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Abstract

Tyrosyl-DNA phosphodiesterase 1 (TDP1) represents a compelling pharmacological
target for the development of agents designed to circumvent tumor resistance to
topoisomerase 1 (TOP1) inhibitors, a major class of clinically relevant antineoplastic
drugs. This paper describes the design and synthesis of novel hybrid TDP1 inhibitors
combining coumarin and monoterpene moieties via rigid isoxazole and 1,2,3-triazole
heterocyclic linkers. The synthesis was accomplished via [3 + 2] cycloaddition of nitrile
oxides to alkynes and copper-catalyzed click chemistry. Biological tests have
demonstrated the crucial role of linker nature in the activity of the compounds. Isoxazole-
linked conjugates showed strong inhibitory effects on TDP1, with ICso values in the
submicromolar to low micromolar range (0.8-3.2 uM). Overall, these values slightly
surpassed those of the triazole-linked analogues, whose ICs0 values ranged from 1.1 to
23.3 uM. At noncytotoxic doses, compounds 26e and 16b enhanced the sensitivity of
human cervical cancer (HeLa) cells to the antitumor agent topotecan, a TOP1 inhibitor,
thereby supporting the promise of this structural class as components of combination

chemotherapy.
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L number of tumors, including colorectal cancer, ovarian cancer, and small-cell lung cancer
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conditions of the Creative Commons  L1,2]. TOP1 is a critical nuclear enzyme that eliminates DNA topological stress
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camptothecin derivatives (topotecan and irinotecan) act as TOP1 poisons. Their
mechanism of action involves stabilizing the enzyme’s covalent complex with DNA
(TOP1cc), which prevents the religation of dissected strands. The accumulation of
stabilized TOPlcc complexes leads to lethal DNA damage and subsequent tumor cell
death [2].

However, the clinical efficacy of camptothecin therapy is often limited by the
evolvement of drug resistance. One of the key factors in this resistance is considered to be
the activity of the repair enzyme tyrosyl DNA phosphodiesterase 1 (TDP1) [4,5]. TDP1
belongs to the phospholipase D (PLD) superfamily and plays a central role in the repair
of DNA damage blocked at the 3’ end by protein adducts or other chemical groups [6,7].
The main function of the enzyme is to hydrolyze the phosphodiester bond between the
tyrosine residue of the active site of TOP1 and the 3'-phosphate of DNA. This reaction
ensures the removal of the covalently “stuck” TOP1 enzyme, allowing access for
subsequent stages of repair [3]. Thus, inhibition of TDP1 prevents the elimination of
cytotoxic damage induced by TOP1 poisons and is capable of sensitizing tumor cells to
chemotherapy [7,8]. Some known TDP1 inhibitors are shown in Figure 1.
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Figure 1. Some known TDP1 inhibitors and their ICso values.

To date, numerous classes of TDP1 inhibitors of natural and synthetic origin have
been described, such as usnic acid derivatives (1) [9-12], demonstrating activity in the
nanomolar range; furamidine (2) [13]; nucleoside derivatives (3) [14,15]; deoxycholic
acid derivatives (4) [16,17]. Also of considerable interest are hybrid structures based on
adamantane or thiazolidine-2,4-dione conjugated with monoterpenes [18-20], for
example, benzophenanthridine derivatives (5) [21-23]; imidazopyridine derivatives (6)
[24-26]; natural compounds and their analogs (7) [27-29]; substrate-binding inhibitors
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[30]; substrate-like inhibitors [31]; other synthetic small molecules [32-38]; and dual Top1-
TDP1 inhibitors [39,40] showing high inhibitory activity.

A special place among potential inhibitors is occupied by hybrid structures
combining fragments of monoterpenes and coumarins [41-44], some of which are shown
in Figure 2. Coumarins and terpenoids are accessible secondary plant metabolites
characterized by a broad spectrum of biological activity and, as a rule, favorable toxicity
profiles. It has previously been shown that the combination of terpene and coumarin
pharmacophores allows the production of highly active TDP1 inhibitors, such as 8-10,
with ICso values in the nanomolar and submicromolar ranges.

ICso = 0.13 uM
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Figure 2. Some known TDP1 inhibitors containing the coumarin moiety and their ICso values.

In vivo studies have also been performed for some compounds to reveal the
mechanisms of action and possible synergetic effects with respect to TOP1 inhibitors
[12,15,43]. For example, compound 1 demonstrated [12] low toxicity together with
significant synergism with topotecan. While low doses of topotecan alone were ineffective
against the primary tumor, the combination with 1 resulted in a 57.6% reduction in tumor
weight and an order-of-magnitude reduction in the number of metastases. Furthermore,
the inhibitor did not worsen the side effects of chemotherapy, such as weight loss or
internal organ pathologies.

Combination therapy with compound 8 and topotecan [43] exhibited high antitumor
efficacy in mice. Combined use of these compounds at optimal doses suppresses tumor
growth and reduces the number of cancer cells in ascites. In addition, this combination
increases the survival time of diseased animals (by 42% compared to no treatment and by
26% compared to topotecan alone), while the individual drugs do not lead to statistically
significant improvements in survival. The efficacy of compound 8 was also further
confirmed in another in vivo experiment: when mice were administered a topotecan-and-
compound 8 mixture intraperitoneally (0.25 mg/kg of topotecan, 10-160 mg/kg of 8), the
mutagenic effect of topotecan was enhanced with doses of 8 ranging from 20 to 160 mg/kg
compared to the control (topotecan without 8). The effect was not dose-dependent: the
increase in activity (2.1x to 2.6x) was similar for all active doses of 8. [45]. Furthermore,
recently developed phenanthridine derivatives acting as dual TOP1/TDP1 inhibitors have
also demonstrated high in vivo efficacy, exhibiting dose-dependent tumor growth
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suppression in an A549 non-small-cell lung cancer xenograft mouse model while causing
less body weight loss compared to that observed in the topotecan control group [46].

It has been shown that the introduction of a rigid heterocyclic linker between the
monoterpene and adamantane moieties has a positive effect on inhibitory activity against
TDP1 [18]. Recently, we found that the introduction of an isoxazole linker between the
coumarin and monoterpene moieties, as carried out using compound 10 as an example,
allows one to retain the inhibitory activity against TDP1 [44]. We hypothesize that the
inclusion of a rigid heterocyclic fragment, such as isoxazole or triazole, can facilitate the
optimization of the spatial organization of molecules (limiting conformational mobility),
enhance interaction with the active site of the enzyme via additional hydrogen bonds or
stacking interactions, and improve the physicochemical properties of the compounds.
Thus, our contribution aims to elucidate the role of rigid heterocyclic linkers in the activity
of TDP1 inhibitors in combination therapy with topotecan and propose a novel family of
potential anticancer drugs. To achieve this, we sufficiently expanded the library of
isoxazole-linked coumarin-monoterpene conjugates by varying the terpene moiety and
coumarin backbone and introducing triazole-linked monoterpene—coumarin conjugates
into the study.

2. Results and Discussion
2.1. Chemistry
2.1.1. Synthesis of Monoterpene-Coumarin Conjugates Containing an Isoxazole Moiety

Many methods for the preparation of 3,5-disubstituted isoxazoles are known, among
which the dominant ones are cyclocondensation reactions of hydroxylamine with 1,3-
dicarbonyl compounds or their equivalents [47], as well as 1,3-dipolar cycloaddition
reactions of nitrile oxides with alkynes [48]. However, the synthesis of such compounds
is often complicated by the formation of difficult-to-separate mixtures of regioisomers
(3,5- and 5,3-substituted products), which requires careful use of specific conditions
[47,49]. Furthermore, many existing protocols impose significant limitations on the
substrates used due to low tolerance to functional groups [50].

We used a method for the in situ generation of nitrile oxides by oxidation of
aldoximes with reagents based on hypervalent iodine [51,52]. Despite the inherent risk of
side dimerization with furoxans associated with nitrile oxides [53], this approach was
chosen due to its “metal-free” nature, which avoids contamination of the product with
traces of transition metals. Furthermore, the use of hypervalent iodine ensures the reaction
is carried out under mild conditions with high, often complete, regioselectivity in favor of
the target 3,5-isomer [51].

For the synthesis of the terpene oximes, the corresponding commercially available
aldehydes 11b and 11c were used as starting compounds. (+)-Myrtenal 11a was prepared
according to a previously described procedure by reacting (+)-a-pinene with selenium(IV)
oxide in a solution of tert-butyl hydroperoxide in methylene chloride [54]. Aldehydes 11a-
¢ were reacted with hydroxylamine hydrochloride, resulting in E/Z mixtures of oximes
12a—c in yields ranging from 59% to 76% [55] (Scheme 1).

https://doi.org/10.3390/ijms27146421
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Scheme 1. Synthesis of monoterpene oximes 12a—12c.

Before synthesizing the target isoxazoles, it is necessary to select conditions that are
most favorable for the synthesis of the target product. This requires an understanding of
the rate of nitrile oxide formation from the oxime and the rate of nitrile oxide dimerization.
Ideally, the nitrile oxide molecule should be surrounded by an excess of a substrate with
a terminal triple bond, so the oxime should be added in small portions, with intervals
between additions, allowing for complete conversion.

To study the kinetics of the conversion of (-)-myrtenal oxime 12b into nitrile oxide
A, and then into furoxan B, by analogy with [53], upon exposure to PIFA in methanol
(Scheme 2), the reaction was performed in an NMR tube. '"H NMR spectra were recorded
every three minutes to monitor the progress of the transformations in the medium.
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Scheme 2. Principal scheme of the dimerization of 12b.

As detailed in the Supporting Information (Figure S47), 'TH NMR monitoring of the
reaction kinetics allowed us to compare the rates of reagent consumption and product
formation. The oxidation of oxime by PIFA proceeds rapidly; the starting materials are
consumed synchronously and quantitatively, achieving complete conversion within
approximately 15 min. In contrast, the subsequent dimerization of the intermediate nitrile
oxide into the furoxan product occurs at a slightly slower rate. This is evidenced by the olefinic
proton of the terpene fragment, which begins to reflect the asymmetry of the newly formed
furoxan ring at 15 min and reaches a stable state at 24 min, indicating the completion of the
transformation. Comparing these rates confirms that the in situ generation of the nitrile oxide
outpaces its dimerization. Therefore, to minimize dimerization and favor the target
cycloaddition, we decided that the oxime should be introduced to the reaction mixture in
small portions in 30 min intervals. This timeframe guarantees that all intermediate nitrile oxide
is fully consumed before the next portion of oxime is added.
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Through this procedure, isoxazole-linked conjugates 14a—c, 15a—c, 16a—c, and 17a—c
were synthesized from propargyl ethers 13a—d and oximes 12a—c by in situ generation of
nitrile oxides using PIFA [51], according to Scheme 3. Propargyl ethers 13a-d were
prepared according to a previously published procedure [54].
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Scheme 3. Synthesis of isoxazole-linked terpene—coumarin conjugates 14a—c, 15a—c, 16a—c, and 17a—c.

To increase the conversion of the starting propargyl esters of coumarins, oxime was
added in a 1.5-fold excess. However, adding oxime in a three-fold excess did not increase
the yield, nor did heating above 40 °C. A number of different hypervalent iodine-based
oxidants were also tested, including PIDA, PIFA, and IBX, and in this series, the highest
yields were obtained using PIFA.

Conjugates 14-17e were prepared previously [44,45] by reacting the corresponding
hydroxycoumarins 18a—d with 5-chloromethylisoxazole 19 in an Anton Paar Monowave
50 reactor in acetone and in the presence of potassium carbonate (Scheme 4).
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Scheme 4. Previously performed synthesis of 14-17e.

2.1.2. Synthesis of New Monoterpene-Coumarin Conjugates Containing a Triazole Moiety

A method for synthesizing triazole-containing conjugates was developed by us
previously in [54]. To obtain new conjugates of this series, we employed the same
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approach via [3 + 2] azide-alkyne cycloaddition. Compounds 20a—23e were also involved
in the biological tests described below (Scheme 5).

\\\/o o. .o o 0._0
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\@IRS 3 ( ) (1.5 eq.) AN g3
N R?

CuSOQ,4, NaAsc N—
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13a—d 20a-23e (33% - 57%)

Scheme 5. Previously performed synthesis of 20a—23e.

In order to synthesize a library of triazole-containing coumarin—-monoterpene
conjugates containing methoxy or hydroxyl groups in the coumarin and terpene parts of
the molecules, propargyl ester 13e containing a p-methoxyphenyl group in the coumarin
skeleton was synthesized (Scheme 6).

o} 0 HO OH HO 0._0
o < > <O /\oJ\o/\ O©_<—/<O O
/ -/ N Z
NaH
24

H,SO,

o)
toluene, rf o  25(74%) \ EtOH  18e (63%) O

0
| N
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13e (80%) =" O o~ KoCO3, EtOH, rf

Scheme 6. Synthesis of 4-methoxyphenyl-7-propargyloxycoumarin 13e.

p-Ketoester 25 was prepared according to the method outlined in [56] by reacting 4-
methoxyacetophenone 24 with diethyl carbonate and sodium hydride via reflux in
toluene, which led to intermediate product 25 in a 74% yield (Scheme 6). Ethyl 3-(4-
methoxyphenyl)-3-oxopropanoate 25 was then introduced into a Pechmann condensation
with resorcinol [57], leading to 7-hydroxycoumarin 18e in a 63% yield, which was
alkylated with propargyl bromide [58]. The target ester 13e was isolated in an 80% yield.

Triazole-containing derivatives 26a—e were prepared from compound 13e (Scheme
7) using a modified azide-alkyne cycloaddition method [54]. To increase solubility, the
commonly used solvent mixture (tert-butyl alcohol and water) was modified: an excess
amount of methylene chloride and tert-butyl alcohol was added to the mixture until a
homogeneous solvent mixture was achieved. Conjugates 26a—26e were obtained in yields
ranging from 33 to 73% (Scheme 7).
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Scheme 7. Synthesis of triazole-containing compounds 26a—e.

2.2. Biology

The ability of the synthesized compounds to inhibit the TDP1 enzyme was assessed
using a method described previously [59,60]. A 16-mer single-stranded DNA containing
a fluorophore at the 5 end (FAM) and a quencher at the 3’ end (BHQ1) was used as a
substrate for measuring TDP1 activity. The inhibitory activity of the compounds was
assessed based on their ability to suppress the activity of TDP1, that is, to prevent the
cleavage of the BHQ1 and, thus, prevent an increase in fluorescence intensity.

To facilitate the assessment of the “structure of the synthesized compounds-TDP1
inhibitory activity” relationship, the biological test results are summarized in “heat maps”
(Tables 1 and 2), in which the ICso inhibitory concentration values are plotted at the
intersection of the data axes containing the compound fragment types.

Isoxazole-containing conjugates exhibited comparable activity, with the exception of
compound 15¢, with ICso values ranging from 0.8 to 3.1 uM. A slight increase in activity
for 4-arylcoumarin derivatives and a slight decrease in activity for 4-methylcoumarins
were observed. Compounds 14e, 15a, 16a, and 16b exhibited the highest activity, with ICso
values less than 1 uM. The absolute configuration of the pinene moiety did not
significantly affect the inhibitory activity of the compounds.

Among the emerging patterns in the comparison of the activity of triazole-containing
compounds, it should be noted that 4-methyl-substituted coumarins exhibit lower
activity, while coumarins with an aromatic substituent at the 4 position exhibit
comparatively higher activity. Furthermore, derivatives with a 3,7-dimethyloctane moiety
also exhibit enhanced inhibitory activity. No clear general pattern in the influence of the
absolute configuration of the pinene moiety on the inhibitory concentration was revealed.

Among isoxazole-linked coumarin-terpene conjugates, compounds 14e, 15a, 16a,
and 16b had the highest TDP1 inhibitory activity (with ICso < 1.0 pM); among triazoles,
there were no compounds with submicromolar activity. Triazoles that demonstrated
acceptable inhibitory activity included derivatives 26a—e (ICs0 1.5 to 5 uM), 22a—e (ICs0 1.1
to 3.2 uM), and 20-23e, 26e (ICs0 1.5 to 5 uM).

Based on the information obtained, the most promising compounds for further
targeted development of new effective TDP1 inhibitors are conjugates containing
aromatic moieties in the coumarin backbone, linked via a 3,5-isoxazole fragment to acyclic
fragments of the terpene moiety of the molecule.

https://doi.org/10.3390/ijms27146421
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Table 1. Structure—anti-TDP1 activity relationship for conjugates 14a—17e linked via an isoxazole linker. ICso is expressed in pM. Color scale ranges from green
(lowest values) to orange (highest values). Each cell represents a conjugate comprising the coumarin moiety shown in the corresponding column, isoxazole linker
shown in the top left corner, and the monoterpene moiety shown in the corresponding row. Compound identifiers combine the column number and row letter
(e.g., 14* and *a combine to form 14a). Comparison drug: furamidine 2 (ICs = 1.2 + 0.3 uM).
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Table 2. Structure-anti-TDP1 activity relationships for conjugates 20a—23e and 26a—e, linked via a triazole linker. ICso values are expressed in uM. Color scale
ranges from green (lowest values) to red (highest values). Each cell represents a conjugate comprising the coumarin moiety shown in the corresponding column,
triazole linker shown in the top left corner, and the monoterpene moiety shown in the corresponding row. Compound identifiers combine the column number

and row letter (e.g., 20* and *a combine to form 20a). The comparison drug is furamidine 2 (ICso = 1.2 + 0.3 uM).
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2.3. In Vitro Studies — Toxicity and Synergistic Effect in Topotecan Therapy

To study the effects of inhibitors on cell lines and the cytotoxic effect of topotecan,
the cytotoxicity of compounds 21d, 26e, and 16b was examined. Three independent
cytotoxicity tests were then conducted with each inhibitor in combination with topotecan
(Figure 3, Table 3). For cells treated with the monoterpene—coumarin derivative alone, the
values in the control wells treated with 1% DMSO were taken to be 100% viability. For
cells treated with the combination of the drugs, the viability of cells treated with the

corresponding TDP1 inhibitor alone was taken to be 100%.

Topotecan, uM

Topotecan, uM

120 - 120 4
I . 21d
100 4 - . 26e 100 4 .
{ 4 16b {
| .
80 80 .
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Figure 3. Graphs of the proportion of surviving HeLa and A549 cells versus the intrinsic

concentration of the compound, as well as the concentration of topotecan, or the “topotecan +

monoterpene—coumarin conjugate” mixture.

Table 3. Toxicity of compounds 21d, 26e, and 16b relative to HeLa and A549 cell lines.

Compound CCso (HeLa), uM CCso (A549 Wild Type), uM
21d 24+4 68 +1
21d + TPC 0.32+0.05
26e >100 >100
26e + TPC 0.31+0.05
16b >100 >100
16b + TPC 0.24 +0.04
TPC 0.4+0.06 25+0.5
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Compound 21d exhibited intrinsic cytotoxicity towards HeLa and A549 cells, while
compounds 26e and 16b did not exhibit cytotoxicity towards the studied cell lines.
However, a synergistic effect was observed during combination therapy with topotecan
on HeLa cells using compounds 26e and 16b. No synergistic effect was observed for the
Ab549 cell line. Variable synergistic effects of TDP1 inhibitors in topotecan therapy applied
to different cell lines have been observed before [61]; this effect was revealed in a family
of heterocycle-linked monoterpene—coumarin conjugates, potentially indicating that there
is a hidden selectivity pathway, which demands further study.

2.4. Molecular Modelling of Monoterpene Derivatives with Human TDP1 Structures
2.4.1. Validation of Docking and the Crystallographic Structure

Many crystallographic structures of human TDP1 have been deposited in Protein
Data Bank so far. In order to evaluate the binding poses of the title compounds at the
TDP1 active site, we evaluated these structures and looked for the structure with the best
relationship between the TDP1-inhibitory effects of the compounds and their docking
scores. We initially identified crystallographic TDP1 structures with a co-crystallized non-
covalent small-molecule inhibitor in the catalytic site and with a resolution < 2.0 A. Then,
we performed a redocking validation for these 27 structures, in which the co-crystallized
inhibitor was redocked to the catalytic site of each receptor to compare the resulting pose
with the co-crystallized one by calculating the RMSD (root-mean-square deviation). Six
structures with RMSD values of co-crystallized inhibitors <2.0 A were identified (Table
S1), and they were later used for docking of the title compounds. The docking scores
obtained from these structures showed almost no correlation with their TDP1 ICso values
(Table S2). Then, the three top-scoring poses of each compound from molecular docking
were selected, and their AG values in complex with a receptor were calculated using the
MM-GBSA method, which yielded the best R? value (0.1723) for 6DJE (Table S2). Although
such R? values may be thought to be generally too low to build a strong correlation, they
might be helpful in the case of docking given the following considerations: (i) Molecular
docking predicts the fitness of a molecule inside a receptor pocket and the physical affinity
of the two, while ICso shows inhibition of an entire enzymatic process, and these two
factors may be poorly related in real time. (ii) A highly predictive molecular docking
process can be expected to enrich active molecules among inactive molecules; given that
most of the title compounds had ICso values in a narrow range, which can easily be
interpreted as a “potent inhibitory effect”, a molecular docking procedure for sorting such
compounds in the same order as their biological activity would not be prudent. Therefore,
6DJE was considered a reliable structure with which to evaluate the binding poses of the
compounds (see Table S3 for full scores).

2.4.2. Predicted Binding of the Title Compounds at the TDP1 Active Site

The human TDP1 catalytic site is a buried pocket in the middle of a ca. 33 A substrate
binding groove, which is composed of a wide half that widens towards the end
accommodating a peptide moiety of the substrate and a narrow half for DNA binding.
The catalytic process is governed by a catalytic double-HNK motif, i.e., histidine (His263,
His493), asparagine (Asn283, Asn516), and lysine (Lys265, Lys495), with each couple
located on either side of the gorge lining the catalytic pocket (Figure 4). The inhibitors of
TDP1 described so far have been reported to interact with these residues, as well as others
that join catalytic process by substrate stabilization, such as Tyr204 and Ser518 [62,63].

https://doi.org/10.3390/ijms27146421
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Figure 4. Human TDP1 crystallographic structure in complex with an inhibitor. Both catalytic HNK
triads are represented via grey sticks, and the residues are tagged, while the inhibitor is shown via

a green stick-and-ball representation. Protein surface is rendered.

The title compounds were predicted to have two possible binding modes, in which
the monoterpene moiety occupied either the peptide-binding site or DNA-binding site of
the groove (Figure 5). However, for both binding modes, there was one thing in common:
the coumarin (1,2-benzopyrone) ring was inside the catalytic pocket and engaging in
electrostatic interactions with the catalytic residues. The oxazole/triazole ring and the
etheric oxygen between the rings contributed to these interactions, which were enabled
through electron-donating groups and the 7t systems of the rings. For example, 14b was
in contact with one of the HNK motifs and Tyr204 via the 1,2-benzopyrone ring and with
Asnb516 via the etheric oxygen while its monoterpene moiety occupied the DNA-binding
cleft (Figure 5A). In the case of 14d, the aromatic rings engaged with His263, His493, and
Ser518, while the isooctyl moiety stretched over the peptide-binding cleft (Figure 5B).
Compounds 15a and 16a (Figure 5C,D) were predicted to have binding poses similar to
that of 14b, while 16b and 16¢ were predicted to have binding poses similar to that of 14d
(Figure 5EJF), in which catalytic and key residues were involved (see Figure S49 for
details). These results show that the compounds may assume alternating binding poses,
but the 1,2-benzopyrone core is responsible for blocking the catalytic pocket through
electrostatic contacts, hence the inhibitory effect, while the monoterpene moiety mainly
stabilizes this blockage through effective hydrophobic contacts in the groove, either in the
peptide- or DNA-binding part. Detailed 2D interaction diagrams and the corresponding
interacting residues are provided in Figure 549 and Table 54, respectively.

When compared with their counterparts in the 22 and 23 series compounds, as they
showed markedly higher ICso values than the rest of the collection, the triazole derivatives
were predicted to have poses diverging from the pattern described above. 22a—c were
predicted to have poses following the above-mentioned trend, where the coumarin ring
was effectively inside the catalytic pocket and the monoterpene moiety was in the groove,
either in the narrow or wide section (Figure 6A-C). However, 1,2-benzopyrone of 23a—c
was dragged partly outside of the catalytic pocket, and, in the case of 23b and 23c, the
monoterpene moiety was outside the groove (Figure 6D-F), probably reducing the
efficacy of binding (see Figure S50 file for details on the predicted binding interactions).
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Figure 5. Predicted binding modes of 14b (A), 14d (B), 15a (C), 16a (D), 16b (E), and 16c (F) at the
human TDP1 active site. Ligands are shown using an orange stick-and-ball representation, amino
acid residues are given as grey sticks, and electrostatic interactions are represented using colorful

dashed lines. Protein surface is rendered according to electrostatic potential.

Figure 6. Predicted binding modes of 22a (A), 22b (B), 22¢ (C), 23a (D), 23b (E), and 23c (F) at the
human TDP1 active site. Ligands are shown via orange stick-and-ball representation, amino acid
residues are depicted as grey sticks, and electrostatic interactions are represented as colorful dashed

lines. Protein surface is rendered according to electrostatic potential.

The configuration of the a-pinene moiety had little or no effect on the binding
orientations of the compounds, a finding that is in compliance with the bioactivity data.
Both the (+)-a-pinene and (-)-a-pinene moieties of the most active derivatives fit in the
DNA-binding cleft in a similar way, while these moieties in the derivatives with much
higher ICso values occupied either cleft independently of the configuration.

https://doi.org/10.3390/ijms27146421



Int. ]. Mol. Sci. 2026, 27, 6421

15 of 33

2.5. Comparative Lipophilicity of the Obtained Compounds

To assess the effect of the introduced heterocyclic linkers on the lipophilicity of the
adducts, the retention times of three compound groups were determined: 23b, 14b, and
their ether analogue without a heterocyclic linker; 26b, 17b, and their ether analogue; and
24a, 15a, and their ether analogue. This was done by HPLC using an approach similar to
that described in [17] (ProntoSIL-120-5-C18, C18 AQ column, the sorbent of which is silica
gel modified with C-18 hydrocarbon fragments). Based on the properties of reversed-
phase chromatography, hydrophilic compounds appear on the chromatogram earlier
(their retention times are shorter) than lipophilic ones. Indeed, the retention times of
compounds 23b, 26b and 24a containing a triazole linker are shorter than those of
isoxazole-containing conjugates 14b, 17b and 15a and shorter still than those of related
compounds that do not contain a heterocyclic linker (Figure S51), suggesting that
inclusion of a heterocyclic linker, triazole in particular, reduces the lipophilicity of the
biologically active compound from the monoterpene—coumarin family, which might be
beneficial to their biological activity in vivo.

2.6. Drug-likeness

The drug-likeness of the title compounds was evaluated using a set of descriptors
(logP, molecular weight, topological polar surface area, logS, ratio of sp3-hybridized
carbons, and number of rotatable bonds, accounting for lipophilicity, size, polarity,
aqueous solubility, unsaturation, and flexibility, respectively) and the bioavailability
radar technique developed by Daina et al. utilizing these descriptors generated via the
SwissADME web application [64].

Although most compounds complied with the majority of the descriptors, some of
the modifications caused the compounds to lie outside the plot (Figure 548). For example,
citral and 3,7-dimethyloctane moieties led to higher logP values and more rotatable bonds
for some compounds such as 16e, 26d, 26e, 20e, and 22e, which indicates higher lipid
solubility and flexibility than required. In the case of cymene, which includes a benzene
ring, the ratio of the sp3-hybridized carbons over all carbons was too low for compounds
such as 16¢, 26¢, and 22¢, leading to excessively high unsaturation, which is considered a
nondrug-like property [64].

3. Materials and Methods

Spectral and analytical studies were carried out at the Chemical Service Center for
Collective Use of the Scientific Research Institute of Organic Chemistry SB RAS. 'H and
13C NMR spectra of the obtained compounds were recorded on AV-200, AV-400, DRX-
500, AV-300, and AV-600 spectrometers (Billerica, MA, USA) in a solution of CDCls,
MeOH, or DMSO-ds. Solvent signals were used as an internal standard. The structure was
established based on an analysis of '"H and *C NMR spectra using, in some cases, two-
dimensional homonuclear correlation spectra ('"H-'H COSY, 'H-'H NOESY) with the
involvement of two-dimensional heteronuclear correlation spectroscopy *C-H for direct
and long-range spin-spin interaction constants (®*C-'H HSQC, ®C-'H HMBC).
Chloroform (0H 7.26 ppm, 6C 76.16 ppm) or DMSO (0H 2.50 ppm, 6C 39.52 ppm) signals
were used as internal standards. The atom numbering of the compounds is given for
assignment of NMR spectral signals and does not coincide with the nomenclature. The
corresponding NMR spectra are provided in Figures S1-S28.

The reaction products were isolated via column chromatography using silica gel
(Merck, Darmstadt, Germany, 60-200 mesh, Macherey-Nagel GmbH & Co. KG, Diiren,
Germany), with the eluents being hexane-ethyl acetate and benzene-chloroform. The
solvents used in this study were purified before use using standard methods. Accurate
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molecular ion masses were determined using a Thermo Scientific DFS High-Resolution
GC/MS (Waltham, MA, USA), Double-Focusing Sector Mass Spectrometer, DFS High-
Resolution GC/MS) in full-scan mode (15-500 m1/z, 70 eV electron impact ionization, direct
sample injection). The corresponding HRMS spectra are provided in Figures 529-546.
Specific rotation [a]23y values were determined on a PolAAr 3005 spectrometer
(Billerica, MA, USA)) using chloroform as solvent. Melting points were determined on a

METTLER TOLEDO FP900 melting point apparatus.

3.1. Synthesis of Compounds
3.1.1. Synthesis of Oximes 12a—c

A solution of sodium hydrogen carbonate (20 mmol) in 15 mL of water was added to
a vigorously stirred solution of hydroxylamine hydrochloride (20 mmol) in 10 mL of water
containing the corresponding aldehyde (11a—c) (16 mmol). The mixture was stirred and
heated for 5 h. The resulting organic layer was separated, and the aqueous phase was
further extracted with ether. The organic phases were combined, dried over sodium
sulfate, and evaporated. The yields of compounds 12a-c were 76%, 59%, and 65%,
respectively. The spectral data correspond to data from the literature [65-67].

3.1.2. General Procedure for the Synthesis of Isoxazoles 14a-17c¢

Coumarin ester (0.59 mmol) was added to a solution of PIFA oxidizer (0.86 mmol) in
10 mL of methanol while being heated to 40 °C. After 10 min, a solution of the
corresponding oxime (0.86 mmol) in 5 mL of methanol was added in small portions every
half hour for 3 h. After the addition was complete, the mixture was stirred at 40 °C for
another hour and then left overnight. The reaction mixture was extracted with ethyl
acetate; the organic phase was washed with water, dried over sodium sulfate, filtered, and
evaporated. The resulting product was purified by column chromatography on SiO: using
a hexane—chloroform—ethyl acetate mixture, where the concentrations of hexane and
chloroform were equal, and the EtOAc content was gradually increased from 0% to 5%.
3-[3-[(15,5R)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl]isoxazol-5-ylJmethoxy-7,8,9,10-
tetrahydro-6H-benzo[c]chromen-6-one (14a) (Figure 7)

Figure 7. 2D structure of compound 14a, with carbon atoms enumerated for NMR assignment.

21% yield; white solid. m.p. 133.1 °C. [a]335 =+29.0 (c = 1.00, CHCls). 'H NMR (400
MHz, CDCls) 8 7.45 (d, ] =9.0 Hz, 1H, H-9), 6.87 (dd, ] =9.0, 2.6 Hz, 1H, H-10), 6.83 (d, ] =
2.6 Hz, 1H, H-12), 6.42 (s, 1H, H-16), 6.14-6.20 (m, 1H, H-19), 5.13 (s, 2H, H-14), 2.95 (t, ] =
5.7 Hz, 1H, H-23), 2.71 (t, ] = 6.5 Hz, 2H, H-6), 2.53 (t, ] = 6.5 Hz, 2H, H-3), 2.44-2.51 (m,
1H, H-24b), 2.35-2.50 (m, 2H, H-20), 2.13-2.17 (m, 1H, H-21), 1.71-1.87 (m, 4H, H-4, H-5),
1.33 (s, 3H, H-26), 1.22 (d, ] = 8.7 Hz, 1H, H-24a), 0.82 (s, 3H, H-25). 3C NMR (101 MHz,
CDCls) d 166.04 (s, C-15), 162.36 (s, C-17), 161.77 (s, C-1), 159.22 (s, C-11), 153.18 (s, C-13),
146.93 (s, C-7), 137.44 (s, C-18), 127.03 (d, C-9), 124.29 (d, C-19), 121.08 (s, C-2), 114.52 (s,
C-8), 111.94 (d, C-10), 101.63 (d, C-16), 100.52 (d, C-12), 61.24 (t, C-14), 42.35 (d, C-23), 40.35
(d, C-21), 37.71 (s, C-22), 32.05 (t, C-24), 31.09 (t, C-20), 25.84 (q, C-26), 25.08 (t, C-6), 23.72
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(t, C-3), 21.49 (t, C-5), 21.20 (t, C-4), 20.77 (q, C-25). HRMS m/z: [M]* Calcd. for C2sH2zNOx
417.1935; Found 417.1932.
3-[3-[(1R,55)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl]isoxazol-5-ylJmethoxy-7,8,9,10-
tetrahydro-6H-benzo[c]chromen-6-one (14b) (Figure 8)

Figure 8. 2D structure of compound 14b, with carbon atoms enumerated for NMR assignment.

20% yield; white solid. m.p. 133.0 °C. [a]%35 = -28.0 (c = 1.00, CHCls). HRMS m/z:
[M]* Calcd. for CasH2/NOs 417.1935; Found 417.1937. Spectral data are identical to those
for compound 14a.
3-[3-(4-Isopropylphenyl)isoxazol-5-ylJmethoxy-7,8,9,10-tetrahydro-6H-
benzo[c]chromen-6-one (14c¢) (Figure 9)

Figure 9. 2D structure of compound 14c¢, with carbon atoms enumerated for NMR assignment.

39% yield; yellow solid. m.p. 176.2 °C. 'H NMR (400 MHz, CDCls) 8 7.70 (dt, ] = 8.2,
1.7 Hz, 2H, H-19,23), 7.45 (d, ] = 8.6 Hz, 1H, H-9), 7.28 (dt, ] =8.2, 1.7 Hz, 2H, H-20,22), 6.89
(dd, J=8.6, 2.4 Hz, 1H, H-10), 6.86 (d, ] = 2.4 Hz, 1H, H-12), 6.63 (s, 1H, H-16), 5.21 (s, 2H,
H-14),2.92 (h, ] =6.9 Hz, 1H, H-24), 2.71 (t, ] = 6.1, 2.0 Hz, 2H, H-6), 2.52 (tt, ] =6.1, 2.0 Hz,
2H, H-3), 1.70-1.88 (m, 4H, H-4, H-5), 1.24 (d, ] = 6.9 Hz, 6H, H-25,26). 3C NMR (101 MHz,
CDCls) 8 167.02 (s, C-15), 162.37 (s, C-17), 161.72 (s, C-1), 159.19 (s, C-11), 153.18 (s, C-13),
151.15 (s, C-18), 146.89 (s, C-7), 126.90 (d, 2C, C-20,22), 126.71 (d, 2C, C-19,23), 125.93 (s, C-
21),124.30 (d, C-9), 121.13 (s, C-2), 114.59 (s, C-8), 111.93 (d, C-10), 101.73 (d, C-16), 101.69
(d, C-12), 61.32 (t, C-14), 33.90 (d, C-24), 25.06 (t, C-6), 23.72 (t, C-3), 23.65 (q, 2C, C-25,26),
21.47 (t, C-5), 21.19 (t, C-4). HRMS m/z: [M]* Calcd. for CasH2sNOs 415.1778; Found
415.1782.
7-[3-[(15,5R)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl]isoxazol-5-ylJmethoxy-2,3-
dihydrocyclopenta[c]chromen-4(1H)-one (15a) (Figure 10)
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Figure 10. 2D structure of compound 15a, with carbon atoms enumerated for NMR assignment.

25% yield; white solid. m.p. 125.1 °C. [a]335 =+37.0 (c = 1.00, CHCls). 'H NMR (300
MHz, CDCls) 8 7.34 (d, ] = 8.3 Hz, 1H, H-8), 6.88-6.91 (m, 1H, H-11), 6.86-6.90 (m, 1H, H-
9), 6.43 (s, 1H, H-15), 6.17 (tt, ] = 3.2, 1.6 Hz, 1H, H-18), 5.14 (s, 2H, H-13), 3.02 (t, ] = 8.3,
1.9 Hz, 2H, H-5), 2.95 (td, ] = 5.7, 1.6 Hz, 1H, H-22), 2.86 (tt, ] = 7.5, 1.8 Hz, 2H, H-3), 2.49
(dt, J = 8.9, 5.7 Hz, 1H, H-23b), 2.39-2.47 (m, 2H, H-19), 2.11-2.21 (m, 3H, H-4, H-20), 1.33
(s, 3H, H-25), 1.19-1.26 (m, 1H, H-23a), 0.82 (s, 3H, H-24). 3C NMR (75 MHz, CDCls) d
165.93 (s, C-14), 162.36 (s, C-16), 160.14 (s, C-1), 159.76 (s, C-10), 155.98 (s, C-6), 155.40 (s,
C-12),137.41 (s, C-17),127.09 (d, C-8), 125.75 (d, C-18), 125.07 (s, C-2), 113.14 (s, C-7), 112.16
(d, C-9), 101.74 (d, C-15), 100.56 (d, C-11), 61.24 (t, C-13), 42.30 (d, C-22), 40.32 (d, C-20),
37.70 (s, C-21), 32.04 (t, C-5), 31.92 (t, C-23), 31.08 (t, C-19), 30.26 (t, C-3), 25.83 (q, C-25),
22.38 (t, C-4), 20.77 (q, C-24). HRMS m/z: [M]* Calcd. for CsHsNOs 403.1778; Found
403.1774.
7-[3-[(1R,55)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl]isoxazol-5-ylJmethoxy-2,3-
dihydrocyclopenta[c]chromen-4(1H)-one (15b) (Figure 11)

Figure 11. 2D structure of compound 15b, with carbon atoms enumerated for NMR assignment.

23% yield; white solid. m.p. 123.9 °C. [a]35 = —26.6 (c = 1.00, CHCLs). HRMS m/z:
[M]* Calcd. for C2sH2sNOs 403.1778; Found 403.1776. Spectral data are identical to those
for compound 15a.

7-[3-(4-Isopropylphenyl)isoxazol-5-ylJmethoxy-2,3-dihydrocyclopenta[c]chromen-4(1H)-
one (15c) (Figure 12)

25 21 22

0
23 20 \7

24 19 18

Figure 12. 2D structure of compound 15¢, with carbon atoms enumerated for NMR assignment.

32% yield; white solid. m.p. 129.0 °C. '"H NMR (500 MHz, CDCl3) 6 7.70 (d, ] =7.9 Hz,
2H, H-18,22), 7.34 (d, ] = 8.5 Hz, 1H, H-8), 7.29 (d, ] = 7.9 Hz, 2H, H-19,21), 6.88-6.94 (m,
https://doi.org/10.3390/ijms27146421
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2H, H-9,11), 6.65 (s, 1H, H-15), 5.22 (s, 2H, H-13), 3.01 (t, ] = 7.6 Hz, 2H, H-5), 2.92 (h, | =
6.9 Hz, 1H, H-23), 2.86 (t, ] = 7.5 Hz, 2H, H-3), 2.17 (p, ] = 7.6 Hz, 2H, H-4),1.24 (d, ] = 6.9
Hz, 6H, H-24,25). 3C NMR (126 MHz, CDCls) d 166.86 (s, C-14), 162.34 (s, C-16), 160.12 (s,
C-1), 159.66 (s, C-10), 155.99 (s, C-6), 155.34 (s, C-12), 151.14 (s, C-17), 126.90 (d, 2C, C-
19,21), 126.67 (d, 2C, C-18,22), 125.83 (s, C-20), 125.76 (d, C-8), 125.06 (s, C-2), 113.15 (s, C-
7),112.12 (d, C-9), 101.74 (d, 2C, C-11,15), 61.26 (t, C-13), 33.88 (d, C-23), 31.88 (t, C-5), 30.23
(t, C-3),23.66 (q, 2C, C-24,25), 22.33 (t, C-4). HRMS m/z: [M]* Calcd. for C2sH2sNO41 401.1622;
Found 401.1620.
7-[3-[(15,5R)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl]isoxazol-5-ylJmethoxy-4-phenyl-
2H-chromen-2-one (16a) (Figure 13)

Figure 13. 2D structure of compound 16a, with carbon atoms enumerated for NMR assignment.

25% yield; yellow amorphous solid. [a]%35 =+21.8 (c = 1.00, CHCls). 'TH NMR (400
MHz, CDCI3) 8 7.48-7.56 (m, 3H, H-12,13,14), 7.39-7.46 (m, 3H, H-5,11,15), 6.97 (d, ] =2.6
Hz, 1H, H-8), 6.86 (dd, ] = 8.9, 2.6 Hz, 1H, H-6), 6.47 (s, 1H, H-18), 6.25 (s, 1H, H-2), 6.21
(tt, J=3.3, 1.5 Hz, 1H, H-21), 5.20 (s, 2H, H-16), 2.98 (td, ] = 5.6, 1.6 Hz, 1H, H-25), 2.52 (td,
J=5.7,3.4Hz, 1H, H-26b), 2.39-2.49 (m, 2H, H-22), 2.15-2.22 (m, 1H, H-23), 1.36 (s, 3H, H-
28), 1.24-1.27 (m, 1H, H-26a), 0.86 (s, 3H, H-27). 3C NMR (126 MHz, CDCls) d 165.69 (s,
C-17), 162.33 (s, C-19), 160.83 (s, C-7), 160.50 (s, C-1), 155.58 (s, C-9), 155.47 (s, C-3), 137.33
(s, C-20), 135.13 (s, C-10), 129.52 (d, C-13), 128.70 (d, 2C, C-12,14), 128.18 (d, C-15), 128.14
(d, C-11), 127.12 (d, C-5), 125.46 (d, C-21), 113.19 (s, C-4), 112.26 (d, C-6), 112.24 (d, C-2),
101.99 (d, C-18), 100.60 (d, C-8), 61.20 (t, C-16), 42.24 (d, C-25), 40.26 (d, C-23), 37.66 (s, C-
24), 32.00 (t, C-26), 31.03 (t, C-22), 25.78 (q, C-28), 20.73 (q, C-27). HRMS m/z: [M]+ Calcd.
for CasH2sNOx4 439.1778; Found 439.1779.
7-[3-[(1R,55)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl]isoxazol-5-ylJmethoxy-4-phenyl-
2H-chromen-2-one (16b) (Figure 14)

Figure 14. 2D structure of compound 16b, with carbon atoms enumerated for NMR assignment.

25% yield; yellow amorphous solid. [a]235 =-22.0 (c=1.00, CHCls). HRMS m/z: [M]*
Calcd. for CasH2sNOs 439.1778; Found 439.1772. Spectral data are identical to those for
compound 16a.
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7-[3-(4-Isopropylphenyl)isoxazol-5-ylJmethoxy-4-phenyl-2H-chromen-2-one (16c)
(Figure 15)

Figure 15. 2D structure of compound 16¢, with carbon atoms enumerated for NMR assignment.

30% isolated yield; yellow solid. m.p. 115.4 °C. '"H NMR (500 MHz, CDCls) 6 7.71 (d,
] =79 Hz, 2H, H-21,25), 7.47-7.53 (m, 3H, H-12,13,14), 7.39-7.44 (m, 3H, H-5,11,15), 7.30
(d, J=7.9 Hz, 2H, H-22,24), 6.98 (d, ] = 2.5 Hz, 1H, H-8), 6.86 (dd, ] =9.0, 2.5 Hz, 1H, H-6),
6.66 (s, 1H, H-18), 6.23 (s, 1H, H-2), 5.25 (s, 2H, H-16), 2.93 (h, | = 6.7 Hz, 1H, H-26), 1.25
(d, J=6.7 Hz, 6H, H-27,28). 3C NMR (126 MHz, CDCls) 8 166.69 (s, C-17), 162.39 (s, C-19),
160.83 (s, C-7), 160.47 (s, C-1), 155.61 (s, C-9), 155.48 (s, C-3), 151.20 (s, C-23), 135.15 (s, C-
10), 129.56 (d, C-13), 128.74 (d, 2C, C-12,14), 128.21 (d, 2C, C-11,15), 127.99 (d, C-5), 126.93
(d, 2C, C-22,24), 126.71 (d, 2C, C-21,25), 125.82 (s, C-20), 113.29 (d, C-2), 112.35 (d, C-6),
112.25 (s, C-4), 102.11 (d, C-18), 101.83 (d, C-8), 61.30 (t, C-16), 33.91 (d, C-26), 23.68 (q, 2C,
C-27,28). HRMS m/z: [M]+ Caled. for C2sH23NOs 437.1622; Found 437.1625.

7-[3-[(15,5R)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl]isoxazol-5-ylJmethoxy-4-methyl-
2H-chromen-2-one (17a) (Figure 16)

Figure 16. 2D structure of compound 17a, with carbon atoms enumerated for NMR assignment.

26% yield; white solid. m.p. 109.7 °C. [a]335 =+28.0 (c = 1.00, CHCls). 'H NMR (400
MHz, CDCls) 8 7.50 (d, ] = 8.8 Hz, 1H, H-5), 6.90 (dd, ] = 8.8, 2.6 Hz, 1H, H-6), 6.87 (d, | =
2.6 Hz, 1H, H-8), 6.43 (s, 1H, H-13), 6.18 (s, 1H, H-2), 6.14 (s, 1H, H-16), 5.16 (s, 2H, H-11),
295 (td, ] =5.7, 1.5 Hz, 1H, H-20), 2.49 (dt, ] =9.0, 5.7 Hz, 1H, H-21b), 2.37-2.49 (m, 2H, H-
17), 2.37 (s, 3H, H-10), 2.16 (t, | = 3.4, 2.8 Hz, 1H, H-18), 1.34 (s, 3H, H-23), 1.23 (d, ] =9.0
Hz, 1H, H-21a), 0.83 (s, 3H, H-22). 3C NMR (101 MHz, CDCls) 8 165.85 (s, C-12), 162.40 (s,
C-14), 160.82 (s, C-7), 160.48 (s, C-1), 154.99 (s, C-9), 152.15 (s, C-3), 137.48 (s, C-15), 127.05
(d, C-5), 125.71 (d, C-16), 114.35 (s, C-4), 112.47 (d, C-6), 112.25 (d, C-2), 101.94 (d, C-13),
100.60 (d, C-8), 61.32 (t, C-11), 42.45 (d, C-20), 40.42 (d, C-18), 37.73 (s, C-19), 32.07 (t, C-
21), 31.11 (t, C-17), 25.87 (q, C-23), 20.79 (q, C-22), 18.51 (q, C-10). HRMS m/z: [M]* Calcd.
for C2sH23NO4 377.1622; Found 377.1623.
7-[3-[(1R,55)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl]isoxazol-5-ylJmethoxy-4-methyl-
2H-chromen-2-one (17b) (Figure 17)
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Figure 17. 2D structure of compound 17b, with carbon atoms enumerated for NMR assignment.

47% yield; white solid. m.p. 110.1 °C. [a]35 = —22.2 (c = 1.00, CHCls). HRMS m/z:
[M]* Calcd. for C2sH2sNOs 377.1622; Found 377.1620. Spectral data are identical to those
for compound 17a.

7-[3-(4-Isopropylphenyl)isoxazol-5-ylJmethoxy-4-methyl-2H-chromen-2-one (17c)
(Figure 18)

23 19 20 N
14/ 0
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18 15 Zx O 9 _ 0__0O
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Figure 18. 2D structure of compound 17¢, with carbon atoms enumerated for NMR assignment.

30% yield; white solid. m.p. 154.8 °C. "H NMR (400 MHz, CDCl3) 6 7.71 (d, ] =8.1 Hz,
2H, H-16,20), 7.52 (d, ] = 8.7 Hz, 1H, H-5), 7.30 (d, | = 8.0 Hz, 2H, H-17,19), 6.88-6.96 (m,
2H, H-6, H-8), 6.65 (s, 1H, H-13), 6.15 (s, 1H, H-2), 5.24 (s, 2H, H-11),2.92 (h, ] =6.9 Hz, 1H,
H-21), 2.39 (s, 3H, H-10), 1.25 (d, | = 6.9 Hz, 6H, H-22,23). 3C NMR (101 MHz, CDCls) o
166.76 (s, C-12), 162.42 (s, C-14), 160.91 (s, C-7), 160.37 (s, C-1), 154.95 (s, C-9), 152.25 (s, C-
3), 151.23 (s, C-15), 126.96 (d, 2C, C-17,19), 126.73 (d, 2C, C-16,20), 125.86 (s, C-18), 125.77
(d, C-5), 114.39 (s, C-4), 112.50 (d, C-6), 112.26 (d, C-2), 101.92 (d, C-13), 101.81 (d, C-8),
61.33 (t, C-11), 33.94 (d, C-21), 23.70 (q, 2C, C-22,23), 18.60 (q, C-10). HRMS m/z: [M]+ Calcd.
for C23H21NOs4 375.1465; Found 375.1463.

3.1.3. Synthesis of p-Ketoester 25

Acetophenone 24 (33.29 mmol) was added dropwise to a mixture of sodium hydride
(99.87 mmol), previously washed three times with toluene, and diethyl carbonate (133.16
mmol) in toluene (50 mL) under an argon atmosphere.. The mixture was refluxed for 4 h
and then poured into ice water. Glacial acetic acid (5 mL) was added to the mixture, and
the mixture was extracted three times with ethyl acetate. The collected organic phase was
washed with a saturated solution of sodium bicarbonate, saturated brine, and water; then
dried over anhydrous Na25Os and distilled on a rotary evaporator; and then purified by
column chromatography with methylene chloride. The yield of the target compound was
74%. The NMR spectra correspond to data from the literature [68].

3.1.4. Synthesis of 7-Hydroxycoumarin 18e

A total of 5.24 g (24.75 mmol) of resorcinol was added to 5.5 g (24.75 mmol) of ethyl
3-(4-methoxyphenyl)-3-oxopropanoate 25 in 12.5 mmol of ethanol with stirring and
cooling to 0-5 °C. After resorcinol dissolved, 5 mL of H250: (conc.) was added. The
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reaction mixture was stirred overnight. After the solution thickened, 100 mL of cold water
was added, and the mixture was filtered. The mixture was recrystallized from ethanol.
The yield of the target compound was 63%. The spectral data correspond to the literature
[69].

3.1.5. Synthesis of 7-Hydroxycoumarin Propargyl Ester 13e

A round-bottomed flask equipped with a reflux condenser was charged with 2.5
mmol of hydroxycoumarin 18e, 5 mmol of propargyl bromide, and 5 mmol of K2COs. The
mixture was dissolved in 20 mL of ethanol and stirred under reflux. After 5 h, heating was
stopped, the solvent was evaporated, ice water was added to the flask, the mixture was
filtered, and the undissolved precipitate was collected. The yield of the target compound
was 80%.

4-(4-Methoxyphenyl)-7-(prop-2-yn-1-yloxy)-2H-chromen-2-one (13e) (Figure 19)

Figure 19. 2D structure of compound 13e, with carbon atoms enumerated for NMR assignment.

Light brown solid. m.p. 186.0 °C. "H NMR (400 MHz, CDCls) 0 7.46 (d, ] =8.9 Hz, 1H,
H-5), 7.37 (d, ] = 8.5 Hz, 2H, H-11,15), 7.01 (d, ] = 8.5 Hz, 2H, H-12,14), 6.98 (d, ] = 2.5 Hz,
1H, H-8), 6.85 (dd, ] = 8.9, 2.5 Hz, 1H, H-6), 6.19 (s, 1H, H-2), 4.75 (d, ] = 2.5 Hz, 2H, H-17),
3.86 (s, 3H, H-16), 2.56 (t, ] = 2.5 Hz, 1H, H-19). 3C NMR (101 MHz, CDCls) d 161.14 (s, C-
7), 160.65 (s, C-1), 160.23 (s, C-9), 155.63 (s, C-3), 155.25 (s, C-10), 129.75 (d, 2C, C-11,15),
127.98 (d, 2C, C-12,14), 127.53 (s, C-13), 114.16 (d, C-5), 113.20 (s, C-4), 112.55 (d, C-6),
111.67 (d, C-2), 102.20 (d, C-8), 77.24 (d, C-19), 76.42 (s, C-18), 56.04 (t, C-17), 55.32 (g, C-
16). HRMS m/z: [M]* Calcd. for Ci1oH14O4 306.0887; Found 306.0886.

3.1.6. General Procedure for the Synthesis of Triazole-Containing Monoterpene-Coumarin
Conjugates

Copper(Il) sulfate pentahydrate (0.18 mmol) and sodium ascorbate (0.18 mmol) were
sequentially added to a solution of coumarin ester (0.72 mmol) in a mixture of methylene
chloride, tert-butanol, and water (4:2:1, 15 mL). The mixture was stirred for 15 min until a
bright-yellow color appeared. The corresponding azide (1.08 mmol) was then added, and
the mixture was heated to 45 °C, with stirring continued until the starting ester was
completely consumed (a process monitored by decolorization of the solution and TLC).
After completion of the reaction, the mixture was extracted with ethyl ether, and the
organic phase was washed with water, dried over sodium sulfate, filtered, and
evaporated. The product was purified by column chromatography on SiO: using a
hexane—ethyl ether gradient with a gradual increase in EtOAc content from 0% to 50%.
7-[1-{[(15,5R)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-ylJmethyl}-1H-1,2,3-triazol-4-
yllmethoxy-4-(4-methoxyphenyl)-2H-chromen-2-one (26a) (Figure 20)
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Figure 20. 2D structure of compound 26a, with carbon atoms enumerated for NMR assignment.

57% yield; pale-yellow amorphous solid. [a]Z3y = +9.00 (c = 1.00, CHCLs). 'TH NMR
(400 MHz, CDCls) 8 7.58 (s, 1H, H-19), 7.42 (d, ] = 8.9 Hz, 1H, H-5), 7.34 (dt, ] = 8.8, 3.0 Hz,
2H, H-11,15), 6.98 (dt, ] =9.0, 3.0 Hz, 2H, H-12,14), 6.93 (d, ] =2.5 Hz, 1H, H-8), 6.84 (dd, |
=8.9, 2.5 Hz, 1H, H-6), 6.15 (s, 1H, H-2), 5.58 (hept, | = 1.5 Hz, 1H, H-22), 5.24 (s, 2H, H-
17), 4.84 (q, ] = 1.5 Hz, 2H, H-20), 3.85 (s, 3H, H-16), 2.32 (dt, | = 8.8, 5.6 Hz, 1H, H-27b),
2.24 (qh, ] =8.8, 1.5 Hz, 2H, H-23), 2.06 (hept, ] =2.9, 1.6 Hz, 1H, H-24), 1.97 (td, | =5.6, 1.5
Hz, 1H, H-26), 1.15 (s, 3H, H-29), 1.07 (d, ] = 8.8 Hz, 1H, H-27a), 0.66 (s, 3H, H-28). 13C
NMR (101 MHz, CDCls) d 161.07 (s, C-7), 160.98 (s, C-1), 160.62 (s, C-9), 155.66 (s, C-3),
155.21 (s, C-13), 142.94 (s, C-18), 141.72 (s, C-21), 129.68 (d, 2C, C-11,15), 127.97 (d, 2C, C-
12,14), 127.52 (s, C-10), 123.10 (d, C-22), 122.59 (d, C-19), 114.13 (d, C-5), 112.90 (s, C-4),
112.24 (d, C-6), 111.42 (d, C-2), 102.26 (d, C-8), 62.21 (t, C-17), 55.27 (q, C-16), 55.23 (t, C-
20), 43.20 (d, C-26), 40.19 (d, C-24), 37.78 (s, C-25), 31.44 (t, C-27), 31.07 (t, C-23), 25.65 (q,
C-29), 20.70 (q, C-28). HRMS m/z: [M]* Calcd. for C20H20N304 483.2153; Found 483.2147.

7-[1-{[(1R,5S)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-ylJmethyl}-1H-1,2,3-triazol-4-
yllmethoxy-4-(4-methoxyphenyl)-2H-chromen-2-one (26b) (Figure 21)

23 24 29

0
16

Figure 21. 2D structure of compound 26b, with carbon atoms enumerated for NMR assignment.

33% yield; pale-yellow amorphous solid. [a]23y =-9.00 (c=1.00, CHCls). HRMS m/z:
[M]* Calcd. for C2oH20N304 483.2153; Found 483.2147. Spectral data are identical to those
for compound 26a.
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7-[1-(4-Isopropylbenzyl)-1H-1,2,3-triazol-4-ylJmethoxy-4-(4-methoxyphenyl)-2H-
chromen-2-one (26¢) (Figure 22)

29

0
~16

Figure 22. 2D structure of compound 26¢, with carbon atoms enumerated for NMR assignment.

56% yield; solid. m.p. 49.6 °C. 'H NMR (400 MHz, CDCls) o 7.55 (s, 1H, H-19), 7.42
(d, J=8.8 Hz, 1H, H-5), 7.33-7.38 (m, 2H, H-11,15), 7.18-7.23 (m, 4H, H-22,23,25,26), 6.97—
7.02 (m, 2H, H-12,14), 6.94 (d, ] =2.6 Hz, 1H, H-8), 6.84 (dd, ] = 8.8, 2.6 Hz, 1H, H-6), 6.16
(s, 1H, H-2), 5.48 (s, 2H, H-20), 5.20 (s, 2H, H-17), 3.86 (s, 3H, H-16), 2.88 (p, ] =6.9 Hz, 1H,
H-27),1.21 (d, J = 6.9 Hz, 6H, H-28,29). 3C NMR (101 MHz, CDCls) 8 161.18 (s, C-7), 161.11
(s, C-1), 160.72 (s, C-9), 155.76 (s, C-3), 155.31 (s, C-10), 149.73 (s, C-24), 143.17 (s, C-18),
131.54 (s, C-21), 129.78 (d, 2C, C-11,15), 128.19 (d, 2C, C-23,25), 128.07 (d, 2C, C-12,14),
127.63 (s, C-13), 127.17 (d, 2C, C-22,26), 122.79 (d, C-19), 114.22 (d, C-5), 113.04 (s, C-4),
112.29 (d, C-6), 111.55 (d, C-2), 102.25 (d, C-8), 62.26 (t, C-17), 55.35 (q, C-16), 54.05 (t, C-
20), 33.77 (d, C-27), 23.79 (q, 2C, C-28,29). HRMS m/z: [M]* Calcd. for C20H27NsOx4 481.1996;
Found 481.2001.
7-[1-(3,7-Dimethylocta-2,6-dien-1-yl)-1H-1,2,3-triazol-4-ylmethoxy-4-(4-
methoxyphenyl)-2H-chromen-2-one (26d)

51% overall yield (purified by column chromatography, Z:E ratio = 1:2).

26d(E): Pale-yellow amorphous solid (Figure 23). '"H NMR (400 MHz, CDCls) 6 7.60
(s, 1H, H-19), 7.44 (d, ] = 8.9 Hz, 1H, H-5), 7.36 (d, ] = 8.4 Hz, 2H, H-11,15), 7.00 (d, ] = 8.4
Hz, 2H, H-12,14), 6.97 (s, 1H, H-8), 6.87 (d, ] = 8.9 Hz, 1H, H-6), 6.17 (s, 1H, H-2), 5.42 (¢, ]
=74 Hz, 1H, H-21), 5.23 (s, 2H, H-17), 5.05 (t, ] = 7.3 Hz, 1H, H-25), 494 (d, ] = 7.4 Hz, 2H,
H-20), 3.86 (s, 3H, H-16), 2.18 (t, ] =7.3 Hz, 2H, H-23), 2.11 (q, | = 7.3 Hz, 2H, H-24), 1.79 (s,
3H, H-28), 1.65 (s, 3H, H-29), 1.58 (s, 3H, H-27). 3C NMR (101 MHz, CDCls) d 161.16 (s, C-
7),161.09 (s, C-1), 160.64 (s, C-9), 155.71 (s, C-3), 155.26 (s, C-13), 143.38 (s, C-22), 142.75 (s,
C-18), 132.64 (s, C-26), 129.74 (d, 2C, C-11,15), 128.03 (d, 2C, C-12,14), 127.57 (s, C-10),
122.96 (d, C-25), 122.18 (d, C-19), 117.40 (d, C-21), 114.15 (d, C-5), 112.96 (s, C-4), 112.20 (d,
C-6), 111.48 (d, C-2), 102.20 (d, C-8), 62.25 (t, C-17), 55.30 (q, C-16), 47.75 (t, C-20), 31.95 (t,
C-23),26.09 (t, C-24), 25.60 (q, C-29), 23.28 (q, C-28), 17.58 (q, C-27). HRMS m/z: [M]* Calcd.
for C29H31N301 485.2307; Found 485.2309.
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Figure 23. 2D structure of compound 26d(E), with carbon atoms enumerated for NMR assignment.

26d(Z): Pale-yellow amorphous solid (Figure 24). 'H NMR (400 MHz, CDCls) 6 7.59
(s, 1H, H-19), 7.44 (d, ] = 9.0 Hz, 1H, H-5), 7.36 (d, | = 8.8 Hz, 2H, H-11,15), 7.00 (d, ] = 8.8
Hz, 2H, H-12,14), 6.96 (s, 1H, H-8), 6.87 (d, ] =9.0 Hz, 1H, H-6), 6.17 (s, 1H, H-2), 541 (t, |
=7.4 Hz, 1H, H-21), 5.22 (s, 2H, H-17), 5.00-5.05 (m, 1H, H-25), 4.96 (d, ] = 7.3 Hz, 2H, H-
20), 3.86 (s, 3H, H-16), 2.09 (s, 4H, H-23,24), 1.76 (s, 3H, H-27), 1.64 (s, 3H, H-28), 1.56 (s,
3H, H-29). 3C NMR (101 MHz, CDCls) d 161.13 (s, C-7), 161.07 (s, C-1), 160.62 (s, C-9),
155.70 (s, C-3), 155.24 (s, C-13), 143.56 (s, C-22), 142.70 (s, C-18), 132.06 (s, C-26), 129.72 (d,
2C, C-11,15), 128.01 (d, 2C, C-12,14), 127.55 (s, C-10), 123.25 (d, C-25), 122.17 (d, C-19),
116.55 (d, C-21), 114.13 (d, C-5), 112.94 (s, C-4), 112.19 (d, C-6), 111.46 (d, C-2), 102.17 (d,
C-8), 62.23 (t, C-17), 55.29 (q, C-16), 47.88 (t, C-20), 39.22 (t, C-23), 25.89 (t, C-24), 25.55 (q,
C-29), 17.58 (q, C-27), 16.33 (q, C-28). HRMS m/z: [M]* Calcd. for CvH31N3O4 485.2307;
Found 485.2309.

Figure 24. 2D structure of compound 26d(Z), with carbon atoms enumerated for NMR assignment.
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7-[1-(3,7-Dimethyloctyl)-1H-1,2,3-triazol-4-ylJmethoxy-4-(4-methoxyphenyl)-2H-
chromen-2-one (26e) (Figure 25)

27

Figure 25. 2D structure of compound 26e, with carbon atoms enumerated for NMR assignment.

73% yield; orange liquid. '"H NMR (400 MHz, CDCI3) 8 7.67 (s, 1H, H-19), 7.47 (d, ] =
8.9 Hz, 1H, H-5), 7.36-7.42 (m, 2H, H-11,15), 7.00-7.06 (m, 2H, H-12,14), 6.99 (d, ] =2.5 Hz,
1H, H-8), 6.90 (dd, ] = 9.0, 2.5 Hz, 1H, H-6), 6.20 (s, 1H, H-2), 5.27 (s, 2H, H-17), 4.33-4.49
(m, 2H, H-20), 3.89 (s, 3H, H-16), 1.87-2.04 (m, 1H, H-21b), 1.64-1.83 (m, 1H, H-21a), 1.40-
1.57 (m, 2H, H-22,26), 1.11-1.34 (m, 6H, H-23,24,25), 0.96 (d, | = 6.7 Hz, 3H, H-28), 0.86 (d,
J=6.7 Hz, 6H, H-27,29). 3C NMR (101 MHz, CDCls) 5 161.14 (s, C-7), 161.05 (s, C-1), 160.63
(s, C-9), 155.70 (s, C-3), 155.25 (s, C-13), 142.75 (s, C-18), 129.72 (d, 2C, C-11,15), 128.02 (d,
2C, C-12,14), 127.54 (s, C-10), 122.52 (d, C-19), 114.14 (d, C-5), 112.95 (s, C-4), 112.22 (d, C-
6), 111.46 (d, C-2),102.17 (d, C-8), 62.21 (t, C-17), 55.29 (q, C-16), 48.61 (t, C-20), 38.93 (t, C-
21), 37.17 (t, C-23), 36.69 (t, C-25), 30.19 (d, C-22), 27.75 (d, C-26), 24.35 (t, C-24), 22.50 (q,
C-29), 22.41 (q, C-27), 19.12 (q, C-28). HRMS m/z: [M]* Calcd. for C2sHzsN3Os 489.2622;
Found 489.2625.

3.2. Molecular Modeling

Molecular modelling, docking and binding energy calculations were performed
using Maestro 2025-1 [70]. All ligands were modelled and optimized using LigPrep (2025-
1, Schrodinger LLC, New York, NY) and MacroModel (2025-1, Schrodinger LLC, New
York, NY) [71] according to the OPLS4 (2025-1, Schrodinger LLC, New York, NY) [72]
forcefield parameters. Molecular descriptors were calculated and oral bioavailability
radars were plotted on SwissADME (www.swissadme.ch) [64]. Crystallographic human
TDP1 structures were downloaded from the RCSB Protein DataBank [73] (see Table S1)
and prepared using the protein preparation module of Maestro [74] in interactive mode.
In this process, redundant molecules were removed, missing atoms were added, bond
orders and partial charges were assigned, H bonds were set, ionization and tautomeric
states were assigned, and restrained minimization was performed. Receptor grids were
generated using Maestro, where docking sites were defined as a cube of 27,000 A® with
central coordinates provided in Table S1. Ligands were docked at 100 runs per ligand
using the generated grids with Glide [75] in extra-precision mode [76]. Free binding
energy (AG) values were calculated using the MM-GBSA panel of Maestro and Prime [77]
for the selected ligand-receptor complexes, allowing sidechain flexibility for the residues
within 4 A of the docked ligand. Poses were visually evaluated using Maestro.

https://doi.org/10.3390/ijms27146421



Int. ]. Mol. Sci. 2026, 27, 6421

27 of 33

3.3. Biology
3.3.1. Real-Time Detection of TDP1 Activity

16-Mer DNA oligonucleotide, as a biosensor (5-[FAM] AAC GTC AGGGTC TTC C
[BHQ]-3'), was synthesized in the Laboratory of Nucleic Acid Chemistry at the Institute
of Chemical Biology and Fundamental Medicine (Novosibirsk, Russia). Real-time
fluorescence detection of TDP1 enzyme activity was carried out as described [59]. The
recombinant TDP1 was purified as described [78], using plasmid pET 16B-TDP1, kindly
provided by Dr. K.W. Caldecott (University of Sussex, Brighton, UK). To the reaction
mixture (200 pL) containing 50 nM oligonucleotide in buffer (50 mM Tris-HCI, pH 8.0, 50
mM NaCl, and 7 mM B-mercaptoethanol), we added varied concentrations of the tested
compounds and purified TDP1 in a final concentration of 1.5 nM. The reaction was
initiated by adding the enzyme. Fluorescence intensity (Ex485/Em520 nm) was measured
using POLARstar OPTIMA fluorimeter (BMG LABTECH, GmbH, Ortenberg, Germany)
every 1 min for 7 min. The half maximal inhibitory concentrations (ICs0) were determined
using a six-point concentration response curve and calculated using MARS Data Analysis
2.0 (BMG LABTECH). At least three independent experiments were carried out to obtain
the ICso values.

3.3.2. Cytotoxicity Assay

The cytotoxicity of the compounds to HeLa (human cervical cancer) and A549
(human lung cancer) cell lines was determined using standard colorimetric MTT test [79].
Cell lines were obtained from the Russian Cell Culture Collection (RCCC) Institute of
Cytology RAS (St. Petersburg, Russia). Cells were seeded in 96-well plates (5000 cells per
well) and cultured in DMEM medium (Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (FBS) (Invitrogen), penicillin (100 units/mL), and
streptomycin (100 pg/mL) at 37 °C and 5% CO: in a humid atmosphere. At 30-50%
confluence, the tested compounds were added to the medium. All measurements were
repeated three times.

To determine the cytotoxicity of TDP1 inhibitors, the cells were allowed to attach for
24 h and treated with compounds with concentrations ranging from 1 to 100 uM for 72 h
at 37 °C. Control wells contained 1% DMSO.

To study the effect of the compounds on the cytotoxicity of topotecan (United States
Pharmacopeia, Rockville, MD, USA), an aqueous solution of topotecan was used at
concentrations from 0.1 to 0.75 uM for HeLa cells and from 0.2 to 2.5 uM for A549 cells
against the background of 10 pM of the compounds. Cells treated with compounds alone
without topotecan were used as controls.

4. Conclusions

Two representative libraries of new conjugates were obtained: one containing a 1,2,3-
triazole linker (obtained via an azide-alkyne cycloaddition reaction) and one containing
an isoxazole linker (obtained via a [3 + 2] cycloaddition reaction of nitrile oxides). The
nature of the heterocyclic bridge was found to play a key role in enzyme binding.
Conjugates with an isoxazole linker (compounds 14a-17e) exhibited comparatively higher
inhibitory activity (ICso < 1.0 uM for the leaders 15a, 16a, and 16b) compared to their
triazole-containing analogs. Molecular modeling pointed to the importance of the
coumarin ring, which was predicted to target the catalytic site of TDP1. Comparative
HPLC retention time analysis revealed that the new conjugates are less lipophilic than
their precursors, an important factor for the further development of drug candidates. The
identified lead compounds have low intrinsic cytotoxicity but at the same time effectively
enhance the effect of topotecan on HeLa tumor cells.
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5. Patents

Some of the compounds and approaches discussed in this work are related to Russian
Federation Patent RU 2863125 C1, “7-Hydroxycoumarin derivatives conjugated with
monoterpene residues through an isoxazole linker as TDP1 enzyme inhibitors and
components of antitumor chemotherapy.”

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/ijms27146421/s1. HRMS, 'H, and "C spectra of the
compounds; data on docking studies—protein ligand complexes used, R? values, and docking
scores; calculated bioavailability radars of the compounds; 2D interaction diagrams of compounds
14b, 14d, 15a, 16a, 16b, and 16c¢, 22a—c, 23a—c at the human TDP1 active site; and HPLC retention
time diagrams of compounds varying only by the heterocyclic linker. References [80-89] are cited

in the supplementary materials.

Author Contributions: Conceptualization: O.L. and N.S. (Nariman Salakhutdinov); methodology:
K.V.; investigation: D.T., T.K. (Tatyana Khomenko), T.K. (Tatyana Kornienko), A.Z., N.K., V.K,, N.S.
(Natalya Soldatova), P.P., and S.S.; writing—original draft preparation: D.T. and S.S.; writing—
review and editing: T.K. (Tatyana Khomenko), T.K. (Tatyana Kornienko), A.Z., N.K,, V.K,, N.S.
(Natalya Soldatova), P.P.,, O.L.,, and N.S. (Nariman Salakhutdinov); supervision: K.V.; project
administration: N.S. (Nariman Salakhutdinov); funding acquisition: K.V. All authors have read and

agreed to the published version of the manuscript.

Funding: The work was supported by the Russian Science Foundation within project No. 25-73-
20089. The TDP1 enzyme was isolated within State Assignment No. 125012300658-9 for the Institute

of Chemical Biology and Fundamental Medicine, Siberian Branch, Russian Academy of Sciences.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the

article/Supplementary Materials; further inquiries can be directed to the corresponding author.

Acknowledgments: The spectral studies were conducted at the SB RAS Chemical Services Shared
Facility. Sequencing was performed at the SB RAS Genomics Core Facility.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the

manuscript; or in the decision to publish the results.

References

1. Pommier, Y. Topoisomerase 1 Inhibitors: Camptothecins and Beyond. Nat. Rev. Cancer 2006, 6, 789-802.
https://doi.org/10.1038/nrc1977.

2. Pommier, Y. DNA Topoisomerase I Inhibitors: Chemistry, Biology, and Interfacial Inhibition. Chem. Rev. 2009, 109, 2894-2902.
https://doi.org/10.1021/cr900097c.

3.  Pommier, Y.; Pourquier, P.; Fan, Y.; Strumberg, D. Mechanism of Action of Eukaryotic DNA Topoisomerase I and Drugs
Targeted to the Enzyme. Biochim. Biophys. Acta (BBA)-Gene Struct. Expr. 1998, 1400, 83-106. https://doi.org/10.1016/S0167-
4781(98)00129-8.

4. Pommier, Y.; Huang, S.N.; Gao, R.; Das, B.B.; Murai, J.; Marchand, C. Tyrosyl-DNA-Phosphodiesterases (TDP1 and TDP2).
DNA Repair 2014, 19, 114-129. https://doi.org/10.1016/j.dnarep.2014.03.020.

5. Interthal, H.; Pouliot, ].J.; Champoux, J.J. The Tyrosyl-DNA Phosphodiesterase Tdpl Is a Member of the Phospholipase D

Superfamily. Proc. Natl. Acad. Sci. USA 2001, 98, 12009-12014. https://doi.org/10.1073/pnas.211429198.

https://doi.org/10.3390/ijms27146421



Int. ]. Mol. Sci. 2026, 27, 6421 29 of 33

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Barthelmes, H.U.; Habermeyer, M.; Christensen, M.O.; Mielke, C.; Interthal, H.; Pouliot, J.J.; Boege, F.; Marko, D. TDP1
Overexpression in Human Cells Counteracts DNA Damage Mediated by Topoisomerases I and II. . Biol. Chem. 2004, 279, 55618—
55625. https://doi.org/10.1074/jbc.M405042200.

Alagoz, M.; Gilbert, D.C.; El-Khamisy, S.; Chalmers, A.J]. DNA Repair and Resistance to Topoisomerase I Inhibitors:
Mechanisms, Biomarkers and Therapeutic Targets. Curr. Med. Chem. 2012, 19, 3874-3885.
https://doi.org/10.2174/092986712802002590.

Murai, J.; Huang, S.N.; Das, B.B.; Dexheimer, T.S.; Takeda, S.; Pommier, Y. Tyrosyl-DNA Phosphodiesterase 1 (TDP1) Repairs
DNA Damage Induced by Topoisomerases I and II and Base Alkylation in Vertebrate Cells. ]. Biol. Chem. 2012, 287, 12848-12857.
https://doi.org/10.1074/jbc.M111.333963.

Zakharenko, A.; Luzina, O.; Koval, O.; Nilov, D.; Gushchina, I.; Dyrkheeva, N,; Svedas, V.; Salakhutdinov, N.; Lavrik, O.
Tyrosyl-DNA Phosphodiesterase 1 Inhibitors: Usnic Acid Enamines Enhance the Cytotoxic Effect of Camptothecin. J. Nat. Prod.
2016, 79, 2961-2967. https://doi.org/10.1021/acs.jnatprod.6b00979.

Filimonov, A.S.; Chepanova, A.A.; Luzina, O.A.; Zakharenko, A.L.; Zakharova, O.D,; Ilina, E.S.; Dyrkheeva, N.S.; Kuprushkin,
M.S.; Kolotaev, A.V.; Khachatryan, D.S.; et al. New Hydrazinothiazole Derivatives of Usnic Acid as Potent Tdp1 Inhibitors.
Molecules 2019, 24, 3711. https://doi.org/10.3390/molecules24203711.

Zakharenko, A.L.; Dyrkheeva, N.S.; Luzina, O.A.; Filimonov, A.S.; Mozhaitsev, E.S.; Malakhova, A.A.; Medvedev, S.P.; Zakian,
S.M.; Salakhutdinov, N.F.; Lavrik, O.I. Usnic Acid Derivatives Inhibit DNA Repair Enzymes Tyrosyl-DNA Phosphodiesterases
1 and 2 and Act as Potential Anticancer Agents. Genes 2023, 14, 1931. https://doi.org/10.3390/genes14101931.

Zakharenko, A.L.; Luzina, O.A.; Sokolov, D.N.; Kaledin, V.I.; Nikolin, V.P.; Popova, N.A.; Patel, ].; Zakharova, O.D.; Chepanova,
A.A.; Zafar, A.; et al. Novel Tyrosyl-DNA Phosphodiesterase 1 Inhibitors Enhance the Therapeutic Impact of Topotecan on in
Vivo Tumor Models. Eur. |. Med. Chem. 2019, 161, 581-593. https://doi.org/10.1016/j.ejmech.2018.10.055.

Antony, S.; Marchand, C.; Stephen, A.G.; Thibaut, L.; Agama, K.K,; Fisher, R.J.; Pommier, Y. Novel High-Throughput
Electrochemiluminescent Assay for Identification of Human Tyrosyl-DNA Phosphodiesterase (Tdpl) Inhibitors and
Characterization of Furamidine (NSC 305831) as an Inhibitor of Tdpl. Nucleic Acids Res. 2007, 35, 4474-4484.
https://doi.org/10.1093/nar/gkm463.

Zakharenko, A.L.; Drenichev, M.S.; Dyrkheeva, N.S.; Ivanov, G.A.; Oslovsky, V.E.; Ilina, E.S.; Chernyshova, I.A.; Lavrik, O.L;
Mikhailov, S.N. Inhibition of Tyrosyl-DNA Phosphodiesterase 1 by Lipophilic Pyrimidine Nucleosides. Molecules 2020, 25, 3694.
https://doi.org/10.3390/molecules25163694.

Chernyshova, I.A.; Zakharenko, A.L.; Kurochkin, N.N.; Dyrkheeva, N.S.; Kornienko, T.E.; Popova, N.A.; Nikolin, V.P.; Ilina,
E.S.; Zharkov, T.D.; Kupryushkin, M.S; et al. The Lipophilic Purine Nucleoside—Tdp1 Inhibitor—Enhances DNA Damage
Induced by Topotecan In Vitro and Potentiates the Antitumor Effect of Topotecan In Vivo. Molecules 2022, 28, 323.
https://doi.org/10.3390/molecules28010323.

Salomatina, O.V.; Dyrkheeva, N.S.; Popadyuk, L1.; Zakharenko, A.L.; Ilina, E.S.; Komarova, N.I.; Reynisson, J.; Salakhutdinov,
N.F.; Lavrik, O.I; Volcho, K.P. New Deoxycholic Acid Derived Tyrosyl-DNA Phosphodiesterase 1 Inhibitors Also Inhibit
Tyrosyl-DNA Phosphodiesterase 2. Molecules 2021, 27, 72. https://doi.org/10.3390/molecules27010072.

Salomatina, O.V.; Kornienko, T.E.; Zakharenko, A.L.; Komarova, N.L; Achara, C.; Reynisson, ].; Salakhutdinov, N.F.; Lavrik,
O.I; Volcho, K.P. New Dual Inhibitors of Tyrosyl-DNA Phosphodiesterase 1 and 2 Based on Deoxycholic Acid: Design,
Synthesis, Cytotoxicity, and Molecular Modeling. Molecules 2024, 29, 581. https://doi.org/10.3390/molecules29030581.
Munkuev, A.A.; Mozhaitsev, E.S.; Chepanova, A.A.; Suslov, E.V.; Korchagina, D.V.; Zakharova, O.D.; Ilina, E.S.; Dyrkheeva,
N.S.; Zakharenko, A.L.; Reynisson, J.; et al. Novel Tdp1 Inhibitors Based on Adamantane Connected with Monoterpene Moieties
via Heterocyclic Fragments. Molecules 2021, 26, 3128. https://doi.org/10.3390/molecules26113128.

Ponomarev, K.Y.; Suslov, E.V.; Zakharenko, A.L.; Zakharova, O.D.; Rogachev, A.D.; Korchagina, D.V.; Zafar, A.; Reynisson, J.;
Nefedov, A.A.; Volcho, K.P; et al. Aminoadamantanes Containing Monoterpene-Derived Fragments as Potent Tyrosyl-DNA
Phosphodiesterase 1 Inhibitors. Bioorg. Chem. 2018, 76, 392-399. https://doi.org/10.1016/j.bioorg.2017.12.005.

Ivankin, D.L; Kornienko, T.E.; Mikhailova, M.A.; Dyrkheeva, N.S.; Zakharenko, A.L.; Achara, C.; Reynisson, J.; Golyshev, V.M.;
Luzina, O.A.; Volcho, K.P; et al. Novel TDP1 Inhibitors: Disubstituted Thiazolidine-2,4-Diones Containing Monoterpene
Moieties. Int. |. Mol. Sci. 2023, 24, 3834. https://doi.org/10.3390/ijms24043834.

Zhao, X.Z.; Wang, W.; Lountos, G.T.; Kiselev, E.; Tropea, J.E.; Needle, D.; Pommier, Y.; Burke, T.R. Identification of Multidentate
Tyrosyl-DNA Phosphodiesterase 1 (TDP1) Inhibitors That Simultaneously Access the DNA, Protein and Catalytic-Binding Sites
by Oxime Diversification. RSC Chem. Biol. 2023, 4, 334-343. https://doi.org/10.1039/D2CB00230B.

https://doi.org/10.3390/ijms27146421



Int. ]. Mol. Sci. 2026, 27, 6421 30 of 33

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Zhao, X.Z.; Kiselev, E.; Lountos, G.T.; Wang, W.; Tropea, J.E.; Needle, D.; Hilimire, T.A.; Schneekloth, J.S.; Waugh, D.S,;
Pommier, Y.; et al. Small Molecule Microarray Identifies Inhibitors of Tyrosyl-DNA Phosphodiesterase 1 That Simultaneously
Access the Catalytic Pocket and Two Substrate Binding Sites. Chem. Sci. 2021, 12, 3876-3884.
https://doi.org/10.1039/D0SC05411A.

Zhao, X.Z.; Wang, W.; Lountos, G.T.; Tropea, ].E.; Needle, D.; Pommier, Y.; Burke, T.R. Phosphonic Acid-Containing Inhibitors
of Tyrosyl-DNA Phosphodiesterase 1. Front. Chem. 2022, 10, 910953. https://doi.org/10.3389/fchem.2022.910953.

Yang, H.; Wang, F.-T.; Wu, M.; Wang, W.; Agama, K,; Pommier, Y.; An, L.-K. Synthesis of 11-Aminoalkoxy Substituted
Benzophenanthridine Derivatives as Tyrosyl-DNA Phosphodiesterase 1 Inhibitors and Their Anticancer Activity. Bioorg. Chem.
2022, 123, 105789. https://doi.org/10.1016/j.bioorg.2022.105789.

Hu, D.-X,; Qin, C; Guo, L.-S,; Liu, W.-Y,; Liang, Z.-Q.; Cao, Y.; Yao, C.-S.; Wei, Y.; Yue, X,; Mahmud, M.R.A.; et al. Synthesis of
5,9- and 5,8-Diaminoalkoxy Substituted Benzophenanthridinone Analogues as Tyrosyl-DNA Phosphodiesterase 1 Inhibitors
and Their Radiosensitizing Activity. . Med. Chem. 2025, 68, 9323-9340. https://doi.org/10.1021/acs.jmedchem.4c02951.
Nandikolla, A.; Srinivasarao, S.; Karan Kumar, B.; Murugesan, S.; Aggarwal, H.; Balafia-Fouce, R.; Melcén-Fernandez, E.; Pérez-
Pertejo, Y.; Chandra Sekhar, K.V.G. Novel Phenanthridine Amide Analogs as Potential Anti-Leishmanial Agents: In Vitro and
in Silico Insights. Bioorg. Chem. 2021, 117, 105414. https://doi.org/10.1016/j.bioorg.2021.105414.

Bermingham, A.; Price, E.; Marchand, C.; Chergui, A.; Naumova, A.; Whitson, E.L.; Krumpe, L.R.H.; Goncharova, E.I; Evans,
JR; McKee, T.C.; et al. Identification of Natural Products That Inhibit the Catalytic Function of Human Tyrosyl-DNA
Phosphodiesterase (TDP1). SLAS Discov. 2017, 22, 1093-1105. https://doi.org/10.1177/2472555217717200.

Wei, X,; Wang, F.-T.; Si-Tu, M.-X,; Fan, H,; Hu, ].-S.; Yang, H.; Guan, S.-Y.; An, L.-K; Zhang, C.-X. Pyranodipyran Derivatives
with Tyrosyl DNA Phosphodiesterase 1 Inhibitory Activities and Fluorescent Properties from Aspergillus sp. EGF 15-0-3. Mar.
Drugs 2022, 20, 211. https://doi.org/10.3390/md20030211.

Smallwood, T.B.; Krumpe, L.R.H.; Payne, C.D.; Klein, V.G.; O’Keefe, B.R.; Clark, R.J.; Schroeder, C.I.; Rosengren, K.J. Picking
the Tyrosine-Lock: Chemical Synthesis of the Tyrosyl-DNA Phosphodiesterase I Inhibitor Recifin A and Analogues. Chem. Sci.
2024, 15, 13227-13233. https://doi.org/10.1039/D4SC01976H.

Dyrkheeva, N.S.; Chernyshova, I.A.; Arutyunyan, A.F.; Zakharenko, A.L.; Kutuzov, M.M.; Naumenko, K.N.; Venzel, A.S,;
Ivanisenko, V.A.; Deyev, S.M.; Zhuze, A.L.; et al. The Effect of Dimeric Bisbenzimidazoles on the Activity of DNA Repair
Enzymes TDP1, TDP2, PARP1 and PARP2. Vavilov ]. Genet. Breed. 2025, 29, 1097-1108. https://doi.org/10.18699/vjgb-25-114.
Komarova, A.O.; Drenichev, M.S.; Dyrkheeva, N.S.; Kulikova, I.V.; Oslovsky, V.E.; Zakharova, O.D.; Zakharenko, A.L.;
Mikhailov, S.N.; Lavrik, O.I. Novel Group of Tyrosyl-DNA-Phosphodiesterase 1 Inhibitors Based on Disaccharide Nucleosides
as Drug Prototypes for Anti-Cancer Therapy. J. Enzym. Inhib. Med. Chem. 2018, 33, 1415-1429.
https://doi.org/10.1080/14756366.2018.1509210.

Zhao, X.Z.; Wang, W.; Mahmud, M.R.A.; Agama, K.; Pommier, Y.; Burke, T.R. Application of a Bivalent “Click” Approach to
Target Tyrosyl-DNA Phosphodiesterase 1 (TDP1). RSC Med. Chem. 2025, 16, 1969-1985. https://doi.org/10.1039/D4MD00824C.
Gladkova, E.D.; Nechepurenko, I.V.; Bredikhin, R.A.; Chepanova, A.A.; Zakharenko, A.L.; Luzina, O.A.; Ilina, E.S.; Dyrkheeva,
N.S.; Mamontova, E.M.; Anarbaev, R.O,; et al. The First Berberine-Based Inhibitors of Tyrosyl-DNA Phosphodiesterase 1 (Tdp1),
an Important DNA Repair Enzyme. Int. J. Mol. Sci. 2020, 21, 7162. https://doi.org/10.3390/ijms21197162.

Li-Zhulanov, N.S.; Zakharenko, A.L.; Chepanova, A.A.; Patel, ].; Zafar, A.; Volcho, K.P.; Salakhutdinov, N.F.; Reynisson, J.;
Leung, L.K.H.; Lavrik, O.I. A Novel Class of Tyrosyl-DNA Phosphodiesterase 1 Inhibitors That Contains the Octahydro-2H-
Chromen-4-Ol Scaffold. Molecules 2018, 23, 2468. https://doi.org/10.3390/molecules23102468.

Yao, C.-S.; Zhu, J.; Gao, X.; Chen, A.; Li, Y.-W,; Liu, W.-Y.; Guo, L.-S,; Wu, Y.-C,; Zhang, C.-X,; He, X.-X; et al. Discovery,
Structural Modification and Structure-Activity Relationship Study of Echinulin Derivatives as Tyrosyl-DNA Phosphodiesterase
1 Inhibitors and Their Potential Antitumor Activity. Eur. |. Med. Chem. 2025, 298, 118040. Erratum in Eur. ]. Med. Chem. 2025,
300, 118101. https://doi.org/10.1016/j.ejmech.2025.118101.

Zhao, X.Z.; Wang, W.; Suazo, K.F.; Al Mahmud, M.R.; Agama, K.; Lountos, G.T.; Andresson, T.; Pommier, Y.; Burke, T.R. Potent
B-Lactam-Based Tyrosyl-DNA Phosphodiesterase 1 Inhibitors Identified by a Virtual Screen. Sci. Rep. 2025, 15, 26510.
https://doi.org/10.1038/s41598-025-12503-8.

Sirivolu, V.R.; Vernekar, S.K.V.; Marchand, C.; Naumova, A.; Chergui, A.; Renaud, A.; Stephen, A.G.; Chen, F.; Sham, Y.Y.;
Pommier, Y.; et al. 5-Arylidenethioxothiazolidinones as Inhibitors of Tyrosyl-DNA Phosphodiesterase . |. Med. Chem. 2012, 55,
8671-8684. https://doi.org/10.1021/jm3008773.

https://doi.org/10.3390/ijms27146421



Int. ]. Mol. Sci. 2026, 27, 6421 31 of 33

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Paulin, E.K.; Haverkate, N.A.; Tomek, P.; Jaiswal, ].K; Dobbs, E.; Nahhas, J.; Leung, E.; Gao, X.; An, L.-K,; Pilkington, L.I; et al.
Synthesis and Investigation of Thieno[2,3- b |Pyridines That Restore Activity of Topotecan. RSC Med. Chem. 2025, 16, 4377-4389.
https://doi.org/10.1039/D5MD00509D.

Nguyen, T.X.; Abdelmalak, M.; Marchand, C.; Agama, K.; Pommier, Y.; Cushman, M. Synthesis and Biological Evaluation of
Nitrated 7-, 8-, 9-, and 10-Hydroxyindenoisoquinolines as Potential Dual Topoisomerase I (Topl)-Tyrosyl-DNA
Phosphodiesterase I (TDP1) Inhibitors. ]. Med. Chem. 2015, 58, 3188-3208. https://doi.org/10.1021/acs.jmedchem.5b00136.
Nguyen, T.X.; Morrell, A.; Conda-Sheridan, M.; Marchand, C.; Agama, K.; Bermingam, A.; Stephen, A.G.; Chergui, A,;
Naumova, A.; Fisher, R.; et al. Synthesis and Biological Evaluation of the First Dual Tyrosyl-DNA Phosphodiesterase I (Tdp1)-
Topoisomerase I (Top1) Inhibitors. J. Med. Chem. 2012, 55, 4457-4478. https://doi.org/10.1021/jm300335n. Erratum in ]. Med.
Chem. 2012, 55, 7297.

Khomenko, T.M.; Zakharenko, A.L.; Kornienko, T.E.; Chepanova, A.A.; Dyrkheeva, N.S.; Artemova, A.O.; Korchagina, D.V.;
Achara, C.; Curtis, A.; Reynisson, J.; et al. New 5-Hydroxycoumarin-Based Tyrosyl-DNA Phosphodiesterase I Inhibitors
Sensitize Tumor Cell Line to Topotecan. Int. J. Mol. Sci. 2023, 24, 9155. https://doi.org/10.3390/ijms24119155.

Khomenko, T.; Zakharenko, A.; Odarchenko, T.; Arabshahi, H.J.; Sannikova, V.; Zakharova, O.; Korchagina, D.; Reynisson, ].;
Volcho, K. Salakhutdinov, N.; et al. New Inhibitors of Tyrosyl-DNA Phosphodiesterase I (Tdp 1) Combining 7-
Hydroxycoumarin and Monoterpenoid Moieties. Bioorg. Med. Chem. 2016, 24, 5573-5581.
https://doi.org/10.1016/j.bmc.2016.09.016.

Khomenko, T.M.; Zakharenko, A.L.; Chepanova, A.A; Ilina, E.S.; Zakharova, O.D.; Kaledin, V.L; Nikolin, V.P.; Popova, N.A.;
Korchagina, D.V.; Reynisson, J.; et al. Promising New Inhibitors of Tyrosyl-DNA Phosphodiesterase I (Tdp 1) Combining 4-
Arylcoumarin and Monoterpenoid Moieties as Components of Complex Antitumor Therapy. Int. . Mol. Sci. 2019, 21, 126.
https://doi.org/10.3390/ijms21010126.

Tsypyshev, D.O.; Zakharenko, A.L.; Podurina, M.V.; Khomenko, T.M.; Kondrashov, E.V.; Lavrik, O.I; Volcho, K.P;
Salakhutdinov, N.F. Isoxazole-linked 7-hydroxycoumarin--2,6-dimethylheptane conjugates as inhibitors of TDP1 enzyme.
Mendeleev Commun. 2025, 35, 444-446. https://doi.org/10.71267/mencom.7704.

Zhanataev, A.K., Kulakova, A.V. Luzina, O.A.; Khomenko, T.M.; Volcho, K.P.; Salakhutdinov, N.F.; Durnev, A.D.
Enhancement of the Clastogenic Effects of Topotecan In Vivo by Tyrosyl-DNA Phosphodiesterase 1 Inhibitors. Bull. Exp. Biol.
Med. 2024, 177, 30-34. https://doi.org/10.1007/s10517-024-06125-9.

Gao, J.-M.; Xie, H.; Wang, Z.-Q.; Huang, Y.; Ouyang, Y.; Su, Y.; Chao, N.; Yan, W.; Yuan, H.; Zhou, J; et al. Synthesis and
Biological Evaluation of Phenanthridine Derivatives as Dual-Target Inhibitors of DNA Topoisomerase IB (TOP1) and Tyrosyl-
DNA Phosphodiesterase 1 (TDP1), and Potential Antitumor Agents. Eur. ]. Med. Chem. 2026, 304, 118541.
https://doi.org/10.1016/j.ejmech.2025.118541.

Silva, R.G.M.; Da Silva, M.].V.; Jacomini, A.P.; Moura, S.; Back, D.F.; Basso, E.A.; Rosa, F.A. Development of Methodologies for
the Regioselective Synthesis of Four Series of Regioisomer Isoxazoles from p-Enamino Diketones. RSC Adv. 2018, 8, 4773-4778.
https://doi.org/10.1039/C7RA13343].

Sanders, B.C.; Friscourt, F.; Ledin, P.A.; Mbua, N.E.; Arumugam, S.; Guo, ].; Boltje, T.J.; Popik, V.V.; Boons, G.-]. Metal-Free
Sequential [3 + 2]-Dipolar Cycloadditions Using Cyclooctynes and 1,3-Dipoles of Different Reactivity. J. Am. Chem. Soc. 2011,
133, 949-957. https://doi.org/10.1021/ja1081519.

Yokoyama, M.; Tsuji, K.; Kushida, M. A Regioselective Synthesis of 3,5-Disubstituted Isoxazoles. |. Chem. Soc. Perkin Trans. 1
1986, 67. https://doi.org/10.1039/p19860000067.

Hansen, T.V.; Wu, P.; Fokin, V.V. One-Pot Copper(I)-Catalyzed Synthesis of 3,5-Disubstituted Isoxazoles. J. Org. Chem. 2005, 70,
7761-7764. https://doi.org/10.1021/jo050163b.

Jawalekar, A.M.; Reubsaet, E.; Rutjes, F.P.J.T.; Van Delft, F.L. Synthesis of Isoxazoles by Hypervalent Iodine-Induced
Cycloaddition of Nitrile Oxides to Alkynes. Chem. Commun. 2011, 47, 3198-3200. https://doi.org/10.1039/c0cc04646a.

Shaik, K.S.; Saritha, N.; Nagendra Reddy, G. Design, Synthesis and Biological Evaluation of Aryl Isoxazole Incorporated
Pyrimidin-2-YI)Oxazolo[4,5-b]Pyridine = Derivatives as Anticancer Agents. Results Chem. 2024, 9, 101628.
https://doi.org/10.1016/j.rechem.2024.101628.

Feuer, H. (Ed.) Nitrile Oxides, Nitrones, and Nitronates in Organic Synthesis: Novel Strategies in Synthesis, 1st ed.; Wiley: Hoboken,
NJ, USA, 2007; ISBN 978-0-471-74498-6.

Tsypyshev, D.O.; Klabukov, A.M.; Razgulaeva, D.N.; Galochkina, A.V.; Shtro, A.A.; Borisevich, S.S.; Khomenko, T.M.; Volcho,
K.P.; Komarova, N.I; Salakhutdinov, N.F. Design, Synthesis and Antiviral Evaluation of Triazole-Linked 7-Hydroxycoumarin—

https://doi.org/10.3390/ijms27146421



Int. ]. Mol. Sci. 2026, 27, 6421 32 of 33

55.
56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

Monoterpene Conjugates as Inhibitors of RSV  Replication. RSC Med. Chem. 2025, 16, 1151-1171.
https://doi.org/10.1039/D4MD00728].

Bousquet, EW. HEPTALDOXIME. Org. Synth. 1931, 11, 54. https://doi.org/10.15227/orgsyn.011.0054.

Renner, G.; Boie, I.; Scheben, Q. Aliphatic 3-keto Esters. US Patent 4,031,130, 21 June 1977.

Garazd, Y.L.; Panteleimonova, T.N.; Garazd, M.M.; Khilya, V.P. Modified Coumarins. 11. Synthesis and Biological Activity of
Mannich Bases of Substituted 1,3-Dihydrocyclopenta[c]Chromen-4-Ones. Chem. Nat. Compd. 2003, 39, 330-336.
https://doi.org/10.1023/B: CONC.0000003410.74701.dc.

Gnerre, C.; Catto, M.; Leonetti, F.; Weber, P.; Carrupt, P.-A.; Altomare, C.; Carotti, A.; Testa, B. Inhibition of Monoamine
Oxidases by Functionalized Coumarin Derivatives: Biological Activities, QSARs, and 3D-QSARs. |. Med. Chem. 2000, 43, 4747—
4758. https://doi.org/10.1021/jm0010280.

Zakharenko, A.; Khomenko, T.; Zhukova, S.; Koval, O.; Zakharova, O.; Anarbaev, R.; Lebedeva, N.; Korchagina, D.; Komarova,
N.; Vasiliev, V.; et al. Synthesis and Biological Evaluation of Novel Tyrosyl-DNA Phosphodiesterase 1 Inhibitors with a
Benzopentathiepine Moiety. Bioorg. Med. Chem. 2015, 23, 2044-2052. https://doi.org/10.1016/j.bmc.2015.03.020.

Jensen, P.W._; Falconi, M.; Kristoffersen, E.L.; Simonsen, A.T.; Cifuentes, ].B.; Marcussen, L.B.; Frohlich, R.; Vagner, ].; Harmsen,
C.; Juul, S.; et al. Real-Time Detection of TDP1 Activity Using a Fluorophore-Quencher Coupled DNA-Biosensor. Biosens.
Bioelectron. 2013, 48, 230-237. https://doi.org/10.1016/j.bios.2013.04.019.

Kornienko, T.E.; Chepanova, A.A.; Zakharenko, A.L.; Filimonov, A.S.; Luzina, O.A.; Dyrkheeva, N.S.; Nikolin, V.P.; Popova,
N.A,; Salakhutdinov, N.F.; Lavrik, O.I. Enhancement of the Antitumor and Antimetastatic Effect of Topotecan and
Normalization of Blood Counts in Mice with Lewis Carcinoma by Tdp1 Inhibitors—New Usnic Acid Derivatives. Int. ]. Mol.
Sci. 2024, 25, 1210. https://doi.org/10.3390/ijms25021210.

Davies, D.R; Interthal, H.; Champoux, J.J.; Hol, W.G.]. Crystal Structure of a Transition State Mimic for Tdp1l Assembled from
Vanadate, DNA, and a Topoisomerase I-Derived Peptide. Chem. Biol. 2003, 10, 139-147. https://doi.org/10.1016/S1074-
5521(03)00021-8.

Lountos, G.T.; Zhao, X.Z; Kiselev, E.; Tropea, ].E.; Needle, D.; Pommier, Y.; Burke, T.R.; Waugh, D.S. Identification of a Ligand
Binding Hot Spot and Structural Motifs Replicating Aspects of Tyrosyl-DNA Phosphodiesterase I (TDP1) Phosphoryl
Recognition by Crystallographic Fragment Cocktail Screening. Nucleic Acids Res. 2019, 47, 10134-10150.
https://doi.org/10.1093/nar/gkz515.

Daina, A.; Michielin, O.; Zoete, V. SwissADME: A Free Web Tool to Evaluate Pharmacokinetics, Drug-Likeness and Medicinal
Chemistry Friendliness of Small Molecules. Sci. Rep. 2017, 7, 42717. https://doi.org/10.1038/srep42717.

Betke, T.; Rommelmann, P.; Oike, K.; Asano, Y.; Groger, H. Cyanide-Free and Broadly Applicable Enantioselective Synthetic
Platform for Chiral Nitriles through a Biocatalytic Approach. Angew. Chem. Int. Ed. 2017, 56, 12361-12366.
https://doi.org/10.1002/anie.201702952.

Yu, J.; Cao, X.; Lu, M. A Novel and Efficient Catalytic System Including TEMPO/Acetaldoxime/InCl3 for Aerobic Oxidation of
Primary Amines to Oximes. Tetrahedron Lett. 2014, 55, 5751-5755. https://doi.org/10.1016/j.tetlet.2014.08.083.

Fontana, M.; Chanzy, H.; Caseri, W.R.; Smith, P.; Schenning, A.P.H.J.; Meijer, EW.; Grohn, F. A Soluble Equivalent of the
Supramolecular, Quasi-One-Dimensional, Semiconducting Magnus’ Green Salt. Chem. Mater. 2002, 14, 1730-1735.
https://doi.org/10.1021/cm0109793.

Wierenga, W.; Skulnick, H.I. General, Efficient, One-Step Synthesis of.Beta.-Keto Esters. . Org. Chem. 1979, 44, 310-311.
https://doi.org/10.1021/j001316a039.

Garazd, M.M.; Garazd, Y.L.; Ogorodniichuk, A.S.; Khilya, V.P. Modified Coumarins. 8. Synthesis of Substituted 5-(4-
Methoxyphenyl)-7H-Furo[3,2-g]Chromen-7-Ones. Chem. Nat. Compd. 2002, 38, 539-548.
https://doi.org/10.1023/A:1022626402415.

Schrodinger Release 2025-1: Maestro; Schrodinger, LLC: New York, NY, USA, 2025.

Mohamadi, F.; Richards, N.G.J.; Guida, W.C,; Liskamp, R.; Lipton, M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still, W.C.
Macromodel — An Integrated Software System for Modeling Organic and Bioorganic Molecules Using Molecular Mechanics. J.
Comput. Chem. 1990, 11, 440-467. https://doi.org/10.1002/jcc.540110405.

Lu, C; Wu, C; Ghoreishi, D.; Chen, W.; Wang, L.; Damm, W.; Ross, G.A.; Dahlgren, M.K,; Russell, E.; Von Bargen, C.D.; et al.
OPLS4: Improving Force Field Accuracy on Challenging Regimes of Chemical Space. |. Chem. Theory Comput. 2021, 17, 4291—
4300. https://doi.org/10.1021/acs.jctc.1c00302.

Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, I.N.; Bourne, P.E. The Protein Data
Bank. Nucleic Acids Res. 2000, 28, 235-242. https://doi.org/10.1093/nar/28.1.235.

https://doi.org/10.3390/ijms27146421



Int. ]. Mol. Sci. 2026, 27, 6421 33 of 33

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Madhavi Sastry, G.; Adzhigirey, M.; Day, T.; Annabhimoju, R.; Sherman, W. Protein and Ligand Preparation: Parameters,
Protocols, and Influence on Virtual Screening Enrichments. ]. Comput. Aided Mol. Des. 2013, 27, 221-234.
https://doi.org/10.1007/s10822-013-9644-8.

Friesner, R.A.; Banks, J.L.; Murphy, R.B.; Halgren, T.A.; Klicic, ].J.; Mainz, D.T.; Repasky, M.P.; Knoll, E.H.; Shelley, M.; Perry,
J.K,; et al. Glide: A New Approach for Rapid, Accurate Docking and Scoring. 1. Method and Assessment of Docking Accuracy.
J. Med. Chem. 2004, 47, 1739-1749. https://doi.org/10.1021/jm0306430.

Friesner, R.A.; Murphy, R.B.; Repasky, M.P.; Frye, L.L.; Greenwood, ].R.; Halgren, T.A.; Sanschagrin, P.C.; Mainz, D.T. Extra
Precision Glide: Docking and Scoring Incorporating a Model of Hydrophobic Enclosure for Protein-Ligand Complexes. ]. Med.
Chem. 2006, 49, 6177-6196. https://doi.org/10.1021/jm0512560.

Li, J.; Abel, R.; Zhu, K.; Cao, Y.; Zhao, S.; Friesner, R.A. The VSGB 2.0 Model: A next Generation Energy Model for High
Resolution Protein Structure Modeling. Proteins 2011, 79, 2794-2812. https://doi.org/10.1002/prot.23106.

Dyrkheeva, N.; Anarbaev, R.; Lebedeva, N.; Kuprushkin, M.; Kuznetsova, A.; Kuznetsov, N.; Rechkunova, N.; Lavrik, O.
Human Tyrosyl-DNA Phosphodiesterase 1 Possesses Transphosphooligonucleotidation Activity With Primary Alcohols. Front.
Cell Dev. Biol. 2020, 8, 604732. https://doi.org/10.3389/fcell.2020.604732.

Mosmann, T. Rapid Colorimetric Assay for Cellular Growth and Survival: Application to Proliferation and Cytotoxicity Assays.
J. Immunol. Methods 1983, 65, 55-63. https://doi.org/10.1016/0022-1759(83)90303-4.

Lountos, G.T.; Zhao, X.Z.; Kiselev, E.; Tropea, J.E.; Needle, D.; Burke, T.R,, Jr.; Pommier, Y.; Waugh, D.S. Crystal Structure of
Tdpl Catalytic Domain in Complex with Compound  XZ520: 6myz. 2019. Available online:
https://www.rcsb.org/structure/6MYZ (accessed on 13 July 2026).

Lountos, G.T.; Zhao, X.Z,; Kiselev, E.; Tropea, J.E.; Needle, D.; Burke, T.R,, Jr.; Pommier, Y.; Waugh, D.S. Crystal Structure of
Tdpl Catalytic Domain in Complex with Compound  XZ530: 6mz0. 2019. Available online:
https://www.rcsb.org/structure/6MZ0 (accessed on 13 July 2026).

Lountos, G.T.; Zhao, X.Z,; Kiselev, E.; Tropea, J.E.; Needle, D.; Burke, T.R,, Jr.; Pommier, Y.; Waugh, D.S. Crystal Structure of
Tdpl  Catalytic Domain in  Complex with Compound  XZ575: 6n0d. 2019. Available online:
https://www.rcsb.org/structure/6NOD (accessed on 13 July 2026).

Lountos, G.T.; Zhao, X.Z.; Kiselev, E.; Tropea, J.E.; Needle, D.; Burke, T.R,, Jr.; Pommier, Y.; Waugh, D.S. Crystal Structure of
Tdpl Catalytic Domain in  Complex with Compound  XZ574: 6nOn. 2019. Available online:
https://www.rcsb.org/structure/6NON (accessed on 13 July 2026).

Lountos, G.T.; Zhao, X.Z,; Kiselev, E.; Tropea, ].E.; Needle, D.; Burke, T.R,, Jr.; Pommier, Y.; Waugh, D.S. Crystal Structure of
Tdp1 Catalytic Domain in Complex with Compound XZ523: 6n0o. 2019. Available online: https://www.rcsb.org/structure/6N0O
(accessed on 13 July 2026).

Lountos, G.T.; Zhao, X.Z,; Kiselev, E.; Tropea, J.E.; Needle, D.; Burke, T.R,, Jr.; Pommier, Y.; Waugh, D.S. Crystal Structure of
Tdp1 Catalytic Domain in Complex with Compound XZ572: 6n0Or. 2019. Available online: https://www.rcsb.org/structure/6NOR
(accessed on 13 July 2026).

Lountos, G.T.; Zhao, X.Z.; Kiselev, E.; Tropea, ].E.; Needle, D.; Pommier, Y.; Burke, T.R.; Waugh, D.S. Structure of Tdp1 catalytic
domain in complex with inhibitor XZ633p: 6w4r. 2021. Available online: https://www.rcsb.org/structure/6W4R (accessed on 13
July 2026).

Lountos, G.T.; Zhao, X.Z.; Kiselev, E.; Tropea, ].E.; Needle, D.; Pommier, Y.; Burke, T.R.; Waugh, D.S. Structure of Tdp1 Catalytic
Domain in Complex with Inhibitor XZ635p: 6w7j. 2021. Available online: https://www.rcsb.org/structure/6W7]J (accessed on 13
July 2026).

Lountos, G.T.; Zhao, X.Z.; Barakat, I.; Wang, W.; Agama, K.; Al Mahmud, M.R.; Pommier, Y.; Burke, T.R,, Jr. Structure of TDP1
catalytic domain complexed with compound IB02: 8uzv. 2024. Available online: https://www.rcsb.org/structure/SUZV
(accessed on 13 July 2026).

Lountos, G.T.; Zhao, X.Z.; Barakat, I.; Wang, W.; Agama, K.; Al Mahmud, M.R.; Pommier, Y.; Burke, T.R,, Jr. Structure of TDP1
Catalytic Domain Complexed with Compound IB05: 8v0b. 2024. Available online: https://www .ebi.ac.uk/pdbe/entry/pdb/8v0b
(accessed on 13 July 2026).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27146421



