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Introduction

Identification of multidentate tyrosyl-DNA
phosphodiesterase 1 (TDP1) inhibitors that
simultaneously access the DNA, protein and
catalytic-binding sites by oxime diversificationy

Xue Zhi Zhao, 2 *® Wenjie Wang,” George T. Lountos, (' ¢ Evgeny Kiselev,®
Joseph E. Tropea,® Danielle Needle,” Yves Pommier® and Terrence R. Burke, Jr. (22
Tyrosyl-DNA phosphodiesterase 1 (TDP1) is a member of the phospholipase D family that can
downregulate the anticancer effects of the type | topoisomerase (TOP1) inhibitors by hydrolyzing the 3’-
phosphodiester bond between DNA and the TOP1 residue Y723 in the critical stalled intermediate that is
the foundation of TOP1 inhibitor mechanism of action. Thus, TDP1 antagonists are attractive as potential
enhancers of TOPL inhibitors. However, the open and extended nature of the TOP1-DNA substrate-
binding region has made the development of TDP1 inhibitors extremely challenging. In this study, starting
from our recently identified small molecule microarray (SMM)-derived TDP1-inhibitory imidazopyridine
motif, we employed a click-based oxime protocol to extend the parent platform into the DNA and TOP1
peptide substrate-binding channels. We applied one-pot Groebke-Blackburn—Bienayme multicomponent
reactions (GBBRs) to prepare the needed aminooxy-containing substrates. By reacting these precursors
with approximately 250 aldehydes in microtiter format, we screened a library of nearly 500 oximes for
their TDP1 inhibitory potencies using an in vitro florescence-based catalytic assay. Select hits were
structurally explored as their triazole- and ether-based isosteres. We obtained crystal structures of two of
the resulting inhibitors bound to the TDP1 catalytic domain. The structures reveal that the inhibitors form
hydrogen bonds with the catalytic His-Lys-Asn triads (“HKN" motifs: H263, K265, N283 and H493, K495,
N516), while simultaneously extending into both the substrate DNA and TOP1 peptide-binding grooves.
This work provides a structural model for developing multivalent TDP1 inhibitors capable of binding in a
tridentate fashion with a central component situated within the catalytic pocket and extensions that
project into both the DNA and TOP1 peptide substrate-binding regions.

or knotting that could otherwise result in alternate DNA
structures." TOP1 achieves its effects through nucleophilic

Topoisomerases (TOPs) correct DNA topological stress by creat-
ing DNA-protein crosslinks (DPCs) during the cleavage of one
DNA strand (TOP1 and TOP3) or both strands (TOP2). TOP1
is essential for genomic stability by resolving DNA supercoiling
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attack of its Y723 hydroxyl onto a DNA 3’-phosphodiester bond,
resulting in the formation of a covalent TOP1-DNA bond with
concomitant strand breakage. This generates topoisomerase
cleavage complexes (TOPCCs), which are quite transient and
rapidly relegated with release of the TOP1 following decatena-
tion of the DNA. In quiescent cells the TOP1CCs are not
inherently harmful, however, in highly dividing cells they can
be converted into cytotoxic irreversible TOP1CCs and ultimately
lead to DNA damaging double-strand breaks.> TOP1 inhibitors,
such as the alkaloid camptothecin (CPT), bind at the TOP1-
DNA interface, stall relegation of TOPCCs and induce cell death
in mitotic cells.>* The water-soluble camptothecin derivatives
topotecan and irinotecan are potent TOP1 inhibitors used for
the treatment of ovarian and lung cancers and colorectal
cancers, respectively.”> However, dose-limiting myelosuppres-
sion in combination with additional side effects can reduce

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 TDP1 3’-processing reaction and substrates. (A) TDP1 hydrolyses
the phosphotyrosyl ester bond between the Y723 residue of the TOP1-
derived peptide and the 3’-end of the DNA substrate to generate a
3’-processed phosphate containing product. (B) Structure of a TDP1-
vanadate-TOP1 peptide complex. TDP1 (carbon atoms are shown in gray,
nitrogen atoms are shown in blue, and oxygen atoms are shown in red) is
complexed with a single DNA strand (blue sticks) and TOP1-derived
peptide (orange sticks) with the phosphate mimetic vanadate highlighted
in a sphere representation (PDB code: INOP). (C) Hydrolytic mechanism of
the TOP1CC phosphodiester hydrolysis by TDP1 HKN motifs.

the clinical effectiveness of TOP1 inhibitors.® Cytotoxicity of
TOP1 inhibitors can also be reduced by cancer cell resistance
mediated by DNA repair pathways.”

The human tyrosyl-DNA phosphodiesterase 1 (TDP1) is a
DNA repair enzyme that promiscuously processes 3’-DNA end
blocking lesions using a wide range of synthetic DNA adducts
as substrates.® The enzyme is found at low levels in most
tissues, but its expression is elevated in nearly all tumors.’
TDP1 can rescue the genome from damage arising from persistent
TOP1CCs by hydrolysing the Y723-DNA phosphodiester linkage
and liberating DNA with a free 3’-phosphate group. Down-
regulating TDP1 can enhance the toxicity of phosphodiester-
linked DNA adducts, such as TOP1CCs (Fig. 1(A)).'>™ TDP1
antagonists may be viewed as TOP1 inhibitor chemosensitizers
with a potential to lessen dosage-related toxicity and side effects.
Accordingly, TDP1 is recognized as a target for new anticancer
therapeutics that could be used in combination with TOP1
inhibitors."*™” Significant effort devoted to developing TDP1 inhi-
bitors has resulted in the discovery of a spectrum of structurally
diverse inhibitors (recent examples'®>"). However, the understand-
ing of the molecular protein-ligand interactions of most of these
inhibitors with TDP1 is unclear and clinical agents have yet to
result.">*** This raises concerns related to potentially promiscu-
ous mechanisms of action that could impact the rational design of
new analogs.”>*°

The catalytic mechanisms of TDP1 have been studied using
vanadate and tungstate as phosphate mimetics. These can
replicate aspects of phosphorylase and phosphatase catalytic
transition states in crystal structures and thereby clarify mechan-
isms of these enzymes.>”~** Preliminary insights into how catalytic
residues engage the DNA 3’-phosphonamide linkage have been
provided by X-ray crystal structures of TDP1 without** and with
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vanadate or tungstate transition state mimetics bound within the
catalytic site and with single-strand DNA and TOP1-derived
substrates (Fig. 1(B))**>° as well as crystal structures of TDP1
in complex with double-stranded DNA.*” As a member of the
phospholipase D superfamily of enzymes, the TDP1 catalytic
pocket contains paired histidine and lysine residues within two
conserved histidine-lysine-asparagine catalytic motifs [HxKx(n)N,
with x being any amino acid].*** These residues are arranged to
hydrolyse the TOP1CC phosphodiester linkage in a two-step
process (Fig. 1(C)).* In the first step, a H263 imidazole nitrogen
executes a nucleophilic attack on the 3’-phosphotyrosyl linkage.
This releases the tyrosyl residue and associated protein while
forming a covalent 3’-phosphonamide linkage with the DNA. The
second signature histidine (H493) then donates a proton to the
leaving nucleophilic phenoxy anion of the liberated tyrosyl
residue.”” This converts H493 into a basic nucleophile that
activates a water molecule to attack the DNA 3’-phosphonamide
linkage to H263, thereby releasing the DNA from TDP1. The K265
and N283 residues of the first HKN motif form hydrogen bonds
with the 3’-phosphoryl group, while the K495 and N516 residues
of the second HKN motif stabilize the substrate and function as a
relay to protonate/deprotonate the H493 residue.

Progress in the development of TDP1 inhibitors could be
facilitated by maximizing interactions of ligands with specific
features of the protein catalytic apparatus. TDP1’s topographi-
cal features are organized to accommodate substrate and
execute phosphodiester hydrolysis. Protein-DNA adducts, such
as TOP1CCs, present three distinct components: the protein
adducted to DNA, the DNA polynucleotide chain and the 3'-
phosphodiester crosslink between the two. Accordingly, inter-
action of the trimeric TOP1CC with TDP1 occurs within three
functional regions. The tyrosyl-3’-phosphodeoxyribose ester
binds in a well-formed pocket containing the catalytic pocket,
while a narrow (approximately 8 A wide) positively charged
channel extends from one side of the catalytic pocket to
accommodate the negatively charged DNA polynucleotide
chain. A wider, more neutral concave region extends in the
opposite direct from the catalytic pocket to hold and align the
TOP1-derived peptide moiety. The width of this region expands
from 8 A near the active site to as wide as 20 A.*°

The design of TDP1-binding small-molecule ligands could
benefit by taking advantage of the tripartite nature of the
interaction of TDP1 with TOP1CC substrates, exploiting structural
components capable of accessing the catalytic pocket as well as
the DNA- and peptide-binding channels. The TDP1-binding affi-
nities of the resulting multivalent ligands could potentially be
significantly enhanced relative to those of monovalent ligands
due to thermodynamic considerations.*>** In spite of the fact that
increases in molecular size and complexity required to realize
these multidentate interactions may place such compounds out-
side parameters defined by the “Lipinski rule of 57,* this does
not necessarily limit their suitability as drug candidates.*?

Although the catalytic pocket is organized to recognize
phosphate esters, phosphates suffer from several disadvantages
that render them unattractive for ligand design. For this
reason, bioisosteres are frequently used to replicate biological
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interactions of phosphates.*® Recently, we employed an X-ray
crystallographic screen of TDP-binding small molecule fragments,
which lead to the discovery of phthalic acids and quinolone-based
motifs that engage the catalytic core of TDP1 in a fashion similar
to the previously described vanadate phosphate mimetics.”
We then employed Alexa Fluor 647 (AF647)-tagged TDP1(148-608)
as a fluorescent probe and evaluated its ability to bind to a
small-molecule microarray (SMM) against 21000 drug-like small
molecules.*® In this way we identified the imidazopyrazine nucleus
as a TDP1-binding motif. Further structural variation of the core
heterocycle skeleton using one-pot Groebke-Blackburn-Bienayme
multicomponent reactions (GBBRs) identified 2-phenylimidazo[1,2-
alpyridines (1 and 2) having higher inhibitory potencies (Fig. 2(A)).
The crystal structure of 3 bound to TDP1 (PDB code: 6W7K)
showed that it replicates important interactions with the catalytic
phosphate-binding pocket as previously shown by our structurally
more simple phthalic acid-containing inhibitors, such as 4-
aminophthalic acid.*” However, while the phthalic acid moiety
anchors the SMM-derived inhibitor within the phosphate-binding
pocket, the additional 2-phenylimidazo[1,2-a]pyridine nucleus is
situated above the phthalic acid phosphate mimic, with the
pyridine ring directed toward the DNA substrate-binding region
and the 2-phenyl group directed toward the more open TOP-
derived peptide-binding channel (Fig. 2(B)).
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Fig. 2 Structures of TDP1 inhibitors and their binding modes. (A) Struc-
tures of the lead TDP1 inhibitors 1-3. (B) Structure of TDP1 (HKN motif
residues are shown as sticks with carbon atoms in gray) complexed to
small molecule inhibitor 3 (carbon atoms in green) with hydrogen bonding
interactions shown as red dotted lines (PDB code: 6W7K). (C) Small
molecule TDP1 inhibitor 3 (carbon atoms are shown in green with
transparent green sphere) in the binding regions of the DNA substrate
(cyan surface) and a TOP1-derived peptide (in yellow surface) (PDB code:
INOP).
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The 2-phenylimidazo[1,2-a]pyridine nucleus represents a
platform for construction of trivalent ligands that could poten-
tially simultaneously access the catalytic phosphate-binding
pocket and the neighbouring DNA and peptide-binding chan-
nels (Fig. 2(C)). This is significant, since multivalency affords a
well-known means of achieving significant enhancement in
binding affinity.*>** The objective of our current study was to
install functionality into the parent platform that would extend
into the substrate-binding channels. We were particularly inter-
ested in utilizing approaches that would be amenable to
parallel structural diversification in microtiter format. “Click
chemistry” was coined by Sharpless more than 20 years ago to
describe a genre of high-yield reactions capable of facilely
ligating building blocks using simple reactions, benign solvents
and readily available starting materials to produce modular
products that require simple isolation techniques.**”° Oxime
ligation is a form of click chemistry in which aminooxy-
containing molecules react with aldehyde or ketone-containing
molecules to join two reactants together through oxime bonds.
The oxime bonds are typically biocompatible and stable at
neutral pH.>'* We have found that oxime diversification stra-
tegies are powerful approaches to rapidly generate libraries of
tethered fragments.*>™>® In contrast to imines, which can
undergo rapid hydrolysis in aqueous solutions,>® oxime products
are chemically stable and can be stored for extended periods
without degradation.’>***> In our current paper, we report
application of an oxime-based diversification strategy to prepare
a microtiter library of more than 500 analogs having function-
ality appended onto the 2-phenyl and 7-phenyl rings of the
parent imidazo[1,2-a]pyridine nucleus (R* and R® groups in
general structure 4, Fig. 3(A)). We directly screened the reaction
products at two concentrations in in vitro gel-based TDP1
inhibition assays. Secondary assays having more data points
were run for promising analogs. The added new functionality
introduces projections into the DNA and peptide substrate-
binding channels.

This work resulted in the identification of oximes that
exhibit submicromolar TDP1 inhibitory potencies. X-ray crystal
structures of lead compounds bound to TDP1 show that these
small molecules can form hydrogen bonds with the catalytic
HKN motifs while simultaneously extending into both the DNA
substrate- and TOP1 peptide-binding grooves. This validates
our original design hypothesis and provides the first trivalent
platforms that can access the catalytic site and DNA- and TOP1
peptide substrate-binding regions. The multivalent nature of
these interactions provides a model for developing more effi-
cient TDP1-binding ligands.

Results and discussion
Overview of the oxime-diversification strategy

We employed a click-based oxime diversification similar to
what we have previously successfully applied to optimize
ligands directed at a variety of biological targets (Fig. 3).>°™®
Keys to this approach are that reactions can be run in DMSO

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic overview of oxime-diversification workflow. (A) Three steps of diversification are indicated in blue: (1) diversification of aminooxy-
labelled compounds (5 and 6) by parallel conversion to oximes (5-Y and 6-Y) by reacting with aldehydes (Y-CHO) in a 96-well plate format; (2) screening
of the oxime library (5-Y and 6-Y) using a in vitro gel-based TDP1 fluorescence assay to identify lead oximes (5-Y’ and 6-Y’); (3) conversion of lead oximes
to triazoles (7-Y’) and ether-based isosteres (8-Y’). (B) Inhibitory screen of oximes at a single concentration of 100 uM in an in vitro gel-based TDP1
fluorescence assay. A total of 19 oximes in the 5-Y series library and 47 oximes in the 6-Y series library showed greater than 90% inhibition (in orange). (C)

Structures of hit aldehyde precursors from primary screen.

with a slight (5-fold) molar excess of acetic acid and that
products are formed in high yield of sufficient purity for direct
biological evaluation without purification. This required the
availability of the aminooxy-labelled imidazopyridines 5 and 6,
which we prepared using one-pot GBBR synthetic protocols.®®
Synthetic details are presented in the ESIT (Schemes S1 and S2).
We anticipated that positioning of aminooxy handles on 5 and 6
would allow the product oxime fragments to project into the
substrate-binding channels. The aminophthalic acid moiety
appended to the 3-amino substituent on the imidazo[1,2-a]pyr-
idine nucleus should nestle securely within the central
phosphate-binding catalytic pocket (Fig. 2(C)).

Oxime ligation of the aminooxy substituents was accom-
plished using the following strategy: (1) The aminooxy-labelled
precursors (5 and 6, 30 mM in DMSO) were reacted with a
library of aldehydes A1-T12 (Y-CHO, 30 mM in DMSOj; approxi-
mately 250 aldehydes as shown in Table S1, ESIt) in the
presence of acetic acid (150 mM) to yield a final library of
oximes (5-Y and 6-Y, 10 mM in DMSO), which were directly
evaluated against TDP1 without purification (Fig. 3(A)). (2) All
library members were diluted by adding TDP1 reaction buffer
(50 mM tris-HCl, pH 7.5, 80 mM KCl, 2 mM EDTA, 1 mM DTT,
40 pg mL™" bovine serum albumin and 0.01% Tween 20) to
yield 100 pM solutions and then screened in an in vitro gel-
based fluorescence assay to measure inhibitory activity against

© 2023 The Author(s). Published by the Royal Society of Chemistry

TDP1 (1 nM DNA Cy5N14Y, 40 pM TDP1).*”*®* Compounds that
showed promising inhibition (>90% inhibition at 100 pM) were
subjected to re-evaluation at three different concentrations (1 pM,
10 puM, 100 uM) (Fig. 3(B), Tables S2, S3 and Fig. S1, S2, ESIt). A
total of 19 oximes in the 5-Y series library and 47 oximes in the 6-Y
series library showed good (>90%) inhibition. Notably, the oxime
products in both 5- and 6-series resulting from reactions with the
same aldehydes having 2-phenylpyridine moieties (D1, H1 and
T12) showed reproducibly good TDP1 inhibition (>90%) in
repeat tests (Fig. 3(C)). Oximes 6-B7 and 6-E6 also showed good
inhibition (>90%). We conducted a secondary screen of the lead
oximes at three different drug concentrations (1 pM, 10 uM, and
100 pM) in gel-based TDP1 inhibition assays (Fig. S2, ESIT).
Oximes from aldehydes B7, D1, E6, M10, and P3 showed TDP1
inhibition between 10 pM and 100 uM in this secondary screen
(Fig. S2, ESIY). (3) A sub-group of oximes (5-Y’ and 6-Y') was then
subjected to HPLC purification and structure confirmation by
NMR and mass spectrometry. For a select set of promising
compounds as based on the structures of aldehyde hits
(Fig. 3(C)), we replaced the oxime groups with isosteric triazole
or ether moieties (7-Y’' and 8-Y’, respectively, Fig. 3(A)).

Biological evaluation of oxime leads

Based on the results of the preliminary screens, we prepared
the most promising oximes on a larger scale, and the products

RSC Chem. Biol., 2023, 4, 334-343 | 337
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were subjected to HPLC purification (5-D1, 5-P3, 6-D1, 6-E6, 6-
B7, 6-P3, 6-M10; Table 1 and Fig. S3, ESIt). During the HPLC
purification, we identified two products having different reten-
tion times but with identical molecular weights as shown by
liquid chromatography-mass spectrometry (LC-MS). The major
and minor products were consistently present in an approx-
imate 95 : 5 ratio based on absorbance at 254 nm. We assigned
the major product as the (E)-oxime isomer and the minor
product as the (Z)-oxime isomer due to anticipated thermo-
dynamic stabilities of the oxime double bond (Table 1). We
evaluated the inhibitory potencies of both isomers using TDP1
fluorescence inhibition assays (Table 1).°**® Compounds 5-D1,
6-D1, 6-E6, and 6-B7 showed single-digital micromolar TDP1
inhibitory potencies. For the 5-series oximes, the major (E)-5-D1
isomer (ICso = 17.4 £ 3.2 pM) showed greater potency than the
minor (Z)-5-D1 isomer (ICs, = 50.3 £+ 10.7 uM). However, this
represents an approximate 2-fold loss in potency relative to that of
the parent compound 1 (ICs, = 7.87 + 2.24 uM). A minor
structural change to yield 5-P3 (ICs, > 100 pM) led to a significant
decrease in TDP1 inhibitory potency. Among the 6-series oximes,
the (E)-isomers of 6-D1 and 6-E1 showed approximately 10-fold
higher inhibitory potencies than the corresponding (Z)-isomers.
In the 6-series oximes 6-B7, 6-P3 and 6-M10, the (Z)-isomers
showed slightly better inhibitory potencies than their corres-
ponding (E)-isomers. Several oximes, including (E)-6-D1, (Z)-6-
D1, (E)}-6-E6 and (Z)-6-B7, showed single-digital inhibitory poten-
cies, with (E)-6-E6 exhibiting an ICs, value of 3.1 + 0.5 uM. The
lead oxime (E)-6-D1 displayed a potency (ICs, = 0.38 £ 0.06 uM)
that was 10-fold greater than that of the parent compound 2
(ICsp = 2.98 £ 0.24 pM). Based on these results, we selected (E)-6-D1
for isostere replacement.

Isosteric replacement of the linker functionality

Having identified preferred aryl fragments (R* and R®, Table 1),
we replaced oxime-based linker segments with triazole and
ether functionalities (Table 2). Heterocycles can serve as useful
isosteres and triazoles have particular utility, because of their
chemical stability and the fact that they can be readily formed
by Husigen copper catalysed alkyne-azide [3+2] cycloaddition
(CuAAC) reactions.***”*® To replace the (E)-oxime linkage in
lead (E)-6-D1, we prepared a series of triazole-linked analogs
7a-e using CuAAC reactions (Scheme S3, ESI{).*® We also
prepared the ether-linked analogs 8a, b and the phthalic acid-
containing imidazopyridines 9a-c with and without the ether-
linked biaryl ring (synthetic details in Schemes S3-S5, ESIt and
Table 2).

While keeping the phenylpyridine skeleton from the oxime
lead (E)-6-D1, we prepared a series of analogs with triazole (7a-e)
and ether (8a, b) linkers (Table 2, Schemes S3, S4 and Fig. S4,
ESIt). Among compounds with triazole linkers on the “left side”
(R*), 7a showed poor TDP1 inhibition (ICs5, = 66.4 + 3.7 pM).
Placement of the triazole on the “right side” (R) gave 7b (ICs, =
21.6 £ 5.0 uM), indicating that the compound is 3-fold more
potent than 7a. Increasing the linker length in 7b reduced
inhibitory potency (7¢, ICso = 60 £+ 17 uM) compared to that of
7b, while inclusion of a 4-phenyl group further increased the
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Table 1 Structures and inhibitory potencies of oxime lead compounds
and derivatives determined by an in vitro gel-based fluorescence TDP1

inhibition assay
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j’v./\O'NHZ "Z‘:\O'NvYI
Aminooxyls ﬂ, Oximes
5R%=-CHy-ONHp, RP=H,X=CH AcOH (5eq) 5-X'R?=-CH,-ON=CHY', R®=H, X = CH
6 R® = -CH,-ONH,, R? = H, X = CPh DMSO 6-X' R® = -CH,-ON=CHY', R® = H, X = CPh
Structure TDP1
Compound X (-CH,ON=CHY') Isomer ICs0” (UM)
R*= Mixture® 94%
N E 17.4 + 3.2
a
5-D1 CH 0N N= o 50.3 + 10.7
< > /\\ />
R = Mixture® 111%
’EW E >100
. 0N
5-P3 CH @OTNT Z >100
I
e
R® = Mixture” 99%
i+ E 0.38 + 0.06
6-D1 CPh on e 5.65 + 3.29
< > i\ />
RO = Mixture® 102%
+\ E 3.1+0.5
6-E6 CPh o-N, : {4=> z 65.3 + 17.8
N
Rb= Mixture” 91%
4 o E 10.2 £ 0.33
6-B7 CPh WO_N\ b 7 7.67 £ 2.3
Vel N
RP= Mixture® 111%
,§\ E 76.3 + 41.9
6-P3 CPh  ON z 54.2 + 18.7
O. N,
— Ty
Rb= Mixture® 36%
6M10 cph _g_\ E 67.7 £ 17.6
o-n, O z 63.1 £ 27.5
N
“\ Mixture”
6X Cph O-N {‘—/ of Eiz=6/1 /31
1 CH R*=R°=H — 8.72 + 1.81
2 cPh R*=R°=H — 2.98 £ 0.24

¢ TDP1 inhibition of unpurified reaction mixtures (see Tables S2 and
S3, ESI) and HPLC-purified oxime isomers. ? The half maximal inhibi-
tory concentration (ICs,) values were evaluated with an in vitro gel-based
TDP1 fluorescence assay.

inhibitory potency (7d, IC5, = 3.3 £ 0.2 uM) compared to that of
7b. Additional extension of the linker length in 7d by one
methylene unit resulted in an 8-fold decrease in potency (7e,
ICs0 = 23.5 + 3.2 uM). Replacement of the triazole linker in 7b
with an ether linker of similar extension length (8a, ICs, = 25.1 &
1.25 uM) had little effect on inhibitory potency (7b, ICs, = 21.6 +
5.0 uM). Replacement of the triazole linker in 7d with an ether
linker of similar extension length (8b, ICs, = 2.75 + 0.25 pM) also
had little effect on inhibitory potency (7d, ICso = 3.3 & 0.2 uM).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Structures and TDP1 inhibitory potencies of isostere derivatives
determined in an in vitro gel-based fluorescence assay

XA N=N b
NG
NH
g
HO,C
General Structure

Compound X Y Structure TDP1 IC50" (M)

7a CH H 66.4 + 3.7
EJ\/N
7b CH H N=N 21.6 + 5.0
EJ\/N
7e CH H ﬂj 60 + 17
7d CPh H X 3.140.2
RP :'2’«\/1{\1
R°=
CN
N/
7e CPh H < 23.5 £ 3.2
N=N
%’O\A/N
NP ON
|
8a CH H S 25.1 + 1.25
b ,'15/\/0
NP CN
8b CPh H X 2.75 + 0.25
b :‘2{\/0
9%a CPh CO,H R° =H >100
9b CPh CO,H O ! 11.3 + 1.93
RD =?{\/O
N
9c CPh CO,H " 19.8+1.35
Rb :301_/\/0

¢ Half maximal inhibitory concentration (ICs,) values were evaluated
with an in vitro gel-based TDP1 fluorescence assay.

Overall, we found that compounds with analogous linker lengths
exhibited comparable inhibitory potencies, whereas increasing
the linker extension length tended to reduce inhibitory potency.
Meanwhile, the inclusion of a phenyl group at the R* position
enhanced inhibitory potency. Lead compounds, including oxime
(E)-6-D1, triazole 7d and ether 8b, were selected to evaluate their
TDP1 selectivity over TDP2 using in vitro gel-based assays (Table
S5 and Fig. S5, ESIt). Oxime (E)-6-D1 shows 74-fold greater
inhibitory potency against TDP1 than against TDP2. Ether 8b
is also 36-fold more potent against TDP1 than against TDP2.
Potencies of triazole 7d are similar, however an 8-fold enhance-
ment was observed against TDP1 relative to TDP2. In the
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HCT116 human colon cancer cell line, oxime (E)-6-D1, triazole
7d and ether 8b showed cytotoxicity CCs, values of 4.8 pM,
136 pM, and 4.3 pM, respectively (Fig. S6, ESIT). The CCs, values
are higher than the TDP1 in vitro ICs, values. At concentrations
below their CCs, values, compounds (E)-6-D1, 7d and 8b were
shown to act synergistically with the TOP1 inhibitor CPT using
HCT116 cells (Fig. S6 and S7, ESIt). These data are consistent
with the compounds selectively targeting TDP1.

X-ray crystallography

As reported above, through an oxime diversification strategy,
we arrived at molecules with TDP1 inhibitory potencies in the
low micromolar to nanomolar range (6-D1, ICs,: 0.38 pM; 7d,
IC50: 3.3 uM; 8b, IC5¢: 2.75 pM). Obtaining crystal structures of
small molecule ligands bound to TDP1 has been proven to be
extremely challenging. We have previously observed that the
crystallization of complexes consisting of ligands bound within
the TDP1 catalytic pocket is favored by an aryl 3,4-dicarboxyl
substituent pattern.*”*® Therefore, to enhance crystallization,
we added a second carboxyl group to the phenyl-imidazo[1,2-a]
pyridine platform to yield the parent phthalic acid-containing
compound 9a. The corresponding ether linker-modified analogs
9b and 9c were also prepared (Table 2 and Scheme S5, ESIt). We
found that while analogs 9b and 9c¢ exhibited micromolar TDP1
inhibitory potencies (IC5o = 11.3 + 1.93 uM and 19.8 + 1.35 pM,
respectively) the parent compound 9a lacking the linked biaryl
fragment was significantly less potent (ICs, > 100 uM, Table 2).

We obtained high-resolution crystal structures of the TDP1
catalytic domain in complex with compounds 9a and 9¢ at 1.65 A
and 1.81 A resolution, respectively (Fig. 4 and Table S4, ESTt).
As observed in our previous crystal structures of TDP1 bound to
imidazopyridine-based inhibitors containing dicarboxylate
functionalities,*”*® we found that compound 9a binds to the
active site pocket with the carboxylate groups engaged in direct
hydrogen bonds with the catalytic residues H263, K265, N283,
H493, K495, and N516 (Fig. 4(A)). An additional hydrogen
bond interaction is observed with the side chain oxygen atom
of S399. A bound water molecule, Wa1019, mediates a water-
bridged hydrogen bond between the oxygen atom of one
carboxylate group on compound 9a and the amine nitrogen
of the K265 side chain. The phenylimidazopyridine platform of
9a is positioned such that the phenyl rings at the 3- and 7-
positions protrude into the peptide- and DNA-binding pockets,
respectively. Y204 interacts with the inhibitor via a hydrogen
bond between the side-chain hydroxyl oxygen atom and
the amine nitrogen linker of compound 9a, and the side
chain is positioned such that it also forms an edge-to-face
(“T-shape”)’*”? n-n interaction (4.3 A) with the phenyl ring
at the 3-position of the imidazopyridine, which is positioned
within the peptide-binding pocket of TDP1. Typically, the
preferred m-n interaction between Trp and the phenyl ring of
Phe occurs through the T-shape, with the phenyl ring being
edge-to-face with the indole ring.”>’* An additional T-shape n-n
interaction (4.8 A) is observed between the side chain phenyl
ring of W590 and the 3-position phenyl ring of the imidazopyr-
idine. The phenyl ring at the 7-position of the imidazopyridine
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A

Fig. 4 Crystal structures of TDP1 bound to compounds 9a and 9c. (A) The active site of TDP1 (gray sticks) from the crystal structure of TDP1 bound to
compound 9a (PDB code: 8CVQ). The fit of compound 9a (green sticks) to the final 2F, — F. electron density map (blue mesh, 1.65 A resolution,
contoured at 1.0 rmsd) is shown. (B) The active site of TDP1 (gray sticks) from the crystal structure of TDP1 bound to compound 9¢ (PDB code: 8CW2).

The fit of compound 9c¢ (green sticks) to the final 2F, — F. electron density map (blue mesh, 1.81 A resolution, contoured at 0.7 rmsd) is shown.

of compound 9c extends into the DNA-binding pocket of TDP1
and interacts with the side chain phenyl ring of F259 via a
parallel-displaced n-r interaction (5.3 A).”> Serendipitously, a
MOPS buffer molecule from the crystallization solution is also
bound in the active site and is nestled between the imidazopyr-
idine moiety and residues P461 and W590.

Clear electron density was observed in the active site of
chain A in the crystal structure of TDP1 soaked with compound
9c that allowed the placement of the entire molecule of 9c.
However, only partial electron density for compound 9c was
observed in chain B. Chain A-bound 9c¢ interacts in the same
manner as compound 9a with the catalytic residues. In addition,
Wa990 mediates water-bridged hydrogen bonds between the
oxygen of one of the carboxylates of compound 9c¢ with the
backbone carbonyl oxygen atom of S399 and the amide nitrogen
of the K265 side chain. The n-n interactions between residues
Y204, P461 and W590 and the imidazopyridine are also main-
tained and the side chain of Y204 forms a hydrogen bond to the
ether oxygen of 9c. The appended ether-linked phenylpyridine

1£K495

K265

moiety extends into the peptide-binding pocket and interacts
with the residues lining this pocket, primarily via hydrophobic
interactions with the side chains of the nonpolar residues C205
and 1285 and the aliphatic portion of the D207 side chain. The
side chain thiol of C205 also interacts with the phenyl of the
phenylpyridine via a thiol-n interaction (3.2 A).”® The backbone
amide of D207 forms an amide-r interaction”” with the pyridine
of the phenylpyridine. The carboxylic acid side chain of D207 is
also within close distance (3.3 A) to the 5-carbon of the terminal
pyridine, which provides a potential hydrogen bond, possibly
between the nitrile in (E)-6-D1 and D207.

Structural basis of inhibition

To gain insights into the structural basis by which compounds
9a and 9c exert their inhibitory effect, the coordinates for each
complex were superimposed onto the coordinates of TDP1
bound to a TOP1-derived peptide, vanadate, and a DNA sub-
strate; this structure mimics the transition state in the first step
of the TDP1 catalytic reaction (Fig. 5). The active site structures

binding.pocket

®L724

P ¥eoe | Yi2a
) W590

Fig. 5 Structure comparison of TDP1-9¢c complex with the TDP1-vanadate complex. (A) Overlay of the structure of the TDP1-9c complex (PDB code:
8CW2), carbon atoms in gray, compound 9c (carbon atoms in green) onto the coordinates of TDP1 (carbon atoms in magenta) bound to a TOP1-derived
peptide and DNA (PDB code: INOP). The position of compound 9a from the TDP1-9a complex (PDB code: 8CVQ) is shown in cyan sticks. (B) Surface
representation of the active site of TDP1 bound to compound 9c (represented in green spheres). The position of the DNA substrate (blue sticks) and the
TOP1-derived peptide (orange sticks) is shown based on superimposition onto the INOP coordinates.

340 | RSC Chem. Biol., 2023, 4, 334-343 © 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cb00230b

Open Access Article. Published on 27 March 2023. Downloaded on 1/22/2026 12:43:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

of TDP1 bound to 9a and 9c are highly similar. For simplicity,
only the residues from the TDP1-9c complex are shown super-
imposed onto the 1NOP coordinates (Fig. 5). The core phenyl-
dicarboxylate and phenyl-imidazopyridine scaffold of com-
pounds 9a and 9c are essentially in the same position in the
overlay. Rotamer shifts are observed for the catalytic residues
H263, K265, and K495 when compound 9c is bound, which
results in proper positioning for hydrogen bonding interactions
to the dicarboxylate head group. The 7-phenyl ring of the
imidazopyridine platform extends into the DNA binding pocket
and as a result there is a rotamer shift of residues F259 in order
to accommodate the biding of the phenyl ring. In the 1INOP
coordinates, F259 is involved in a base stacking interaction
with the guanine 804. The appended phenyl ring at the
3-position induces rotamer shifts of the side chains of the
neighboring residues Y204 and W590 to optimize their side
chain positions for proper hydrogen bonding and n-n interac-
tions with 9c. Extension of the ether-linked phenylpyridine
moiety into the peptide-binding pocket allows for several
stabilizing hydrophobic interactions.

We previously demonstrated that the phenyl-dicarboxylate
headgroup of the bound compound 9c (green spheres) mimics
the position of the phosphoryltyrosine substrate (Fig. 5(B)). The
imidazopyridine and phenyl ring at the 7-position occupy the
positions of thymidine bases 805 and 806, thus highlighting
the importance of this moiety in blocking the binding of
the DNA substrate in the active site. The 3-phenyl ring and the
ether-linked phenylpyridine moiety, which extend into the
peptide-binding pocket, overlap with residues Y721, N722,
Y723, and L724 residues of the TOP1-derived peptide. This
highlights the structural importance of this moiety in blocking
the binding of the peptide residues. The X-ray structure of the
TDP1-9c complex provides structural evidence that compound
9c serves as a tridentate inhibitor of TDP1.

Conclusions

Starting with small molecule microarray-originated imidazo-
pyridine-based TDP1 inhibitors, we utilized a “click”-based
oxime diversification protocol to screen a library of aldehyde
fragments. This resulted in an initial set of structures that
extend the parent imidazopyridine platform to the DNA sub-
strate- and TOP1 peptide-binding channels. The lead oxime (E)-
6-D1 shows submicromolar TDP1 inhibition. For a subset of
analogs, we replaced oxime linkages with triazole and ether
isosteres. Lead compounds, including oxime (E)-6-D1, triazole
7d and ether 8b inhibit TDP1 with selectivity over TDP2 in gel-
based in vitro assays and they synergize with the TOP1 inhibitor
CPT in assays using HCT116 cells. X-ray crystal structures of
TDP1 bound to the lead compounds 9a and 9c reveal that these
small molecules can form hydrogen bonds with the catalytic
HKN motifs, while simultaneously extending into both the DNA
substrate- and TOP1 peptide-binding grooves. Our findings
identify new ways in which small molecules can engage the
catalytic pocket, while simultaneously interacting with the DNA

© 2023 The Author(s). Published by the Royal Society of Chemistry
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substrate- and TOP1 peptide-binding channels. The trivalent
nature of these interactions may provide a basis for developing
more efficient multivalent TDP1 inhibitors, which could serve
as a new genre of anticancer chemotherapeutics.
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