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Abstract

Tyrosyl-DNA phosphodiesterase 1 (Tdpl) is a recently discovered enzyme that catalyzes the
hydrolysis of 3'-phosphotyrosyl bonds. Such linkages form in vivo following the DNA processing
activity of topoisomerase | (Topl). For this reason, Tdpl has been implicated in the repair of
irreversible Topl-DNA covalent complexes, which can be generated by either exogenous or
endogenous factors. Tdpl has been regarded as a potential therapeutic co-target of Topl in that it
seemingly counteracts the effects of Topl inhibitors, such as camptothecin and its clinically used
derivatives. Thus, by reducing the repair of Top1-DNA lesions, Tdp1 inhibitors have the potential
to augment the anticancer activity of Topl inhibitors provided there is a presence of genetic
abnormalities related to DNA checkpoint and repair pathways. Human Tdp1 can also hydrolyze other
3’-end DNA alterations including 3'-phosphoglycolates and 3’-abasic sites indicating it may function
as a general 3'-DNA phosphodiesterase and repair enzyme. The importance of Tdpl in humans is
highlighted by the observation that a recessive mutation in the human TDP1 gene is responsible for
the inherited disorder, spinocerebellar ataxia with axonal neuropathy (SCAN1). This review provides
a summary of the biochemical and cellular processes performed by Tdp1 as well as the rationale
behind the development of Tdpl inhibitors for anticancer therapy.

1. INTRODUCTION

Cancer is generally characterized by the presence of endogenous DNA damage. However,
while DNA damage underlies carcinogenesis, it has also been exploited as a means to treat
cancer. For example, the cytotoxic effects of the two main therapeutic modalities that are
clinically used to treat malignances (i.e. chemotherapy or radiation) are directly related to their
propensity to generate DNA damage. Moreover, DNA damage is also responsible for many of
the side effects of these therapies, such as bone marrow suppression, gastrointestinal toxicities,
and hair loss. The sensitivity of cancer cells to DNA damaging agents is probably related to
intrinsic deficiencies in DNA repair and checkpoint mechanisms. However, the capacity of
cancer cells to recognize DNA damage and initiate DNA repair is a key mechanism for
therapeutic resistance to chemotherapy. Therefore, the targeting of DNA repair enzymes for
anticancer therapeutic intervention can be used as a strategy to potentiate the cytotoxicity of
the currently available DNA damaging agents toward cancer cells. In this review we will
summarize the enzymatic activities, the biological and cellular functions of tyrosyl-DNA
phosphodiesterase 1 (Tdpl), as well as discuss the rationale for targeting Tdp1 for cancer
therapy.

*To whom correspondence should be addressed. Telephone: 301-496-5944, Email: pommier@nih.gov



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dexheimer et al. Page 2

2. TOPOISOMERASE |

2.1 Biological Functions and Catalytic Mechanism

DNA topoisomerase 1B (Topl) is a ubiquitous enzyme that regulates DNA topology by
relaxing positive and negative supercoiling in the DNA. These changes in the DNA topological
state permit efficient processing of the genetic material during fundamental cellular events
such as replication, transcription, and chromatin remodeling [1-4]. More importantly, Topl
has been identified as a therapeutic target in cancer chemotherapy following the discovery that
camptothecin (CPT) is a specific Top1 inhibitor [5] and the FDA approval of the two CPT
derivatives, topotecan and irinotecan, for clinical use [6].

The catalytic mechanism of Topl involves a reversible transesterification reaction, as shown
in Fig. 1A. In brief, following DNA binding the Top1 catalytic cycle is initiated by the
nucleophilic attack of the phenolic hydroxyl group of the active site tyrosine (Tyr723 for human
Topl) on the scissile phosphate, which generates a covalent complex between the protein and
the 3’-phosphate of the DNA via a phosphotyrosyl bond. This transient DNA single-strand
break (i.e. cleavage complex) subsequently allows controlled rotation of the cleaved DNA
strand around its intact complement, effectively removing any local helical tension. Once the
DNA is relaxed, the covalent intermediate is reversed via a second transesterification reaction,
wherein the free DNA 5'-hydroxyl acts as a nucleophile to attack the 3'-phosphotyrosyl linkage;
thus restoring the continuity of the original DNA duplex. For more extensive reviews covering
the biochemistry and biology of DNA topoisomerase I, see [1-4].

2.2 The Formation of Irreversible Topl Cleavage Complexes

Under normal circumstances, the rate of religation is much faster than the rate of cleavage,
which allows the Top1-DNA cleavage complexes to be a transitory intermediate event of the
Topl catalytic cycle [1]. However, a variety of conditions (briefly schematized in Fig. 1B),
have been shown to increase the frequency of Top1l-DNA cleavage complexes by reducing or
inhibiting the rate of the religation reaction (for reviews see [7,8]). For example, Topl
inhibitors, such as camptothecin (CPT) and its clinically used derivatives, as well as several
non-CPT Topl inhibitors including the indenoisoquinolines and the indolocarbazoles,
selectively and reversibly bind to the Top1l-DNA interface [6,9] and slow the rate of Topl-
mediated DNA religation. This is especially the case when Topl relaxes positive supercoiling
[10]. Failure to reseal this normally transient break in the DNA results in the generation of a
Topl-linked DNA single-strand break that can be transformed into a prolonged double-
stranded break following collision of replication forks with the drug-stabilized cleavage
complex [11-14]. In a similar manner, a number of naturally occurring DNA lesions, such as
strand breaks [15], abasic sites, base mismatches, and certain oxidized or modified bases
[16], have also been shown in vitro to physically block the Top1l religation reaction through
the misalignment the 5’-hydroxyl with the tyrosyl-DNA phosphodiester backbone. In cells,
both UV irradiation- [17] and hydrogen peroxide-induced [18] DNA damage have also been
shown to trap Topl cleavage complexes. Repair of these irreversible Topl-DNA cleavage
complexes has been suggested as an important part of DNA metabolism given that mutants
defective in specific DNA repair pathways demonstrate increased sensitivity to Topl
inhibitors. However, all repair pathways require DNA termini consisting of a 5’-phosphate and
3'-hydroxyl for appropriate processing by DNA ligase. Thus, Top1-DNA lesions present a
unique challenge for the DNA repair machinery given that the DNA strand break is encumbered
with a protein adduct, which must be removed before the DNA can be religated.
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In 1996, Nash and coworkers discovered an enzymatic activity from yeast S.cerevisiae that
specifically hydrolyzes the covalent bond between a tyrosine residue and a DNA 3'-phosphate
[19]. Because Topl is the only known enzyme to generate 3'-phosphotyrosine linkages in
vivo, the observed enzymatic activity was proposed to be associated with the repair of DNA
lesions, which develop from irreversible Top1l-DNA cleavage complexes [19,20]. The yeast
gene encoding this activity was subsequently cloned and appropriately named tyrosyl-DNA
phosphodiesterase 1 (Tdpl). All eukaryotic species examined thus far contain a well-conserved
homologue of Tdp1l. Specifically, the human genome encodes a single copy of TDP1 consisting
of 17 exons: two 5’ non-coding exons and 15 coding exons [21], and has been shown to possess
a similar 3'phosphotyrosyl-processing activity to that of the originally identified yeast enzyme
[22], while having only minimal sequence identity (~15%) [23]. The greatest sequence
variance resides in the N-terminal domain of Tdp1, which is poorly conserved or absent in
most Tdpl homologues of lower eukaryotes. The N-terminus (1-148) of human Tdp1 has been
shown to be dispensable for enzymatic activity [22], but seems to have evolved to play a
regulatory function. For example, the N-terminal domain has been shown to be necessary for
specific protein-protein interactions (i.e. DNA ligase I11) (discussed below) [24,25]. In
addition, an in silico search for potential nuclear localization signals (NLS) in the human Tdpl
protein sequence reveals two putative NLSs in the N-terminal domain, one of which is located
in the nonessential region (Fig. 2A). This is in agreement with studies using fluorescence
microscopy demonstrating localization of Tdp1 to the nucleus in human cells [26].

Tdp1 is physiologically important in humans given that a homozygous mutation in the TDP1
gene (A1478G), which results in a histidine to arginine mutation (H493R, shown in italics in
Fig. 2A) in the active site of Tdp1, is responsible for the rare autosomal recessive
neurodegenerative disease, spinocerebellar ataxia with axonal neuropathy (SCANL1) [21].
Individuals harboring the SCAN1 mutation develop symptoms that are restricted to the nervous
system during their teenage years [21]. In contrast to other diseases associated with defects in
DNA repair proteins, SCAN1 patients do not have an increase in cancer susceptibility. Initially,
it was proposed that the SCAN1 mutation disrupted the Tdpl active site symmetry leading to
a loss-of-function [21,24,27], yet recent studies have suggested an additional hypothesis
wherein the accumulation of covalent Tdp1-DNA intermediates might be responsible for the
DNA damage leading to the SCAN1 phenotype (see Fig. 3, legend) [28].

Tdpl is a member of the phospholipase D superfamily [22], which encompasses a diverse
group of enzymes that catalyze phosphodiester bond cleavage on substrates ranging from
phospholipids to DNA, or in the case of Tdp1, protein-DNA complexes. The majority of the
sequence identity between Tdpl and the members of the PLD family is restricted to two copies
of an active site signature motif H(X)K(X4)D, also referred to as an HKD motif [29], which
has been implicated in the catalytic mechanism of these enzymes [30,31]. Two such motifs are
present in the N- and C-terminal domains of human Tdp1, both of which contain the conserved
histidine and lysine residues (263HTK265 and 495HIK*97) but lack the aspartate residues that
exist in other HKD motifs (Fig. 2A). Thus, it has been suggested that Tdpl represents a distinct
subclass of the PLD superfamily based on its unique “HKN” motifs. The importance of the
two signature HKN motifs for Tdpl enzymatic activity has been established by site-directed
mutagenesis. Indeed, mutation of H263 produces a catalytically inactive enzyme, whereas
mutating H495, K265, or K497 results in impaired enzymatic activity [22,32]. These results
are consistent with studies performed on other members of the PLD family [33-37].

The affiliation of Tdpl with the PLD superfamily has been further established through
comparative analysis of the three-dimensional structure of the catalytically active N-terminal
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truncated human Tdpl (A1-148) (Fig. 2A) [38] with the known crystal structures of two
members of the PLD superfamily, a PLD from Streptomyces [30] and a bacterial nuclease from
Salmonella tryphimurium [39]. Albeit the low sequence identity amid these three enzymes,
they share a strikingly similar tertiary structure. In addition, the superimposition of the active
sites supports the notion that all three enzymes participate in analogous reaction chemistry.
The crystallographic studies of human Tdp1l reveals a monomeric structure comprised of two
topologically similar a-p-o domains. Each domain contributes a histidine and lysine residue
to form the active site, which is centrally located at the pseudo-twofold axis of symmetry
between the two domains (Fig. 2B). The Tdp1 crystal structure also reveals that four additional
residues, which are conserved in all Tdp1 orthologs, N283, Q294, N516, and E538, are also
positioned near the active site [38].

In order to gain further insight into the substrate binding properties and catalytic mechanism
of Tdp1, co-crystal structures were solved of human Tdp1 bound to vanadate [40,41], an
oxyanion form of pentavalent vanadium. Unlike the phosphate ion, vanadate can form five-
coordinate species allowing it to serve as a transition state analogue and eliminate enzyme
turnover. The molecular assembly of vanadate, Tdp1, a Topl-derived peptide containing the
active site tyrosine, and a single-stranded DNA oligonucleotide into a quaternary structure is
shown in Fig. 2C. Initial examination of the quaternary structure revealed an asymmetrical
substrate-binding channel that extended in opposite directions from the active site across the
entire surface of Tdpl. The DNA moiety bound to one side of the active site in a relatively
narrow cleft that is predominantly positively charged (Fig. 2C, shown behind the DNA
(green)). Conversely, the peptide moiety bound to the other side of the active site in a relatively
large, more open cleft that contains a mixed charge distribution (Fig. 2C, shown behind the
peptide (white)) [38,40,41]. Interestingly, the DNA-binding groove is highly conserved among
Tdp1 orthologues, while the peptide-binding pocket shows much less sequence conservation
between different species [41,42].

A closer look into the active site of the quaternary structure [40,41] shows that the vanadate
ion exhibits trigonal bipyramidal geometry, which is consistent with a transition state of an
Sn2 nucleophilic attack on phosphate. The apical coordination to the vanadate molecule is
filled by the imidazole N<2 atom of the active site H263 residue of Tdp1 and the oxygen atom
of the tyrosine side chain of the Topl-derived peptide, whereas the 3’-hydroxyl of the DNA
oligonucleotide occupies one of the three equatorial positions. The remaining two equatorial
oxygens, which represent the nonbridging oxygens of the phosphodiester substrate, form
hydrogen bonds with the amino groups of K265 and K495. It is well-recognized that the
incoming and outgoing groups in an SN2 reaction occupy the two axial positions of a trigonal
bipyramid [43]. Therefore, it is evident from the Tdp1l-vanadate structure that the first step in
the Tdpl catalytic mechanism involves the nucleophilic attack of the phosphotyrosyl bond by
the H263 residue from the N-terminal HKN maotif. Additionally, the H493 residue from the C-
terminal HKN motif acts as a general acid and donates a proton to the apical tyrosine-containing
peptide-leaving group (Fig. 3A). This results in the formation of a transient covalent
phosphoamide bond between the Ne2 atom of H263 and the 3'-end of the DNA (Fig. 3B).
Hydrolysis of this covalent intermediate is proposed to be carried out by a water molecule that
isactivated by the H493 residue acting as a general base (Fig. 3C) [40]. The second Sy2 reaction
step in the Tdpl catalytic mechanism is supported by in vitro biochemical studies with the
SCAN1 H493R mutant, which leads to an accumulation of Tdp1-DNA covalent intermediate
[28]. Overall, the final product released after Tdp1 catalysis is a DNA molecule with a 3'-
phosphate end (Fig. 3D).
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3.2 Tdpl Substrates

A stalled Top1-DNA complex is an unmanageable substrate for Tdpl because of the limited
access of the scissile phosphotyrosyl bond, which is internally located within the Top1l-DNA
complex [44]. This statement is corroborated by the poor processing by Tdpl of a suicide
complex made of full-length human Top1 covalently linked to a DNA oligonucleotide (Fig.
4F (iii)) [45]. Prior denaturation of the Top1-DNA complex, which presumably results in
enhanced steric access of the phosphotyrosyl bond, is required for Tdpl enzymatic activity
toward a full-length Top1-DNA covalent complex [19]. Thus, it has been suggested that the
Topl must undergo proteolysis in order for efficient Tdpl activity [19,41,45], which is in
agreement with studies demonstrating that the effectiveness of Tdpl processing decreases as
the length of the Topl polypeptide is extended [45]. Accordingly, several studies have shown
that Topl is degraded in some cells lines following CPT treatment, suggesting that Topl
ubiquitination and degradation contribute to CPT resistance [46-49]. In addition, prevention
of Topl degradation by the proteasome inhibitors, MG132 [47] or PS-341 (clinically used)
[501], results in increased sensitivity to CPT. These studies imply that Topl degradation via a
ubiquitin-proteasome pathway may play a role in the repair of Top1-mediated damage, wherein
Topl degradation serves to prepare the Topl cleavage complexes for hydrolysis by Tdp1.

In addition to a Topl-derived peptide and a single tyrosine residue, a variety of other moieties
that block to the 3’-end of the DNA from being substrates for DNA polymerases or ligases are
hydrolyzed by Tdpl (Fig. 4C and 4D), although less effectively than a 3'-phosphotyrosyl end
[19]. The broad substrate specificity of Tdpl is consistent with analysis of the human Tdp1
structure bound to a Topl-derived peptide, which demonstrates that there are no specific
contacts between the tyrosine and the Tdpl polypeptide [41]. One physiologically relevant
Tdpl substrate is the 3'-phosphoglycolate (Fig. 4C), which can be generated by oxidative DNA
damage [51]. In addition, wild-type Tdpl has been shown to hydrolyze the covalent
phosphoamide intermediate proposed to form in SCANL1 cells between the mutant Tdp1 and
the DNA (Fig. 3E) [52]. Other naturally occurring substrates for Tdpl include 3'-abasic sites,
3’-nucleosides, and 3'-ribonucleosides (Fig. 4C) [52]. However, it is interesting to note that
the Tdpl is only able to remove a single terminal 3’-mononucleoside and is incapable of
processing a DNA end containing a 3'-phosphate [52], which demonstrates that Tdp1l cannot
act as a 3'-exonuclease. Yeast Tdpl has also been shown to process a topoisomerase 11 (Top2)
cleavage complex or a 5’-phosphotyrosyl bond [53]. Yet, the effects of Top2 inhibitors on
TDP1-deficient yeast cells have been contradictory [53, 54]. Moreover, a single study in
mammalian cells has demonstrated that overexpression of an active Tdp1l significantly reduces
the DNA damage caused by Top2 inhibitors [26].

Besides the physiological substrates, numerous synthetic Tdpl substrates have been identified
(Fig. 4D). Specifically, phosphotyrosine analogues, such as 3'-(4-nitro)phenol and 3'(4-
methyl)phenol, have been used in kinetic analysis of the Tdp1 catalytic mechanism [32]. Other
artificial substrates include a 3'-linker-biotin [52] and a fluorescent 3'-4-methylumbelliferone
[55], which could potentially be employed in high-throughput screens for Tdpl inhibitors,
similar to how the 3'-BV tag has been used (discussed below).

The second component of the Tdp1 substrate is the DNA. Indeed, we previously showed that
the efficiency of Tdpl to hydrolyze peptide-DNA substrates decreases when the length of the
oligonucleotide is shortened from 13 to 4 nucleotides [45]. Several structural variations of
DNA that mimic substrates Tdp1 may encounter in vivo have also been examined, such as
single-strand, tailed duplex, gapped duplex, and nicked duplex. Tdp1 has been shown to cleave
all the substrates listed to a similar degree, with the exception of the nicked duplex (Fig. 4E
and 4F) [19,54,56]. These observations suggest that Tdpl acts after the 5’-end of the broken
DNA has been digested or displaced to provide access to the phosphotyrosyl bond. However,
the lack of preference between single-strand and duplex DNA substrates is in disagreement
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with the proposed binding mode of DNA to the Tdpl enzyme, which has resulted in an
alternative model for binding of duplex DNA to Tdp1 [56]. In general, both the structure of
the DNA segment bound to Topl and the length of the Topl polypeptide chain determine the
biochemical activity of Tdpl [45].

3.3 Tdpl Repair Pathways

The 3'-phosphate-end generated by Tdpl must be hydrolyzed to a 3'-hydroxyl in order for
further DNA repair to occur. Polynucleotide kinase phosphatase (PNKP), a bifunctional
enzyme with 5'-kinase and 3'-phosphatase activities, has been suggested as a reasonable
candidate in human cells for the repair of these 3'-phosphate lesions. In vitro studies have
shown that T4 kinase, the bacteriophage equivalent of PNKP, can hydrolyze the resulting 3'-
phosphate produced by Tdp1 [19]. It has also been shown that human A549 cells that are
defective in PNKP accrue similar levels of CPT-induced strand breaks in comparison to
SCANL1 cells [24], which suggested that Tdp1 and PNKP function in the same repair pathway
in human cells. Furthermore, PNKP is known to interact with the XRCC1 protein, which
together with the other base excision repair (BER) proteins, such as DNA polymerase §, DNA
ligase 111, and poly(ADP-ribose)polymerase 1(PARP-1) forms a multiprotein DNA repair
complex [57]. Recently, Tdp1 has also been shown to be a member of the BER repair complex
through interactions with DNA ligase 111 [24] and XRCC1 [25]. XRCC1-deficient cells have
been discovered to be hypersensitive to CPT and defective in Tdp1 activity, which is in
agreement with a direct role of Tdp1l in association with the BER complex for the removal and
repair of Topl-mediated DNA damage [25]. In addition, the interaction of XRCC1 with PNKP
has been shown to stimulate both the 5’-kinase and 3'-phosphatase activities of this enzyme
[57]. Similarly, XRCC1 interacts with DNA ligase Il and increases the intracellular stability
of the ligase [58,59]. The association PARP-1 with the XRCC1 complex has also been
observed. However, its function in the repair of Topl-mediated DNA damage remains to be
determined. PARP-1 is a nuclear enzyme often termed a molecular nick sensor, which
recognizes and binds to DNA single or double strand breaks [60]. Indeed, the hypersensitivity
of PARP-1-deficient cells to CPT has been shown to be directly related to a functional defect
in Tdpl [61], which suggests that PARP-1 may be involved in the targeting of a BER complex
to sites of Topl-mediated DNA damage. The effects on Tdp1 activity after the association with
the XRCC1 complex are still unresolved. However, based on these observations and several
others, a scheme for the role of the XRCC1 repair complexes in the repair of Topl-mediated
DNA lesions has been proposed (Fig. 5) [8]. Following degradation or denaturation of Topl
to expose the phosphotyrosyl linkage, Tdpl hydrolyzes the Top1-DNA bond. Next, PNKP
hydrolyzes the resulting 3'-phosphate end and catalyzes the phosphorylation of the 5'-end of
the DNA. Lastly, DNA polymerase {3 replaces the missing DNA segment and DNA ligase 111
reseals the DNA.

3.4 Rationale for Targeting Tdpl for Cancer Therapy

The initial understanding of the role of Tdp1 in DNA repair and the rationale for targeting Tdpl
for anticancer therapy in combination with CPT came about by taking advantage of the genetic
manipulations possible in yeast. Tdpl is one of several potentially redundant pathways
involved in the repair of Top-mediated damage in yeast [54,61-65]. This has been demonstrated
through the observation that significant increases in sensitivity to CPT in TDP1-defective yeast
are conditional upon at least one additional mutation in other DNA repair and checkpoint genes.
For instance, hypersensitivity to CPT is observed when TDP1 and the checkpoint gene Rad9
are simultaneously inactivated [54]. In addition, a second group of conditional genes are the
three sets of genes implicated in the structure-specific endonuclease repair pathways. Rad1/
Rad10 (XPF/ERCC1) functions primarily in the nucleotide excision repair pathway, where it
cleaves on the 5'-side of the repair bubble formed around bulky DNA lesions [65-67].
Mus81/Mms4 (Mus81/Emel) and Mrel1/Rad50/Xrs2 (Mrel1/Rad50/Nbsl) cleave a 3'-flap
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upstream of a branch point [68,69] and function independently from the Tdp1 pathway (Fig.
6A) [62,63]. Mutations in each of these genes render TDP1-deficient yeast cells highly
sensitive to CPT. Specific homologues for each of the genes mentioned above are present in
humans (shown in parentheses), with the exception of Rad9.

In humans, there is no single Rad9 orthologue readily identifiable, but rather a family of tandem
BRCT domain-containing proteins that act in the checkpoint response. Some of the Rad9
human orthologues include BRCA1, 53BP1, and MDC1, which are commonly referred to as
checkpoint mediators [70]. Based on the insight gained from yeast, it has been proposed that
there are two redundant pathways involved in repairing Topl-mediated DNA damage in
humans (Fig. 6A). The first is a Tdp1-dependent pathway involving collaboration with the
previously mentioned XRCC1 complex. The second is a Tdpl-independent, checkpoint-
dependent pathway involving the Rad9 human homologues in the checkpoint response and the
removal of damage by the three parallel functioning endonucleases. Even though there is
redundancy in the repair of Topl-mediated DNA damage, it may not be critical to the clinical
relevance of Tdpl inhibition, since it is well established that deficiencies in checkpoint
mechanisms are a common feature in cancer cells [71]. For example, if cancer-related
checkpoint inactivation arises, then Tdp1 becomes the principle source for the removal of
Topl-mediated DNA damage (Fig. 6B).

Studies performed in SCANL1 cells have further established proof of principle for the
development of Tdp1 inhibitors in combination with CPT in anticancer drug therapy.
Specifically, homozygous mutant SCANL cells have been shown to accumulate more total
DNA strand breaks than normal lymphoblastoid cells after treatment with CPT [24,72]. SCAN1
cells have also demonstrated enhanced sensitivity to the killing effects of CPT [28,72].
Furthermore, complementary studies have shown that overexpression of wild-type Tdpl
protects cells against CPT-induced cell death [26,73], whereas the inactive mutant
Tdp1H263A does not [26]. Taken together, these data implicate Tdp1 in the repair of Top1-
mediated DNA damage and demonstrate that a single defect in Tdp1 activity in human cells
is adequate for CPT hypersensitivity, which is in contrast to the conditional mutations required
in TDP1-deficient yeast cells. Thus, inhibition of Tdp1 can be envisioned to potentiate or
synergize the cytotoxic effects of the clinically used Top1 inhibitors.

3.5 Tdp1 Inhibitors

Both vanadate and tungstate inhibit Tdp1 at millimolar concentrations because of their ability
to mimic the transition state of Tdpl (Fig. 7) [40]. Vanadate and tungstate have been shown
to be useful in co-crystallization studies, such as in the case of Tdpl [40,41]. However, they
cannot be used as pharmacological inhibitors because of their broad activity against phosphoryl
transfer reactions. Another inhibitor of Tdpl is the aminoglycoside neomycin (ICsg, 8 mM)
(Fig. 7) [74], which was originally tested based on its reported ability to inhibit PLD [75].

These are the only known inhibitors of Tdpl, therefore, a search for novel, more potent Tdpl
inhibitors is warranted. To assist in screening process for additional Tdp1 inhibitors, we have
developed a high-throughput assay that uses electrochemiluminesent (ECL) substrates [77].
The DNA substrates have ruthenium labels (BV-TAG™) designed to emit light when
stimulated (Fig. 4). In the presence of recombinant Tdp1l, the ECL substrate is processed
resulting in loss of the ECL signal. Thus, an inhibitor of Tdp1 would prevent this loss in signal.
We have screened the “Diversity Set” that consists of 1981 compounds from the
Developmental Therapeutics Program of the National Cancer Institute against human Tdp1.
These compounds are representative of the chemical and structural diversity of the available
repository of more that 140,000 chemicals. Several inhibitors of Tdp1 were identified. Fig. 7
shows the chemical structures of NSC 305831, NSC 118695, and NSC 88915, which were
discovered using our high-throughput screen and confirmed by biochemical assays to be potent
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inhibitors of Tdp1 with IC50s in the micromolar range ([77]; Dexheimer et. al., in preparation).
Additional studies are needed to gain insights into their mechanism of action and their cellular
pharmacology.

4. SUMMARY AND PERSPECTIVES

The discovery of novel Tdpl inhibitors is now possible as Tdpl can be expressed as a biological
active recombinant protein and high throughput assays are relatively easy to set up. In addition
to biochemical screening, Tdp1 crystal structures could provide a means for in silico screening
of chemical libraries. Lead optimization can also benefit from existing crystal structures and
from the generation of new co-crystal structures with Tdp1 inhibitors. Biochemical inhibitors
of Tdpl should enhance the cytotoxicity of camptothecins and delay the removal of Topl
cleavage complexes in cell culture, thereby providing a cellular step for compound selection.
The overall therapeutic goal is the development of new drugs that would selectively enhance
the activity of Topl inhibitors in tumors with preexisting DNA repair and cell cycle checkpoint
deficiencies.
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Fig. (1).
A) Human Topl-mediated DNA cleavage and religation mechanisms. Tyr723 is the active site
tyrosine involved in the transesterification reaction. The bases flanking the Top1 cleavage site
are referred to as -1 and +1 for the bases at the 3’ and 5" DNA termini, respectively. B)
Representative circumstances resulting in the formation of trapped Top1 cleavage complexes
(i.e. (i) Topl inhibitors or preexisting DNA lesions, such as (ii) DNA strand breaks or (iii)
nucleotide base damage).
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Fig. (2).
A) Schematic representation of the human Tdpl domain structure. The N-terminal and C-
terminal domains correspond to residues 1-350 and 351-608, respectively. Positions of the
“HKN” motifs and NLS (nuclear localization signals) motifs are shown in black and white,
respectively. Arrows indicate active site residues. B) Ribbon diagram of Tdp1 structure
(A148). The domain colors correspond to those shown in (A). The active site residues (H263,
K265, H493, and K495) are shown as stick structures in blue (Figure modified from [40]). C)
Structure of the Tdpl-vanadate-peptide-DNA complex (INOP). The orientation and domain
colors of Tdpl are identical as in (B). Tdpl is shown as a molecular surface and the vanadate-
peptide-DNA substrate mimic is shown as ball-and-stick structures with the DNA colored in
green, the vanadate colored in red, and the Topl-derived peptide colored in white (Figure
modified from [41]).
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Proposed reaction mechanism for human Tdpl. A) The first step of the reaction involves the
nucleophilic attack of the phosphodiester-containing substrate by the imidazole Ne2 atom of
His263. H493 donates a proton to the tyrosyl moiety of the leaving group. The phosphohistidine
intermediate is shown in (B). Interactions between the non-bridging oxygens and the active

site lysine residues (Lys265 and Lys495) serve to stabilize the transition intermediate. C) The
next step of the reaction involves second a nucleophilic attack by a water molecule activated
by H493, generating final 3'-phosphate product and free Tdpl (D) (A-D modified from [40]).
(E) The SCAN-1 mutations (H493R) leads to an accumulation of the Tdp1-DNA intermediate
and a defect in Tdpl turnover rate.
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Fig. (4).

Outline of the substrate binding pocket and the different substrates processed by Tdpl. A)
Molecular surface of Tdpl in an orientation identical to that shown in Fig. 2C. The active site
region is shown in white. The black dotted lines define the substrate binding pocket (Figure
modified from [40]). B) Substrate orientation in the Tdp1 binding pocket. The R-group refers
to the structures shown in (C) and (D). The arrow indicates the Tdp1l cleavage site. C) and D)
illustrate the physiological and non-physiological substrates of Tdp1 (Figure modified and
updated from [61]). E) and F) show both favorable and unfavorable the Tdp1l substrates. The
black circle represents a 3'-end phosphotyrosine. E) (i) long single-strand, (ii) tailed duplex,
(iii) gapped duplex. F) (i) short single-strand, (ii) nicked duplex, (iii) full-length Topl.
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Fig. (5).

Proposed repair of Topl cleavage complexes by the XRCC-1-dependent pathway. The XRCC1
complex including the associated repair enzymes is shown in the center of the figure. Tdpl
hydrolyzes the Topl phosphotyrosyl bond. PNKP hydrolyzes the resulting 3'-phosphate and
phosphorylates the 5'-hydroxyl. DNA polymerase p fills the gap and DNA ligase 11 reseals
the DNA. PARP-1 may play a role in the initial recognition of the Topl-mediated DNA
damage. (Figure modified from [8,19,76])
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Redundant pathways involved the repair of Topl cleavage complexes in mammalian cells. A)
The processing of a Top1l cleavage complex by Tdpl and three different structure-specific 3'-
endonucleases. B) Schematic representation of the Tdp1-dependent pathway and checkpoint-
dependent 3’-endonuclease pathway, which together are implicated in the repair of Topl
cleavage complexes. B) DNA repair and checkpoint deficiencies, such as in cancer cells, results
in enhanced dependency for the repair of Topl cleavage complexes via the Tdpl-dependent

pathway.
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Chemical structures of Tdp1l inhibitors reported to date.
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