1 and exonuclease III.
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also implies that Tdp2 should be able to process a wide range of
5�-phosphotyrosyl-DNA substrates generated by topoisomer-
ases including Top2�, Top2�, Top3�, and Top3� (4, 5). Fur-
ther experiments are warranted to determine whether TDP2 is
involved in Top3 functions.
TDP2 shares 30% sequence similarity and 14% sequence

identity with APE1 (32). The four catalytic motifs in APE1 are
also conserved in TDP2; mutating one residue in each motif
significantly impaired TDP2 activity (see Figs. 5 and 6, Asn-
120/Glu-152/Asp-262/His-351 in TDP2 and Asn-68/Glu-96/
Asp-210/His-309 in APE1). A predicted structure of truncated
TDP2 (amino acid 113–362) is shown in Fig. 8A based on
sequence and structure alignment to human APE1 (PDB ID
1DE9) and the thermophilic exonuclease III homologue
Mth0212 (PDB ID 3FZI) by I-Tasser (39, 40), an online protein
structure prediction program. The I-Tasser program predicted
a largely disordered N terminus in TDP2 consisting of three
helices (amino acids 20–35, 40–49, and 51–61). The predicted
structure for the C-terminal core of TDP2 (amino acids 113–
362) contains three �-sheets sandwiched by two �-helices on

either side, forming a potential DNA binding groove. The four
catalytic active residues form the putative catalytic site in the
center of the core held by the �-sheets in the predicted
structure.
Ourmutational study shows that four residuesAsn-120,Glu-

152, Asp-262, and His-351 are critical for TDP2 catalytic activ-
ity (see Figs. 7 and 8). Mutations at residues Glu-152, Asp-262,
orHis-351 gave rise to catalytic inactive protein, and theN120A
mutation reducedTDP2 efficiency by 6000-fold. Therefore, our
study is in agreement and expands the initial results from Cal-
decott and co-workers (12) who had reported the effects of only
twomutations, Glu-152 andAsp-262. The results from amuta-
tional study of TDP2mirror those of APE1 (see Fig. 8B) (37, 41,
42), further suggesting the two enzymes likely employ compa-
rable catalytic mechanisms. In addition, the metal titration
results clarify that TDP2 utilizes a two metal mechanism for
catalysis (Fig. 4C). Therefore, based on its similarity to APE1
(30, 43) and our experimental evidence, we propose a catalytic
mechanism for TDP2with twometal binding sites (see Fig. 8C).
In our proposed scheme, the metal A binding site is coordi-

FIGURE 7. Putative catalytic residues of human TDP2. Shown is a representative denaturing PAGE gel (A) and dosimetric quantification (B) of 5�-tyrosyl-DNA
phosphodiesterase activity by wild type TDP2 and catalytic inactive mutants. C, numbers correspond to the TDP2 concentrations needed to reach 50%
processing of the wild type enzyme.
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nated by Asp-262, His-351, and possibly Asn-264. The metal
ion at site A would also coordinate a deprotonated water mol-
ecule for nucleophilic attack, assuming the orientation of DNA
binding site is the same between APE1 and TDP2. Metal B is
coordinated by the carboxylates of Asp-122 and Glu-152.
Instead of having one acidic residue directly coordinating both
metal ions, Asn-120 may indirectly bridge the two metal bind-
ing sites by hydrogen bonding toGlu-152 andAsp-262. In addi-
tion, TDP2 has an active profile from pH 7.5 to 10 (supplemen-
tal Fig. S3), indicating that the protonation states of the key
residues in the active site are unperturbed in this range. The
precise number of metal ion binding sites and the geometry of
coordinating residues will only be elucidated by further struc-
tural studies.

In conclusion, our study shows the robust and specific activ-
ity of human TDP2 for 5�-phosphotyrosine residues covalently
attached to single-stranded DNA ends and TDP2 activity upon
substrates extended from the tyrosine. We also report the
kinetic parameters for TDP2 in comparison with TDP1 and
propose a two-metal catalytic mechanism based on biochemi-
cal titration experiments, sequence alignment, and mutational
studies. Our study underlines the differences between TDP2
and TDP1, as TDP1 functions without metal cofactor and uti-
lizes a transient covalent intermediate (13, 44). Together with
the prior finding that TDP2 can also process 3�-tyrosyl sub-
strates, albeit with much lower affinity (12, 29), our results sug-
gest the broad range of activity of TDP2 and its preferential
action at abortive Top2 and possibly Top3 cleavage complexes.

FIGURE 8. A, shown is the proposed structure of human TDP2 based on the I-Tasser program and sequence alignment with human APE1 (PDB ID 1DE9) and
Thermophilic exonuclease III (PDB ID 3FZI). B, shown is a comparison of catalytic activities of APE1 and TDP2 mutants. The APE1 values were from published
studies (37, 41, 42). C, shown is the proposed structure-based reaction mechanism for phosphodiester bond cleavage by TDP2.
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