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Abstract

Tyrosyl-DNA phosphodiesterase 2 (TDP2) processes protein/DNA adducts resulting from abortive
DNA topoisomerase Il (Top2) activity. TDP2 inhibition could provide synergism with the Top2
poison class of chemotherapeutics. By virtual screening of the NCI diversity small molecule
database, we identified selective TDP2 inhibitors and experimentally verified their selective
inhibitory activity. Three inhibitors exhibited low-micromolar ICsg values. Molecular dynamics
simulations revealed a common binding mode for these inhibitors, involving association to the
TDP2 DNA-binding cleft. MM-PBSA per-residue energy decomposition identified important
interactions of the compounds with specific TDP2 residues. These interactions could provide new
avenues for synthetic optimization of these scaffolds.
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Tyrosyl-DNA phosphodiesterase (TDP) activity is necessary to cleave the tyrosyl-DNA
linkage between a trapped topoisomerase and its substrate DNAZ. In humans, there are two
known TDPs: TDP1 cleaves 3’ type-1B topoisomerase-DNA linkages?, while TDP2 cleaves
5’ type-11 topoisomerase-DNA linkages34.

Topoisomerase |l (Top2) poisons act by trapping Top2 on its DNA substrate, causing the
normally transient Top2-mediated double strand breaks to become permanent, resulting in
cell death®. For this reason, Top2 poisons are widely used cancer therapeutics. TDP2 activity
reduces the efficacy of Top2 poisons and is therefore an attractive anticancer drug target,
with TDP2 deficient cells exhibiting extreme sensitivity to Top2 poisons3:. The viability of
TDP2 knockout mice indicates that TDP2 inhibition is theoretically possible without
unacceptable side effects®. A TDP2 inhibitor could have great potential for synergistic
effects when used in combination with Top2 poisons and could greatly increase the efficacy
of such treatments.

Small-angle X-ray scattering analysis shows that TDP2 consists of a ~110-residue,
disordered N-terminal domain and a 255-residue, globular catalytic domain’- 8. Only the
catalytic domain is necessary for phosphodiesterase activity, while the N-terminal tail is
thought to interact with cellular signaling machinery. Although no structures exist for human
TDP2 (hTDP2), multiple crystal structures of TDP2 have been solved including C. elegans
(cTDP2)8, D. rerio (zZTDP2)8 and M. musculus (nTDP2)7. mTDP2 serves as an excellent
structural homologue to hTDP2, with the variants’ catalytic domains sharing 78% sequence
identity and nearly 100% sequence similarity (Supplementary Figure S1). A structure of
mTDP2" bound to a substrate analog (PDB accession code 4GZ1) shows a short DNA-
binding cleft, contacting 3 DNA phosphates, leading directly into the active site
(Supplementary Figure S2). Kinetic studies indicate that mammalian TDP2 is highly specific
for 5’-tyrosine overhangs, as opposed to 3’ overhangs, blunt ends or other adducts, with the
exception of p-nitrophenol, a compound frequently used as a DNA adduct in screening
assays’ 9. Interestingly, TDP2 shares very similar active site geometry and catalytic
mechanism with the base excision repair enzyme apurinic/apyrimidinic endonuclease 1
(APE1), along with 14% sequence identity and 30% sequence similarity8. Despite these
similarities, TDP2 does not show endonuclease activity. From mutational and structural data,
Schellenberg, et al. proposed that hydrophobic contacts made to W307 and F325 by the
substrate DNA backbone serve as the basis for the specificity toward 5’-tyrosine overhangs
by forming favorable Van der Waals interactions with the substrate deoxyribose ring’.
Crystal structures of the D. rerioand C. elegans TDP2 homologues in complex with
substrate DNA provide further evidence that hydrophobic contacts are primarily responsible
for substrate binding®. Binding of a 3’-tyrosine substrate would juxtapose a phosphate group
in place of a ribose ring, unfavorably forcing a negatively charged group to contact
hydrophobic sidechains. Moreover, the mutation of certain residues lining the DNA-binding
cleft greatly alters catalytic activity in hTDP2. Of note are R231, R266, W297 and F315, all
of which are important to the activity of TDP2 on 4-nucleotide overhang 5’-tyrosine
substrate DNA, with mutations being very deleterious to catalysis’.

In contrast to TDP2, TDP1 cleaves 3’ adducts and is capable of acting on a relatively broad
range of substrates®. TDP1 also displays some activity against 5’-tyrosine overhangs,
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causing specificity overlap with TDP211 12, Designing a TDP2 inhibitor is complicated by
the similar catalytic activity and substrate characteristics of TDP1. A potential inhibitor must
be strongly selective for TDP2 to limit binding competition by TDP1. Because the TDP2
binding cleft may hold the key for TDP2 substrate specificity, it presents a promising region
for targeting inhibitors that do not have activity against TDP1.

The discovery of selective TDP2 inhibitors based on toxoflavin and deazaflavin scaffolds
has recently been reported, in which the authors began the inhibitor search with a high-
throughput /n vitro screening of 100,000 compounds®3. Small molecule docking of this
scaffold shows that inhibitors of this type are likely to bind in the active site of TDP2,
directly blocking catalysis. While these compounds show promise, they exhibit slight
inhibition of TDP1 at 100 uM. In addition, toxoflavins and deazaflavins also have
undesirable characteristics for drug scaffolds. Toxoflavins are susceptible to redox activity
and deazaflavins have poor cell permeability.

The difficulty in predicting the binding selectivity of a compound necessitates a high-
throughput lead screening and optimization protocol. To this end, we have carried out an
inhibitor discovery protocol (Figure 1) to identify selective TDP2 inhibitors. Our protocol
exploits the large scale docking of 11,000 compounds from the 250,000-compound Open
National Cancer Institute (NCI) Databasel4 followed by virtual screening (VS) and in vitro
assays using whole cell extract (WCE). With this protocol, we have discovered three potent
and selective small molecule inhibitors of TDP2. Results from molecular docking, molecular
dynamics (MD), molecular mechanics — Poisson-Boltzmann surface area (MM-PBSA)
calculations, biochemical and kinetics experiments provide evidence that our inhibitors bind
in the DNA-binding cleft of TDP2, effectively blocking substrate binding and catalysis. The
scaffolds of these inhibitors have the potential to be further optimized by targeting specific
contacts made to residues in the TDP2 binding cleft, increasing both potency and selectivity
for TDP2.

Compound 21 (Supplementary Figure S3), an APE1 inhibitor provided by Dr. Neamati, was
chosen to initiate our screening protocol to identify hTDP2-selective inhibitors because it
inhibited hTDP2 with an ICgq of 12, 20 uM (n=2) without affecting hTDP1 up to 200 uM
(data not shown). To predict how a ligand will bind to hTDP2, a homology model of the
catalytic domain was constructed from the substrate analog-bound mTDP2 structure (PDB
accession code 4GZ1) using the program Modeller!®. Although the homologues have
extraordinary sequence similarity (Supplementary Figure S1), and therefore nearly identical
secondary structure, minor alterations to the surface of the enzyme can influence preferred
ligand binding positions. Compound 21 was first docked into the hTDP2 homology model
(Supplementary Figure S3). Docking was performed with the program AutoDock416, after
preparing a ligand/protein atom-pair interaction grid with AutoGrid4 within the search area.
The search area was comprised of both the DNA binding cleft and active site, the two
regions of the enzyme known to directly impact catalytic activity. The three best-scoring
docking poses that were distinct from the others with respect to ligand conformation and
ligand-protein contacts were chosen for further analysis. Each pose was simulated for 30ns
in MD, using the NAMD2.9 packagel’. The MD trajectory which resulted in the most stable
binding pose was clustered with respect to the root mean square deviation (rmsd) of the
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atomic coordinates of the small molecule using the hierarchical clustering algorithm
(¢=10.0), as implemented in the ptraj® MD analysis program. The representative frame
from the most populated cluster was then used for VS. VS against this dominant
conformation was performed as follows: sets of fifty random conformers for each compound
in the NCI database were first constructed using the Openeye Software program Omegal®
and screened for structural and electrostatic similarity to the dominant MD conformer using
Openeye’s ROCS20 and EON?! programs, respectively. The 11,000 top hits from the VS, as
determined by averaging structural and electrostatic Tanimoto overlaps with the lead
compound, were then docked using the AutoDock4 program into our hTDP2 homology
model.

From the top 500 docking hits, a set of 178 was selected for optimal structural diversity.
From these 178 compounds, 95 were available and were tested against recombinant human
TDP2 (hTDP2) at a single concentration of 1 mM (Figure 1). 48 active compounds were
further tested at a single concentration of 100 uM against hTDP2. 11 TDP2-selective
inhibitors were further evaluated in dose response against both recombinant human TDP2
and TDP1 (hTDP2 and hTDP1) enzymes (Figure 1). Four TDP2-selective low micromolar
inhibitors i.e. not inhibiting hTDP1 up to 111 uM, were checked by LC/MS (Figure S5) to
assess for their presence in the vial and evaluated for their ability to inhibit endogenous
hTDP2 within whole cell extracts from human TDP2-complemented DT40 chicken cells
(hTDP2 WCE). The TDP2-selective inhibitors, NSC375976, NSC114532 and NSC3198
were found to inhibit hTDP2 with I1Cgq values of 3.5 + 1.4, 4.1 £ 0.9 and 9.3 uM,
respectively while all being inactive against recombinant hTDP1 up to 111 uM (Figure 2 and
Table 1). All 3 compounds show robustness while being exposed to an increased complexity
reaction mixture because they retain low micromolar activity against whole cell extracts
(WCE) containing endogenous hTDP2 (Figure 2).

The inhibition of TDP2 by these 3 compounds was then assessed across species by
comparing their potencies against human (H. sapiens, hnTDP2), mouse (M. musculus,
mTDP2) and zebrafish (D. rerio, zZTDP2) TDP2 enzymes (Figure 3). Only NSC379576
inhibited efficiently all three enzymes with 1Cgq values of 15 and 5.2 uM for mTdp2 and
ZTDP2, respectively (Figure 3 and Table 1). NSC114532 and NSC3198 both inhibited
ZTDP2 with I1Cgq values of 15 and 20 uM, respectively but interestingly, mTDP2 was totally
resistant to both compounds up to 111 uM (Figure 3 and Table 1). These results suggest that
the TDP2 binding site for both NSC114532 and NSC3198 is not conserved in the mouse
enzyme similarly to what was recently observed for the first reported selective TDP2
inhibitor Compound 1 (Figure 2)22.

A potential concern with the chemotype of NSC114532 and NSC3198 is the presence of a
disulfide bond in the center of the structure (Tablel). The presence of a high concentration
of DTT (1mM) in the reaction buffer could therefore potentially cleave the molecule in two.
To study the potential impact of the presence of a reducing agent on the stability of
NSC114532 and NSC3198, we tested their ability to inhibit hTDP2 in the presence or
absence of DTT. We did not observe any difference in the inhibition of hTDP2 by these two
compounds under these conditions (Figure S6), suggesting that both compounds are not
affected by the composition of the reaction buffer.
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Molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) calculations?3, as
implemented in the AmberTools14 analysis suite24, were performed on NSC375976,
NSC114532 and NSC3198. MM-PBSA is a thermodynamic cycle based method, whereby
the solvation enthalpies of the complex (AH ompiex), receptor (AH ecepror) @nd ligand
(AH}jgand) are estimated independently, then subtracted to obtain the binding enthalpy

(AHpinding) Via:

AI—Ibinding:Alycomplcx - AI{rocoptor - AI—Iliga.nd

From MM-PBSA, NSC114532 and NSC3198 were determined to have binding enthalpies of
—-18+12 and -30+7.9 kcal/mol, respectively. NSC114532 and NSC3198 have essentially
similar binding enthalpies, as expected from their structural similarity and similar 1C50
values. NSC375976 has a higher binding enthalpy, 0.1+4.7 kcal/mol, than both NSC114532
and NSC3198, although it possesses the lowest IC50 of the group. This result is less
surprising given the dissimilarity of the ligands. It is also possible that the 1C50 values do
not correlate perfectly with the binding enthalpies due to ligand interactions with other
species in WCE. To compare the binding modes of the three inhibitors, we have performed
MM-PBSA per-residue energy decompositionZ?. This method calculates the enthalpy of
each residue’s non-bonded interactions with the ligand, highlighting residue-ligand contacts
that are essential to ligand binding, as well as those that are detrimental to it.

NSC114532 and NSC3198 are symmetrical molecules around the disulfide bond. Because
these two compounds are very close structural analogs, their modes of binding are strikingly
similar, with the majority of the binding enthalpy coming from hydrogen bonding and
electrostatic interactions between the ligands’ carboxy groups and R231 and R266 (Figure
4A and 4B).

NSC114532 and NSC3198 each also form favorable hydrophobic interactions with residues
W297, L313 and F315 that lie in the DNA binding cleft (Figure 4D and 4E). NSC375976
does not share the basic chemical scaffold of NSC114532 and NSC3198, yet binds in nearly
the same position (Figure 4C and 4F). In contrast to NSC114532 and NSC3198,
NSC375976 binds predominantly to hydrophobic residues, with W297, L313 and F315 each
contributing ~—1 kcal/mol in enthalpy. The NSC375976 sulfonate group is not able to form
favorable electrostatic interactions with R231 and R266, with the adjacent phenyl group
clashing slightly with R266. All three inhibitors form favorable van der Waals interactions
with the T230 methyl group. The most unfavorable interaction between these inhibitors and
hTDP2 is with D350. Each inhibitor places hydrophobic functional groups near the charged
D350 side chain, incurring an enthalpic penalty relative to a solvent-exposed D350.

Residues R231, R266, W297, L313 and F315 have all been shown via mutational studies to
interact favorably with the DNA substrate, with W297 and F315 having been proposed to
form the basis of TDP2 selectivity towards 5°-tyrosine adducts’. Clearly, ligand binding in
this region of the protein precludes substrate recognition by TDP2, thus inhibiting catalytic
activity. Forming favorable contacts with the residues that select for 5’ adduct binding is
likely to be the cause of these inhibitors’ selectivity towards TDP2, as 5’ adducts have been
shown to be very poor substrates for TDP1. It should be noted that the two distinct
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molecular scaffolds represented by NSC114532, NSC3198 and NSC375976 both take
advantage of the same structural characteristics of the DNA-binding groove, leaving open
the possibility of the discovery of other unique scaffolds that have similar binding modes.

To further probe the basis of selectivity of NSC114532, NSC3198 and NSC375976, we
docked each into hTDP1, using the same methodology as with hTDP2, again including both
the active site and DNA-binding groove in the search area. The top docking poses from each
compound (Supplementary Figure S4) identify the hTDP1 active site as the primary binding
target. These results do not indicate that NSC114532, NSC3198 or NSC375976 bind
hTDP1. Rather, they serve simply as an indication that, when forced to interact with hTDP1
in silico, these inhibitors preferentially interact with the active site. This provides another
line of evidence supporting the hypothesis that DNA-binding cleft interactions dictate
substrate specificity between hTDP1 and hTDP2 and that our inhibitors select for hnTDP2
over hTDP1 based on many of the same interactions. The docking poses of NSC114532 and
NSC3198 in hTDP1 are again similar, with both compounds forming hydrogen bonds with
S399 and K495. NSC3198 stacks one phenyl ring against H263, while leaving
approximately half of the molecule solvent-exposed with no notable favorable interactions
with the enzyme. NSC114532 forms no notable favorable stacking interactions with either
phenyl ring and forms an electrostatic clash between a carboxylate group and G538.
NSC375976 remains largely solvent-exposed by packing against one wall of the active site
while reaching slightly into the active site pocket. The only favorable hydrophobic
interaction NSC375976 forms is between the phenylsulfonate ring and the aliphatic portion
of the S459 sidechain, while the only hydrogen bond to the enzyme is made between the
sulfonate group and H263. The combination of unfavorable interactions and inability to take
advantage of nonspecific Van der Waals interactions explains these ligands’ inability to bind
to hTDP1 and, therefore, their selectivity for hnTDP2.

NSC114532, NSC3198 and NSC375976 can each be tailored to increase binding affinity to
hTDP2 by improving electrostatic complementarity to the binding cleft to enhance binding
enthalpy while leaving the Van der Waals contacts in place to maintain selectivity. It is
important to note that NSC3198 and NSC114532 form very favorable electrostatic
interactions with R231 and R266, residues that are important to the catalytic function of
hTDP2. In the future development of these scaffolds, care must be taken to preserve these
interactions, meaning that the carboxy groups, as well as the 4-atom linker that separates
them, appear to be absolutely essential to effective binding. NSC375976 can likely form
very favorable interactions between its sulfonate group and R231 and R266, if the sulfonate
group is brought more proximal to the center of the compound. NSC375976 holds the lowest
ICsq of the compounds studied, taking advantage of this potentially very favorable
interaction may greatly improve binding characteristics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Flowchart overview of our TDP2 inhibitor discovery process.
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Figure 2.

Inhibition of human recombinant TDP2 (hTDP2) and endogenous human TDP2 from whole
cell extracts (hnTDP2 WCE) by NSC379576, NSC114532, and NSC3198. Concentrations of
compounds are 0.5, 1.4, 4.1, 12.3, 37 and 111 uM. Concentrations of the positive control
Compound 122 are 0.005, 0.017, 0.05, 0.15, 0.46, 1.4 uM.
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Inhibition of human (H. sapiens, hTDP2), mouse (M. musculus, mTDP2) and zebrafish (D.
rerio, zZTDP2) TDP2 enzymes by NSC379576, NSC114532, and NSC3198. Concentrations
of compounds are 0.5, 1.4, 4.1, 12.3, 37 and 111 pM.
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Figure 4.
Binding poses and per-residue energy decomposition for residues important to binding. Per-

residue energy decomposition results for (A) NSC114532, (B) NSC3198 and (C)
NSC375976. Dominant binding poses of (D) NSC114532, (E) NSC3198 and (F)
NSC375976.
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